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We conducted a study to correlate the retinal tempera-
ture rise during photocoagulation to the afterward de-
tected tissue effect in optical coherence tomography
(OCT). 504 photocoagulation lesions were examined in
20 patients. The retinal temperature increase was deter-
mined in real-time during treatment based on thermo-
elastic tissue expansion which was probed by repetitively
applied ns laser pulses. The tissue effect was examined
on fundus images and OCT images of individualized le-
sions. We discerned seven characteristic morphological
OCT lesion classes. Their validity was confirmed by in-
creasing visibility and diameters. Mean peak tempera-
tures at the end of irradiation ranged from approx. 60 �C
to beyond 100 �C, depending on burn intensity.

The abstract figure shows temperature profiles and cor-
responding OCT images of selected 300 mm, 200 ms
photocoagulation lesions.
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1. Introduction

Since its introduction in the 1940s [1], photocoagula-
tion has become and remained the standard therapy
for various retinal diseases, particularly ischemic ret-
inal conditions [2]. Its therapeutic effect is caused by
a light-induced temperature increase in the retinal
pigment epithelium (RPE), which spreads to adja-
cent retinal layers and causes tissue coagulation.
Since this temperature increase is unknown during
clinical treatment, laser dosage is based on the im-
mediate ophthalmoscopical effect of previous lesions.
Factors that vary from one location to the next such
as light transmission and pigmentation have a strong
influence on the effect but cannot be prospectively
incorporated in laser power adjustment. Hence, only
monitoring of the retinal temperature rise during ap-
plication of each photocoagulation lesion would al-
low adjustment of its individual effect.

During the past three decades, experimental ret-
inal temperature measurements have been attempted
by thermoprobes [3, 4] by magnetic resonance imag-
ing [5] or by high-speed infrared thermoimaging [6].
None of these methods is feasible during clinical
photocoagulation treatment. Theoretical models to
determine retinal temperatures [7, 8] allow estima-
tion of average threshold temperatures in a set of
photocoagulation lesions, but they do not allow pre-
diction of the temperature course in an individual
lesion due to the unknown optical properties of the
particular eye and treatment location. Different at-
tempts to automate laser power control based on
measurement of modulated light reflection were not
applicable in clinical practise [9–11].

Non-invasive determination of the temperature
rise during retinal laser treatment has been achieved
by optoacoustics. Its initial applications were selective
retina therapy (SRT) by Schuele et al. [12] and trans-
pupillary thermo therapy by Kandulla et al. [13]. Our
group has recently modified this method for retinal
photocoagulation [14, 16]. Nanosecond laser pulses
were simultaneously and collinearly applied with the
treatment irradiation. These repetitive pulses excited
thermo-elastic pressure transients from the irradiated
tissue, which were detected on the ocular surface by a
transducer in the laser contact lens and allowed calcu-
lation of the retinal temperature profile over time. The
measured signals have been shown to facilitate auto-
matic, prospective treatment laser control in animals in
order to achieve homogenous lesions independently of
local tissue variation [14, 16].

In order to apply automatically temperature-con-
trolled photocoagulation clinically, first the knowl-
edge of the therapeutically desired temperature rise
is required. Theoretical and basic studies have been
conducted by others in order to determine retinal
pigment epithelium (RPE) cell viability threshold
temperatures and retinal rupture threshold tempe-

ratures [6, 8, 15]. Temperatures necessary to induce
specific burn intensities, however, have never been
systematically determined. It is the intention of the
present study to characterize photocoagulation le-
sions by spectral-domain optical coherence tomogra-
phy (SD-OCT) and correlate their temperature meas-
urements to characteristic SD-OCT appearances.
The findings provide temperature endpoints for pa-
tient photocoagulation.

2. Material and methods

2.1 Laser device and retinal temperature
measurement

A standard photocoagulator (VISULAS VITE, Carl
Zeiss Meditec AG) was modified for temperature
measurements. The laser emits repetitive nanosec-
ond laser pulses simultaneously and collinearly to
the treatment radiation. By the pulses it excites ther-
mo-elastic pressure waves at the coagulation site.
Wave amplitudes depend on the retinal temperature,
since the thermo-elastic tissue expansion coefficient
depends on the temperature [12, 13, 16]. The pres-
sure waves travel through the eye and are detected
with an annular ultrasonic transducer, which is
embedded in a standard laser contact lens (Mainster
focal grid lens, modified by the Medical Laser Cen-
ter Luebeck GmbH). A cable conducts the signals
through an amplifier and via a D/A processing card
(CompuScope 8347, Gage Applied Technologies)
into a personal computer. The complete setup is
shown in Figure 1. Additionally, the computer re-
ceives a trigger signal from the photocoagulator if a
photocoagulation has been effected by the physician.
The optoacoustic pressure rise is converted to retinal
temperature rise by software. The entire pressure
detecting and processing unit was manufactured by
the Medical Laser Center Luebeck GmbH and certi-
fied to fulfil CE requirements. Details of the theory
and technical background of optoacoustic measure-
ments has been published elsewhere [16].

