
Introduction

Optical coherence tomography (OCT)
has become one of the highest resolu-
tion in vivo imaging tools since its clini-
cal introduction in the early 1990s
(Huang et al. 1991) and is indis-
pensable to modern ophthalmology.
Its spatial resolution in the order of
few microns (Kiernan et al. 2010) has
led some authors to equalize it with
‘in vivo microscopy’ (Kang et al.
2010). However, there are principal dif-
ferences between images from OCT
and histology, apart from spatial
resolution.

Optical coherence tomographic
imaging relies on optical scattering
properties of a tissue, detecting strong
signals from light-scattering layers and
reflective interfaces, which are com-
monly displayed by increasing shades
of grey. OCT can be performed in vivo
on patients and is noninvasive and
nondamaging, facilitating repeated
examinations of identical structures.
Its availability is nearly unlimited for
physiological and pathological condi-
tions as well, and it rules out any fixa-
tion artefacts. In histological
specimens, in contrast, visualization
relies on chemical affinities of tissue
molecules to stains, most prominently
haematoxylin and eosin. Staining
allows to localize a vast variety of
proteins and nucleic acids.
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ABSTRACT.

Purpose: To examine spectral domain optical coherence tomographic (OCT)

and histological images from comparable retinal photocoagulation lesions in

rabbits, and to correlate these images with comparable OCT images from

patients.

Methods: 508 rabbit lesions were examined by HE-stained paraffin histol-

ogy. 1019 rabbit lesions versus 236 patient lesions were examined by OCT,

all at the time-points 1 hr, 1 week and 4 weeks after photocoagulation. We

analysed 100 lm lesions (in humans) and 133 lm lesions (in rabbits) of

200 ms exposures at powers titrated from the histological threshold up to

intense damage. Lesions were matched according to morphological criteria.

Results: Dome-shaped layer alterations, retinal infiltration by round, pig-

mented cells, outer nuclear layer interruption, and eventually full thickness ret-

inal coagulation are detectable in histology and OCT. Horizontal damage

extensions are found 1½ times larger in OCT. More intense irradiation was

necessary to induce comparable layer affection in rabbit OCT as in histology.

Restoration of the inner retinal layers is only shown in the OCT images. Com-

parable primary lesions caused more pronounced OCT changes in patients

than in rabbits during healing.

Conclusions: Optical coherence tomographic images indicate different tissue

changes than histologic images. After photocoagulation, they show wider hori-

zontal damage diameters, but underestimate axial damage particularly during

healing. Conclusions on retinal restoration should not be drawn from OCT

findings alone. Retinal recovery after comparable initial lesions appears to be

more complete in rabbit than in patient OCTs.
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While the OCT to histologic corre-
lation with healthy tissue, particularly
retina, is well described (Srinivasan
et al. 2008; Spaide & Curcio 2011),
direct correlation with pathologic con-
ditions as displayed in OCT and his-
tology is scarce (such as Kim et al.
2012). Photocoagulation allows to
apply fairly defined and reproducible
wounds to the retina and is therefore
particularly suitable for such a corre-
lation. Since an early contribution in
1995 (Toth et al. 1995), OCT resolu-
tion has increased significantly, and
photocoagulation has aimed at lower
intensities (Dorin 2004). Thus, we
conducted this study to compare up-
to-date spectral domain OCT images
from rabbits to rabbit histological
images and to human OCT images.
The study was primarily designed as a
systematic qualitative image compari-
son, but evaluates some numerical
data on lesion diameters as well, test-
ing the hypothesis that photocoagula-
tion lesions appear different in
histology and OCT.

Materials and Methods

This study contained three arms that
were conducted independently, and
their results were afterwards compared.
The first arm included four eyes of two
rabbits that were each treated by three
consecutive photocoagulation sessions
1 hr, 1 week and 4 weeks prior to his-
tological workup. The second arm
included six eyes of three rabbits that
were treated by photocoagulation and
imaged by OCT 1 hr, 1 week and
4 weeks after treatment. The third arm
included 20 eyes of 20 patients that
were examined by OCT, again 1 hr,
1 week and 4 weeks after photocoagu-
lation. In all study arms, lesion powers
were titrated to produce ophthalmo-
scopically invisible lesions and then
increased stepwise until they produced
intense lesions with a necrotic core, but
no bleedings or ruptures. In the after-
wards comparison, lesions of all three
arms were matched by their appear-
ance in histology or OCT, respectively.