For calibration purposes, optoacoustic pulse re-
cording starts 20 ms prior to the continuous wave
(CW) treatment laser. The optoacoutic response to
these calibration signals is assigned the relative value
of 100%, and it corresponds to the actual retinal
temperature, which equals body temperature. All
consecutive optoacoustic transients, that are received
from the lesion, are normalized to these calibration
pulses. The resulting relative optoacoustic amplitudes
can be converted to temperatures by the knowledge
of the tissue expansion coefficients [16]. Some repre-
sentative temperature curves of different lesions are
given in Figure 2. In order to compensate for pressure
fluctuations and noise, the data course was best fitted
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to the theoretically expected temperature course,
which was determined by adequate solution of the
heat diffusion equation as described elsewhere, e.g.
by Roider and Birngruber [8, 18]. The raw data are
plotted by thin lines and the fit functions by thick
lines in Figure 2a, while b shows only fit functions of
a set of photocoagulation lesions.

Optoacoustics determine a mean temperature re-
sponse of the irradiated tissue volume. In the case of

photocoagulation, the temperature value of interest
is the spatial temperature peak which occurs in the
center of the spot at the RPE. By solution of the
heat diffusion equation, the peak temperature can
be calculated from the mean temperature. The tem-
perature values specified in this study indicate the
temporal and spatial maximum at the end of the ex-
posure in the center of the lesion at the RPE. These
values were calculated from the fit function of each
lesion as described above. Details are given by Brink-
mann et al. [16].

For treatment, probe pulse energies (4, 8, 12 mJ)
and pulse repetition frequencies (500 Hz, 1 kHz)
could be chosen. We used 4 mJ pulses for 100 mm le-
sions and 12 mJ pulses for 300 mm lesions, all at a re-
petition rate of 1 kHz. Apart from that, treatment
was performed like any routine therapy.

2.2 Clinical study

Laser lesions were examined in a non-interventional,
prospective clinical study on 20 patients receiving
photocoagulation for diabetic retinopathy (16/20),
diabetic maculopathy (4/20), retinal vein occlusion
(3/20) or occlusive vasculitis (1/20). The study was
reviewed and approved by the institutional ethics
committee at Kiel University (application no. A 105/
10) and was carried out in accordance with the con-
tents of the declaration of Helsinki. All treatment in-

Figure 1 Schematic illustration of the experimental setup.
A laser source emits pulsed probe irradiation at a repeti-
tion rate of 1 kHz and simultaneously continuous wave
(cw) treatment irradiation (both Nd : YAG, l ¼ 532 nm).
Irradiation is transmitted via a standard laser slit lamp and
contact lens system. The probe pulses induce temperature-
dependent acoustic pressure waves from the fundus, which
can be detected on the ocular surface. The optoacoustic
signals are amplified and digitized by a fast computer oscil-
loscope card. A real-time LabVIEW1 routine analyzes the
signals during photocoagulation.

Figure 2 (online color at: www.biophotonics-journal.org) Representative optoacoustically measured temperature data over
time. (a) shows selected 300 mm, 200 ms lesions of OCT classes 0, 1, 3 and 5 (from bottom to top). Thin lines represent
optoacoustic raw data, while thick lines show best fits to the theoretically expected temperature profiles. The fit functions
were used to calculate end temperatures. The end temperatures increase with increasing OCT class. Treatment laser
powers, peak end temperatures and achieved OCT classes are indicated for each lesion. (b) shows exemplary fit functions
of irradiations that achieved very similar OCT class 3 or 4 lesions, either in 100 mm irradiations (blue/green lines) or in
300 mm irradiations (yellow/red lines) and by different irradiation times. The end temperatures of lesions with common
diameters are expected to connect to different Arrhenius functions (not shown). Treatment laser powers, peak end tem-
peratures and irradiation diameters are indicated for each lesion.

(a) (b)
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dications followed the treatment guidelines of the
German ophthalmological society that were valid at
the time of treatment [19, 20]. All treatments were
performed by the the same physician (SK).

Before the laser treatment began, we chose an
appropriate study area of retina outside the temporal
vessel arcades or nasally to the optic disc (Figure 3a).
The study area was imaged by color fundus images
(Zeiss FF450 plus fundus camera, Carl Zeiss Medi-
tec AG, Jena, Germany), infrared images and SD-
OCT images (HRA þ OCT Spectralis1, Heidelberg
Engineering, Heidelberg, Germany) before the treat-
ment and at timepoints 1 hour, 1 week (day 5–8)
and 1 month (day 22–30) after treatment.

An OCT image of 15� 20� determined the size
of the study area. Before the treatment started, we
scanned the selected area in 30 mm steps. Every sec-
tional image was obtained by averaging of 20 sweeps
to optimize image quality. All study lesions were
placed within the area that had been previously
scanned by OCT (Figure 3b). Using the follow-up
function (AutoRescanTM), we imaged identical sec-
tion planes in all consecutive examinations. Once a
lesion could be identified in any one of the examina-
tions, we traced it backward and forward through
the whole series of OCT images.

We performed routine laser treatment for dia-
betic maculopathy (100 mm, 100 ms, faint whitening
lesions) and diabetic retinopathy (300 mm, 200 ms,
moderate whitening lesions) on 4 patients and eva-
luated a subset of the lesions in our study. In the re-
maining 16 patients, we varied lesion parameters
systematically. We used spot diameters of 100 or
300 mm and exposure times of 20, 50, 100 or 200 ms
for exposure times. Threshold powers of ophthal-
moscopical visibility were titrated outside the study
area. In the study area, we applied rows of five le-
sions, starting at threshold power and increasing
power lesionwise in step widths as provided by the
laser device (50–200 mW: 10 mW-steps, 200–500 mW:
20 mW-steps, >500 mW: 50 mW-steps). In other rows
of lesions, power was decreased from the threshold
in the same manner (Figure 3a). Each patient re-
ceived 20–50 study lesions, depending on the dia-
meter of the lesions, in order to assure sufficient
treatment in the study area. Outside the study area,
patients received routine photocoagulation therapy
according to the guidelines cited above.

During the treatment, laser lesions were mapped
in a printed fundus image by the treating physician.
Having aquired the 1 hour follow up images, we in-
scribed the spot identifications into a digital follow
up image (Figure 3a). Where necessary, OCT images
were consulted in order to allocate the lesions cor-
rectly. Infrared and OCT follow up images after
1 week and 1 month were also used to cross-check
lesion locations (Figure 3b).

2.3 Ophthalmoscopical lesion size
measurements

Lesion diameters were assessed on the digital color
fundus images taken 1 hour after the end of the
treatment. In order to measure the size of a lesion, it
was contoured manually in an image editing soft-
ware (Gimp 2). All marked lesions’ pixel sizes were
semi-automatically measured by ImageJ software,

Figure 3 (online color at: www.biophotonics-journal.org)
(a) shows a representative mapped fundus color image of a
study area. 4 rows of study lesions of either 300 mm, 200 ms
or 100 mm, 100 ms were applied. Power was chosen to in-
crease from the threshold of immediate clinical visibility
(S . . . S+4) or to decrease from the threshold of immediate
clinical visiblity (S . . . S-4). Arrows indicate the position of
each lesion as confirmed by OCT analysis. (b) shows an
OCT image of the corresponding fundus after 7 days as de-
livered by the OCT machine. The green arrow in the infra-
red image on the left indicates the section plane. Laser
lesions that are cut in the cross sectional image on the right
are 300 mm, 200 ms Sþ2 (left arrow) and Sþ4 (right arrow).
Note that the scale of the sectional image is 4 times larger
in vertical than in horizontal direction.

(a)

(b)
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and the pixel and real diameters calculated. The
scaling factor for the pixel-to-mm calculation was re-
trieved from the camera manufacturer’s software
and was 4.385 mm per pixel (50� photographs).

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. If one of three values de-
viated much from the other two (standard deviation
> ¼ 40 mm, and median value not in the middle of
extreme values), it was excluded from the evaluation.

Photocoagulation lesions show a whitish-grey zone
of denaturation on the fundus, which develops over
10 minutes after the irradiation. Intense burns have
an additional bright white core of thermal necrosis,
which occurs immediately after the irradiation. Both
were included in the diameter measurement. An addi-
tional halo of edema, which may develop around
intense burns over hours, however, was considered a
secondary effect and excluded from the measure-
ments.

2.4 Qualitative OCT classification

All lesions that could be identified in OCT were
digitally cut out and mounted in a composite of
4 consecutive images (pre-treatment, 1 hour, 1 week,
1 month post). These composites were arranged in
groups of lesions with common diameter – expo-
sure-time settings, giving the following 7 groups: For
100 mm diameter, 20 ms, 50 ms, 100 ms and 200 ms
exposure times (4 groups) and for 300 mm diameter,
20 ms, 50 ms and 200 ms exposure times (3 groups).
Within each group, we looked for common attributes
of the lesions and arranged them in subgroups with
apparently increasing intensity. This led to 7 conse-
cutive classes of OCT morphologies. The numbers of
lesions that were observed in every class, depending
on exposure time and irradiation diameter, are given
in Table 2 (supporting information online).

2.5 OCT lesion size measurements

The greatest linear diameter (GLD) of a lesion was
measured in the OCT software. Measurements were
carried out in the 1mm : 1mm depiction, which we
scaled up to 800% magnification. We measured the
lesion size at the photoreceptor inner segments (IS),
or, in class 2 lesions, at the outer nuclear layer (ONL).

2.6 Statistics

The association of two categorical variables was
tested by Fisher’s exact test. Continuous variables

were assumed to be normally distributed, and asso-
ciation with factors was tested via analysis of var-
iance with and without interaction between factors
and also for strata of the factors. Model selection
was performed by backward selection. Association
between two continuous variables was investigated
by linear regression analysis.

P-values below 0.05 were considered significant.
In cases of multiple testing, like in stratified evalua-
tion of laser lesion parameters, p-values were ad-
justed for multiple testing by the Bonferoni method.
All statistical analyses were carried out with the sta-
tistical software R, version 2.10.1 [21].

3. Results

OCT classes (Figure 4)

Illustrations and examples of OCT classes are given
for 300 mm lesions in Figure 4a and for 100 mm le-
sions in Figure 4b, respectively. With respect to
slightly variable appearance of the OCT classes, two
different illustrations are shown for classes 3 and 5.
During development of the classification, the differ-
ent appearances of these classes had been thought
to represent different entities. However, similiarities
during wound healing, their neighboring occurrence
within groups of lesions with similar power and their
temperature values lead to the conclusion, that these
OCT groups must represent identical burn intensi-
ties of variable appearance. Except for class 1 le-
sions, we classified all lesions in OCT images taken
one hour after treatment.