Animal photocoagulation experiments

We performed photocoagulation on
chinchilla grey rabbits. The race was
chosen because of its large size and its
particularly homogenous fundus pig-
mentation. The animals were treated

under general and local anaesthesia,
with dilated pupils. A modified Main-
ster focal grid laser contact lens was fit-
ted onto the eye with methylcellulose
gel (2%) and mechanically fixed in its
position. We performed photocoagula-
tion with a modified 532 nm continu-
ous wave (CW) laser system (based on
a VISULAS VITE, Carl Zeiss Meditec
AG, Jena, Germany) and measured the
laser power output externally. The
irradiation diameter was 200 lm in air
and 133 lm on the fundus due to a
33% optical demagnification. We
intended to get as close as possible to
100 lm diameter with the preset diam-
eter selections of the laser device.
Exposure times were 200 ms or, for
threshold and weak lesions, variable
(Koinzer et al. 2012b; Schlott et al.
2012).

The rabbits were maintained in ani-
mal units at the University Medical
Centre of Schleswig-Holstein, and all
animal experiments were performed
according to the German law for pro-
tection of animals and approved by the
Ministry of Agriculture, the Environ-
ment and Rural Areas of Schleswig-
Holstein, Kiel, Germany (application
no. V312-7234.121-11).

Histological workup

We analysed photocoagulation lesions
histologically from four eyes of two
rabbits that had received three consec-
utive photocoagulation treatments
4 weeks, 1 week and 1 hr prior to
their death. After enucleation, we fix-
ated the eyes overnight in Margo’s
solution (1% buffered formaldehyde
and 1.25% glutaraldehyde). The area
of interest was cut out of a retina-cho-
roid-sclera preparation, marked with
colour, dehydrated in increasing iso-
propanol concentrations, embedded in
paraffin, cut it in 5 lm slices at 50 lm
distance and stained with haematoxy-
lin and eosin. Intense photocoagula-
tion lesions, colour marks, the optic
nerve and the spatial relation of
lesions were used to identify laser
lesions within the specimens. We
localized 145 lesions after 1 hr, 184
lesions after 1 week and 179 lesions
after 4 weeks. One hundred and
thirty-seven of 645 lesions could not
be detected because they were either
sub-threshold, had completely healed
or due to tissue destruction after
workup.

Patient study

236 laser lesions were examined by
fundus photography and OCT in 20
eyes from 20 patients. The study was
reviewed and approved by the institu-
tional ethics committee at Kiel Uni-
versity (application no. A 105 ⁄ 10) and
was carried out in accordance with
the contents of the declaration of Hel-
sinki. All data were recorded during
routine treatment. Treatments (16 ⁄ 20
diabetic retinopathy, 4 ⁄ 20 diabetic
maculopathy, 3 ⁄ 20 vein occlusion,
1 ⁄ 20 occlusive vasculitis) followed the
treatment guidelines of the German
ophthalmological society that were
valid at the time of treatment (Hoe-
rauf et al. 2010; Ziemssen et al. 2010).

We treated with a 532 nm CW pho-
tocoagulator (VISULAS VITE, Carl
Zeiss Meditec AG). The irradiation
diameter was 100 lm, exposure times
were 20, 50, 100 or 200 ms. Study
lesions were placed in a suitable area
outside the temporal vessel arcades or
nasally to the optic disc. Further
details on the study design have been
published in Koinzer et al. (2012a).

Lesion imaging

We obtained fundus colour photogra-
phies of all lesions 1 hr, 1 week (day 5–
8 in patients) and 4 weeks (day 22–30
in patients) after the treatment session.
For patients, we used a Zeiss FF450
plus fundus camera, and for rabbits a
Zeiss VISUCAM (both Carl Zeiss
Meditec AG). All study lesions were
individualized by mapping them on
fundus images, and technical parame-
ters were recorded for each lesion.

Optical coherence tomography ser-
ies were acquired at the same time-
points as fundus colour images. We
scanned the treated area in 30 lm
steps using a spectral domain OCT
(HRA + OCT Spectralis�, Heidel-
berg Engineering, Heidelberg, Ger-
many). Every sectional image was
obtained by averaging of 20 sweeps to
optimize image quality. If a lesion
could be identified, we traced it
through the consecutive series of OCT
images using the AutoRescan� func-
tion.

Qualitative lesion matching

To assess general differences in rabbit
and patient OCT and histological
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images of the retina, we compared
images from healthy retinal sections
(Fig. 1). The specimen of human ret-
ina from the posterior pole in Fig. 1
was obtained from our histological
archive, and the human OCT from
one investigator (SK).