Lesions that never became visible in OCT were
classified subthreshold, class 0. Those that were invi-
sible after one hour, but would show small dense
particles close to the RPE later on, were graded
class 1. As soon as any retinal lesion was apparent
after one hour, lesions were graded class 2. The first
layer where changes became visible was the ONL.
In class 2 lesions, the photoreceptor inner segment –
outer segment (IS-OS) junction line and OS were in-
tact. Stronger lesions showed a broad column of
signal increase in the ONL, an interruption of the
IS-OS junction and changes in the OS layer as well,
but normal thickness of the RPE/BM-complex. These
were graded class 3. A sub-RPE bleb was facultative
in class 3 and was more likely to occur in longer/lar-
ger exposures. If the RPE/BM complex underneath a
lesion was thinned and the RPE at the lesion border
was elevated as small warts, the lesion was graded
class 4. They occurred exclusively in short exposure
lesions. Class 5 lesions had thin, but attached RPE in
the lesion center, but were surrounded by a ring of
detached (long exposure) or excavated (short ex-
posure) RPE. The strongest type of lesion that we
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observed, class 6, showed the typical column of sig-
nal increase in the ONL like classes 3–5, but had a
bright spot in the center of this column.

The qualitative OCT analysis of consecutive le-
sions classes after 1 week and 1 month showed that
the amount of retinal damage, which includes axial
and horizontal extension of OCT alteration, increases
with increasing classes. A quantitative analysis of
OCT GLD’s showed that GLD’s decrease over the
first month, and that the decrease is more pro-
nounced in hotter or higher class lesions. The stron-
gest decrease was about � of the initial GLD. Class
1 lesions had, per definition, increasing GLD’s, be-
cause their GLD after one hour was zero. 300 mm,
class 2 lesions showed slightly growing GLD’s as well.

Ophthalmoscopic visibility (Figure 5)

The percentage of lesions that were detectable in
1 hour color fundus images is depicted for each le-
sion class in Figure 5. The differences between OCT
classes are highly significant as determined by Fish-
er’s exact test (p < 0.001), while the influences of ex-
posure time (p ¼ 0.08) and irradiation diameter
(p ¼ 0.43) are not significant. For better consistency
with other results, rates of visibility are displayed for
100 mm (light gray bars) and 300 mm lesions (dark
gray bars) separately in spite of statistical insignifi-
cance, but the overall evaluation (white bars) is also
shown and the number of observations in each
group as well.

(a)

(b)

Figure 4 (a) and (b) show the characteristic lesion appearance of each lesion class as determined in this study. (a) displays
examples of 300 mm lesions at 200 ms exposure time. Since class 4 lesions did not occur at 200 ms exposure time, a 20 ms
lesion is displayed instead. (b) displays examples of 100 mm lesions at 20 ms exposure time. Since class 5 lesions did not
occur at 20 ms exposure time, a 200 ms lesion is displayed for this particular class. Class 1 and class 6 lesions were rarely or
not at all achieved in 100 mm irradiations and are not shown.
Illustrations of each class are shown on top of the columns, and below representative OCT images taken before treatment
and 1 hour, 1 week and 1 month after the treatment. All images in a column show the same fundus lesion during follow
up. At the bottom line, the exposure time, peak temperature, greatest linear diameter (GLD) as measured in OCT and the
diameter as measured on the fundus color image are given. All diameter measurements and lesion classification were
made at images taken 1 hour after treatment with the exception of class 1 lesions, that were not detectable after 1 hour. If
an OCT image shows more than one lesion, a black box demarcates the lesion of interest. The legends of OCT and illustra-
tion layering and layer abbreviations are given in (a) below.
A detailed description of characteristic signs for each OCT class is given in the text.
Note that the same peak temperature will produce different burn intensities at different exposure times (e.g. Figure 4a,
class 4, and b, class 5).
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Class 0 lesions were per definition invisible.
Among 40 class 1 lesions, only 15% were visible,
with a high degree of imprecision in the small sub-
group of class 1, 100 mm lesions (1/3 visible). 100 mm
lesions have a tendency to become visible sooner
than 300 mm lesions (e.g. 56% vs. 13% for class 2).
There is an obvious and significant increase of visib-
ility rates with increasing OCT classes. Note that the
rates of visibility were determined in 1 hour fundus
images and do not represent immediate visibility
rates during treatment.

Correlation of ophthalmoscopical diameter
and OCT GLD (Figure 6)

Only lesions that were detectable both on fundus
images and in OCT sectional images were included
in the linear regression analysis. There is good linear
correlation of ophthalmoscopical lesions diameters
with OCT GLD (R2 ¼ 0.74, p < 0.001). Conse-

Figure 5 Displays the percentage of lesions in each OCT
class that were visible on color fundus images one hour
after treatment. The total number of lesions that occurred
in each class is indicated in brackets next to the class label.
Considering a delay until retinal blanching fully develops,
lesions up to class 3 are unlikely to be visible during treat-
ment (see also Table 1).

Table 1 Properties of clinical endpoint photocoagulation lesions, measured during routine macular and panretinal photo-
coagulation for diabetic maculopathy and retinopathy in 4 patients. Due to changes of optoacoustic properties in denatur-
ating tissue, true peak temperatures during panretinal treatment are most likely higher than calculated in Table 1.

300 mm, 200 ms
macular treatment

300 mm, 200 ms
panretinal treatment

OCT class 3 (n/%) 12/34% 3/5%
OCT class 4 (n/%) 23/66% 3/5%
OCT class 5 (n/%) –– 34/59%
OCT class 6 (n/%) –– 18/31%

sum (n/%) 35/100% 58/100%

ophthalmoscopically invisible (n/%) 6/17% 1/2%

peak end temperature [�C]
(mean � standard deviation)

100 � 23 90 � 17

ophthalmoscopical diameter [mm]
(mean � standard deviation)

151 � 77 312 � 62

OCT GLD [mm]
(mean � standard deviation)

255 � 40 536 � 84

Figure 6 Linear regression analysis of lesion diameters as
assessed by OCT cross sectional images (greatest linear
diameter, GLD) and by color fundus image measurement.
All measurements were obtained one hour after treat-
ment. Sub-threshold lesions that were not detected in
either OCT or color fundus images were excluded from
the regression analysis.
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quently, statements concerning OCT GLD’s of dif-
ferent lesion classes are also qualitatively applicable
for ophthalmoscopical diameters (Figures 7 and 8).
The linear equation (y ¼ 47.5 þ 1.62 � x) indicates
that lesions are 1.5 to 2 times larger in OCT meas-
urements than in color fundus images.

Stratified correlation of OCT GLD’s and
OCT classes (Figure 7)

Only lesions with OCT GLD’s > 0 one hour after
treatment were evaluated in this correlation. Conse-
quently, OCT classes 0 and 1 were excluded. There
was a significant dependency of GLD over OCT class
(p < 0.001), over irradiation diameter (p < 0.001)
and over exposure time (p < 0.001). The statistical
interactions of OCT class and irradiation diameter,
of OCT class and exposure time and of irradiation
diameter and exposure time were all highly signifi-
cant (p < 0.001). Therefore, data in Figure 7 are gi-
ven for all strata separately. Identical statistical eva-
luation of ophthalmoscopic lesion diameters over
OCT classes was also done and gave similar results
(data not shown). We chose to display GLD results
because there are fewer sub-threshold lesions than
in fundus image assessment.

In 100 mm lesions (Figure 7a), GLD’s increase
significantly as the exposure time increases in class 3

and 4 lesions (both p > 0.001), but not in class 2 le-
sions (p ¼ 0.13). In class 2, the GLD is about twice
the spot size. In class 3 and 4 lesions, the GLD ranges
from almost twice the spot size (20 ms) to about
4 times the spot size (200 ms). GLD’s increase slightly
but significantly as OCT classes increase for 50 and
100 ms lesions (p ¼ 0.02 and p ¼ 0.007), but not for
20 and 200 ms lesions (p ¼ 1).

In 300 mm lesions (Figure 7b), GLD’s increase
with increasing exposure time in class 4 and 5 lesions
(p ¼ 0.03 and p 0.01), but not in class 2 and 3 le-
sions (p ¼ 1 and p ¼ 0.23). GLD’s are smaller than
the irradiated spot in class 2, equal to the irradiated
diameter in class 3 and range from 125% (20 ms) to
180% (200 ms) the spot size in classes 4 to 6. GLD’s
increase with increasing OCT classes for 50 and
200 ms lesions (both p < 0.001), but not for 20 ms le-
sions (p ¼ 0.11).

Stratified evaluation of lesion temperatures
(Figure 8)

Average peak end temperatures of stratified OCT
classes are displayed for 100 mm lesions (Figure 8a)
and 300 mm lesions (Figure 8b). The data in Figure 8
are depicted analogous to Figure 7. Subthreshold
(class 0) lesions were excluded from average tempe-
rature evaluation. Optoacoustic temperature meas-

Figure 7 Mean OCT greatest linear diameters (GLD’s, 1 hour after treatment) over OCT classes, stratified for different
exposure times and irradiation diameters (a: 100 mm; b: 300 mm). Standard deviations are indicated by error bars for each
group with at least 3 observations. The influence of OCT class (p < 0.001), irradiation diameter (p < 0.001) and exposure
time (p < 0.001) on the GLD is highly significant. The statistical interactions of OCT class and irradiation diameter, of
OCT class and exposure time and of irradiation diameter and exposure time were also highly significant (p < 0.001). Only
lesions with OCT GLD’s > 0 one hour after treatment were included; consequently, OCT classes 0 and 1 were excluded
from the analysis.
pexp: P-values for differences in GLD between different exposure times for a fixed OCT class.
pclass: P-values for differences in GLD between different classes for a fixed exposure time.
Shown p-values are adjusted for multiple testing according to Bonferoni’s method (n ¼ 4 tests for all strata except expo-
sure time strata in 300 mm: n ¼ 3 tests).

(a) (b)
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urements of lesion classes 5 and 6 were also excluded
because they yield erroneously low values (see dis-
cussion below).

There was a significant dependency of tempera-
ture over OCT class (p< 0.001), over irradiation diam-
eter (p ¼ 0.009) and over exposure time (p ¼ 0.001).

None of the pairwise interactions of the influence
factors was significant (p > 0.05). In the 100 mm
group, only 3/236 lesions achieved class 1, and tem-
perature data are of little significance.

In the 300 mm, class 3 group, average tempera-
tures were 81.8 � 17 �C at 20 ms, 70.5 � 10 �C for
50 ms and 68.4 � 8 �C for 200 ms (p ¼ 0.001). Here,
temperatures that achieved identical OCT classes
decreased as exposure times increased, as can be ex-
pected from the thermal damage model of Arrhenius
(7). In all other groups, the average temperatures
did not differ significantly. Increasing OCT classes
correspond to increasing temperatures. For example,
in the 300 mm, 50 ms group, average temperatures
were 60.1 � 5 �C in class 1, 63 �C in class 2, 70.5 �
10 �C in class 3 and 85.4 � 6 �C in class 4 lesions.
Temperatures occurring at identical exposure times
and identical OCT classes were higher in 300 mm
than in 100 mm irradiations, with one exception: In
100 mm lesions, the highest OCT class (4) had higher
average temperatures than in 300 mm lesions. Ob-
viously, further temperature increases did not change
the OCT appearance in 100 mm lesions, but in 300 mm
lesions where class 5 and 6 morphologies occurred.

In summary, average peak temperatures of class 1
lesions were around 60 �C, of class 2 lesions around

65 �C, of class 3 lesions around 70 �C and of class 4
lesions around 85 to 90 �C, depending on lesion
diameter and exposure time.

Characteristics of clinical endpoint
photocoagulation lesions (Table 1)

Macular lesion power was adjusted to achieve barely
visible spots during treatment (100 mm, 100 ms). These
lesions achieved classes 3 (34%) and 4 (66%). 17%
of lesions were invisible in 1 hour fundus images.
Classes 1 and 2 were not achieved at all in 35 lesions.
Lesion diameters were 151 � 77 mm ophthalmoscopi-
cally and 255 � 40 mm in OCT, which is 151% and
255% of the irradiation laser beam diameter, respec-
tively. The average peak end temperature was 100 �
23 �C.

ETDRS panretinal lesion power was adjusted to
achieve moderate retinal blanching, but no necrotic
bright lesion center (300 mm, 200 ms). These expo-
sures achieved few class 3 and 4 lesions (5% each),
but predominantly class 5 (59%) and 6 (31%) le-
sions. 98% of 58 panretinal lesions were visible after
1 hour. Lesion diameters were 312 � 62 mm ophthal-
moscopically and 536 � 84 mm in OCT, which is
104% and 179% of the irradiation laser beam diam-
eter, respectively. Average peak temperatures were
90 � 17 �C.

Figure 8 Average peak end temperatures over OCT classes, stratified for different exposure times and irradiation di-
ameters (a: 100 mm; b: 300 mm). Standard deviations are indicated by error bars for each group with at least 3 observations.
The influence of OCT class (p < 0.001), irradiation diameter (p ¼ 0.009) and exposure time (p < 0.001) on the GLD is
highly significant. The statistical interactions of OCT class and irradiation diameter, of OCT class and exposure time and
of irradiation diameter and exposure time were not significant (p > 0.05). End temperature calculations of strong coagula-
tions (class 5 and 6) yield false low values. Consequently, only OCT classes 1–4 are displayed.
pexp: P-values for differences in average peak temperature between different exposure times for a fixed OCT class.
pclass: P-values for differences in average peak temperature between different classes for a fixed exposure time.
Shown p-values are adjusted for multiple testing according to Bonferoni’s method (n ¼ 4 tests for all strata except expo-
sure time strata in 300 mm: n ¼ 3 tests).

(a) (b)
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4. Discussion

This study gives a systematic analysis of OCT
morphologies and retinal temperatures in 532 nm
photocoagulation lesions. The analysis includes clini-
cally important variations of lesion diameters (100/
300 mm), exposure times (20/50/100/200 ms) and la-
ser powers. Moreover, we included an analysis of
standard lesions in order to correlate our findings to
clinical standard lesions. We used 100 mm, 100 ms for
macular treatment and 300 mm, 200 ms for ETDRS
panretinal treatment. Besides the 100 mm, 100 ms
and 300 mm, 200 ms parameter combinations, 20 ms
lesions of both diameters have also become increas-
ingly important since the introduction of pattern la-
ser photocoagulation [22, 23].

We evaluated 35 lesions in the 100 mm, 100 ms
and 58 lesions in the 300 mm, 200 ms routine treat-
ment groups, respectively. Additionally, our study
design included at least 50 lesions of every diameter-
exposure combination in the patients with systematic
parameter variation, but 101 lesions of the 300 mm,
200 ms setting. The latter gave the most accurate
temperature results and the finest modulation of
OCT morphologies and was thus most promising to
allow specific conclusions. Moreover, this parameter
set is of great importance for panretinal photocoagu-
lation, which accounts for the majority of retinal
photocoagulations.

This study intends to correlate laser lesion tem-
peratures to the tissue damage intensity of different
supra-threshold burn classes, where supra-threshold
means biologically effective as visible in OCT. An
objective characterisation of photocoagulation le-
sions is difficult. Different threshold criteria such as
RPE cell survival, angiographic or clinical lesion vi-
sibility have been used in basic research and to ex-
amine sub-threshold photocoagulation [6, 8, 15, 18,
24]. Clinicians widely use 3–4 step grading scales of
ophthalmoscopic whitening (25–27), that suffer from
significant inter-observer variation and are time-de-
pendent. Instead of funduscopic grading, we evalu-
ated lesion visibility (for threshold lesions) and dia-
meters (for supra-threshold lesions) in fundus color
images after one hour. These parameters are readily
available during treatment, and were correlated to
SD-OCT findings, for which no standardized evalua-
tion has been established so far. We found that fun-
dus diameters correlate linearly to OCT GLD’s, but
are smaller by a factor of 1.5 to 2 according to the
linear equation given in Figure 6. Hence, the conclu-
sions we draw concerning OCT GLD’s apply quali-
tatively to fundus diameters as well.

Muqit et al. examined 392 mm, 20–200 ms lesions
in OCT and found GLD’s to be smaller than the ir-
radiation diameter in mild coagulations [19], which
agrees with our findings (300 mm, class 2 lesions).
For stronger coagulations, GLD’s increased to 100%

(20 ms) and up to 125% (200 ms) in Muqit’s study.
The corresponding (mean) values were 125% (20 ms)
and 180% (200 ms) in our study. The differences
may be due to different OCT devices used and to an
observer-dependency of GLD evaluation. Interest-
ingly, the ratio of GLD and irradiation diameter was
larger in 100 mm irradiations (153–403 mm, or 1.53–
4.03 fold, and 2.55 fold in clinical endpoint treat-
ment) than in 300 mm irradiations (211–559 mm, or
0.70–1.86 fold, and 1.79 fold in clinical endpoint
treatment). Although 100 mm lesions are generally
considered safer for macular coagulation, our find-
ings indicate that the safety margin around a lesion
should be kept wider in 100 mm than in 300 mm irra-
diations. Possibly, the final lesion size after successive
growth during the scarring process is related to the
comparably large intial OCT lesion size.

Since the availability of histological data from hu-
man material is limited, SD-OCT has been applied
in a number of studies to examine tissue effects of
photocoagulation [25, 29, 30]. Muqit et al. examined
systematically varied supra-threshold green laser le-
sions, and Mojana et al. examined subthreshold to
soft infrared lesions [31, 32]. A comprehensive OCT
study that compared sub-threshold to mETDRS le-
sion intensities of a broad range of lesion parameter
variations has not been conducted to our knowledge.
While the aforementioned studies used single scan
SD-OCT devices, we conducted repetitive SD-OCT
scanning of identical retinal planes, averaging 20 scans
per sectional image which gives more detailed in-
sight into ultra structural tissue alterations by im-
proved image quality. Nevertheless, the qualitative
and quantitative appearance of photocoagulation
lesions differs significantly in OCT images and in his-
tology (own, unpublished analysis). Comparing the
histological lesion diameter to the ophthalmoscopical
diameter, Jain et al. found the histological lesion to
be greater by 15% in 10 ms lesions and decreasing
until it was smaller by 30% in 100 ms lesions [28].
Obviously, with regard to the ophthalmoscopical
diameter, histological and OCT diameters are inver-
sely correlated. Therefore, an OCT classifier for hu-
man lesions cannot be deduced from findings in (an-
imal) histology.

Our OCT analysis led to seven consecutive lesion
classes as displayed in Figure 4, some of which have
already been observed by others [31, 32], while some
classes were newly described in our study due to
either improved image resolution, to increased pa-
rameter variation or to a different treatment wave
length. In accordance with the cited studies, OCT al-
terations of the inner retinal layers were only rarely
detected. Coagulation particularly of the ganglion
and nerve fiber layer (GL) should be avoided, since
it is thought to cause extended scotoma. Histological
analyses show that the GL is indeed affected by
coagulations of common intensity, even at powers
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slightly above the threshold of ophthalmoscopic visi-
bility [14]. In contrast, our OCT images even of in-
tense 100 mm lesions did not show any affection of
the ONL or beyond, and 300 mm lesions showed in-
ner layer affection only in single, very intense burns.
Obviously, OCT underestimates significantly the im-
pact of photocoagulation on the inner retinal layers.
Thus, in spite of its great clinical importance and his-
tologically proven occurrence in rabbits, inner layer
damage as detected in OCT is not considered in our
lesion classification. The validity of our OCT classes
and of their order is supported by increasing da-
mages after 1 week and 1 month (Figure 4), by an
increasing percentage of visibility (Figure 5), by in-
creasing GLD’s and increasing funduscopical di-
ameters (Figure 7) and by increasing temperatures
(Figure 8).

As expected, the frequencies of OCT classes
varied between the different diameter-exposure time
groups (Table 2, supporting information online).
Some morphologies appear more likely in specific
parameter groups, like class 4 that only occurred in
20/50 ms exposures or class 6 that only occurred in
300 mm/200 ms exposures. Some combinations did
not occur at all or only rarely, like class 1 in 100 mm,
20 ms lesions. In these cases a statistical analysis is
not possible. On the other hand, we achieved sub-
threshold, class 0, lesions in all groups except for
100 mm, 200 ms. Consequently, our OCT analysis
should include the softest possible and continuously
increasing lesion intensities up to, but not beyond
ETDRS standard intensity. Consequently, we cannot
display retinal ruptures or choroidal bleedings in our
analysis, and we cannot exclude that lesion morphol-
ogies exist between our class 6 and retinal rupture.

Our photocoagulator was a prototype that al-
lowed simultaneous temperature assessment during
treatment. The device was easily compatible with
everyday requirements for clinical routine, which
distinguishes it from other methods of temperature
measurement during photocoagulation [3–6]. Calcu-
lation of absolute retinal temperatures was possible
after the patient’s body temperature had been deter-
mined [16]. The system allowed 1000 temperature
measurements per second, which is fast enough to
monitor even short photocoagulation exposures of
20 ms. The optoacoustic probe laser grants tempera-
ture measurement exactly at the site of treatment
and at the depth of actual laser light absorption.

The accuracy of temperature measurements was
determined to be � 15% DT, where DT depicts the
temperature rise from body temperature [33]. In
general, the accuracy of optoacoustic measurement
is higher for longer exposures due to an increased
number of single measurements, and for larger ir-
radiations. The latter allow to use higher pulse ener-
gies without inducing RPE evaporation, and thus
facilitate an improved signal-to-noise ratio. The op-

toacoustic measurement relies on signal calibration
to the actual treatment site, which is done over
20 ms before the CW laser starts. If the optoacoustic
tissue properties change, for example during strong
coagulations, the signal calibration becomes invalid.
Then, the optoacoustic signal amplitudes decrease
and falsely indicate falling tissue temperatures, which
begins at temperatures around 95 �C. For higher
temperatures, we assume that our measurements are
lower than the real value.

Laboratory investigations tend to determine ret-
inal temperatures at biologically critical thresholds
like RPE cell death. RPE viability could not be de-
termined in our study, but it is reasonable to assume
that the RPE is lethally impaired in class one lesions.
These show small dense particles in OCT follow up
images, which supposedly represent an RPE healing
reaction. In 300 mm, class 1 lesions, we measured
average end temperatures of 65.4 �C for 20 ms,
60.0 �C for 50 ms and 58.1 �C for 200 ms exposures.
Denton et al. determined 53 �C to be the threshold
temperature for retinal cell death at various laser
exposure times (100, 250 and 100 ms [6]). Based
on an Arrhenius model, Sramek et al. postulated
threshold temperatures for RPE cell viability to be
63 �C at 20 ms, 60 �C at 50 ms, 56 �C at 100 ms and
53 �C at 200 ms in 50 mm-lesions, while the threshold
temperature for retinal rupture was 180 �C [8]. Parti-
cularly Sramek’s data correspond very well to our
measurements (Figure 8).

The systematic temperature analysis in Figure 8
reveals that for classes 1 and 2, end temperatures
are around 65 �C for 20 ms exposures and around
60� for longer exposures. These classes are ophthal-
moscopically invisible, because barely visible macu-
lar lesions (100 mm, 100 ms) achieved higher OCT
classes (3 and 4). However, classes 1 and 2 do show
a long-term OCT effect, and are therefore biologi-
cally effective. Consequently, the temperature end-
point of biologically active, but ophthalmoscopically
invisible photocoagulation should be around 60–
65 �C, depending on exposure time. OCT classes 3
and 4 were predominantly achieved in barely visible
macular treatments and corresponded to tempera-
ture measurements of 70 to 90 �C. Thus 80–85 �C
seems appropriate for mild photocoagulation and
corresponds to the mean temperature measurement
of 90 �C in macular routine treatment. Moderate
lesions that are intended in panretinal ETDRS
treatments were achieved at a (mean) measured
temperature of 100 �C, which must be assumed to be
determined too low as discussed above. Due to this
measurement error, the corresponding OCT clas-
ses 5 and 6 were excluded from the evaluation in
Figure 8. Since none of the lesion groups up to class 4
achieved higher temperatures than 95�C, a tem-
perature endpoint of 95–100 �C can be expected to
be appropriate for panretinal treatment.
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Temperature endpoints of 65 �C for sub-threshold,
of 80 �C for mild macular and of 95 �C for panretinal
photocoagulation differ sufficiently to be discrimi-
nated by the optoacoustic measurement, the accuracy
of which is expected around � 15% DT (correspond-
ing to �9 �C at 97 �C). Even if the error bars in Fig-
ure 8 show significant overlap, the temperature varia-
tions between different OCT classes are statistically
significant for 100 mm, 50 and 100 ms groups and for
300 mm, 50 and 200 ms groups. Statistically significant
temperature variation within one OCT class, but for
different exposure times, was only found in 300 mm,
class 3 lesions. The exposure-time correlates to tem-
peratures as predicted by the Arrhenius theory [7].
To determine these correlations more exactly for all
different parameter groups and OCT classes, further
research will be necessary that might either improve
temperature measurement accuracy or increase sta-
tistical power in a larger cohort.

On the other hand, our study has revealed signif-
icant inaccuracy of routine laser dosage. Particularly
panretinal lesions produced OCT classes 3 to 6.
Moreover, the analysis of ophthalmoscopical visibi-
lity showed, that lesions of any OCT class may be-
come visible. Obviously, clinical visibility gives a clue
on the likelihood to achieve a certain tissue mor-
phology, but it has significant uncertainty. Hence,
temperature controlled photocoagulation but not
conventional laser control has the potential to reli-
ably produce a desired ultrastructural tissue effect.

5. Conclusions

Optoacoustic temperature measurement during pho-
tocoagulation is applicable on patients. It allows for
the first time the assessment of the retinal tempera-
ture profile in real time at each individual spot dur-
ing delivery of routine photocoagulation. The tem-
perature data correspond well to consecutive classes
of OCT-morphological retinal damage. The opto-
acoustic data are useful to implicate automatic, tem-
perature-feedback controlled photocoagulation for
mild supra-threshold lesions, which has already been
applied successfully in rabbits [14, 17].
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