To examine photocoagulation
lesions, the following digital process-
ing was undertaken with the corre-
lated images: OCT images were
horizontally stretched fourfold (Fig. 2)
and upscaled 1.5-fold. The resulting
images were comparable to the
‘1:1 lm’ display mode in the oct soft-
ware but had a higher resolution than
digitally exported ‘1:1 lm’ images.
Histological photographs displayed
were taken with 200-fold magnifica-
tion. If the RPE was not dissected
horizontally, we cropped images to
align it.

In order to judge lesion intensities
qualitatively, we considered the imag-
ing results of five groups of lesions
separately: Rabbit histological speci-
ments after 1 hr (group, n = 145),
after 1 week (group 2, n = 184) or

4 weeks (group 3, n = 179), OCT
images of rabbit lesions (group 4,
n = 1019), or OCT images of patient
lesions (group 5, n = 236). Only his-
tological or OCT images, respectively,
were used for the consideration, while
the ophthalmoscopical lesion appear-
ance was not regarded for qualitative
analysis, but in the statistical evalua-
tion. Within all five groups, we
arranged lesions according to their
intensity, picked representative exam-
ples and put them together in compos-
ites for the following intensities:

We compared the softest (Fig. 3B,
‘threshold lesions’) and the strongest
(Fig. 3G, ‘strongest lesions’) morpho-
logical damages that we found in all
image modalities. Additionally, we
took lesion intensities slightly above
threshold (Fig. 3C, ‘weak lesions’) or
slightly below the strongest intensity
(Fig. 3F, ‘strong lesions’) for compari-
son, and we compared a medium
intensity lesion type (Fig. 3E).
Another category where a localized
RPE detachment occurred was also
compared (Fig. 3D, ‘RPE bleb’

lesions). The increasing intensity of
the lesion groups was evaluated by
comparison of the 1 week- and
4 week-changes as well.

Lesion size measurements

Lesion diameters were assessed on
images or specimens, respectively, that
had been obtained after 1 hr. Only
lesions that were detectable in the
according imaging method were
included in the evaluation.

In colour fundus photographs,
oedematous halos were excluded from
the spot size measurements. The size
of study lesions was assessed manually
by three independent observers. They
outlined every lesion, measured the
pixel size of the lesion and calculated
the pixel and real diameters. Out-of-
range values were excluded and the
mean value was considered to be the
spot size (as described in Koinzer
et al. 2012b).

For OCT lesion diameter measure-
ments, we used the ‘1:1 lm’ and
800% OCT image display mode to
measure the greatest linear diameter
(GLD) of a lesion at the inner seg-
ment (IS)–outer segment (OS) junc-
tion line, or, in threshold OCT
lesions, at the external limiting mem-
brane (ELM) to outer nuclear layer
(ONL) transition.

On histology slides, we measured
GLD’s on digital slide images. In
order to quantify horizontal tissue dis-
tortion through the histological
workup procedure, we compared 51
distances of equal lesion pairs on fun-
dus images and histological slides
from all four rabbit eyes.

Statistical analyses

The statistical analyses of lesion diam-
eters were carried out by simple linear
regression. We calculated linear
regression coefficients, linear equa-
tions and statistical significances in
spss software, version 20. p-values
below 0.05 were considered signifi-
cant.

Results

Comparison of healthy retina in human

and rabbit OCT and histology

Figure 1 compares paraffin histology
and OCT from human retina with

Fig. 1. From left to right: direct comparison of paraffin histology (HE-staining, x200) and

OCT from human retina, OCT and histology from rabbit retina. The retinal pigment epithelium

is aligned in all images, and all images were streched for comparable axial scales. The layer leg-

end indicates the choroid (CHO), retinal pigment epithelium (RPE), photoreceptor segments

(PS), outer nuclear layer (ONL), outer plexiform layer (OPL), the inner nuclear layer (INL),

the inner plexiform layer (IPL) and the ganglion cell and nerve fibre layer (GL).

Fig. 2. OCT axial resolution is 4 times greater than its lateral resolution, leading to axially

stretched OCT images (‘1:1 pixel’ mode in the oct software, which is most commonly used, left

image). To facilitate direct visual analogy to histological specimens (image on the right), image

scaling is advisable. As indicated by the arrows, we stretched all OCT images in this paper

(except Fig. 1) horizontally and adapted them to histological images (equal x and y scales). The

built-in ‘1:1 lm’ depiction of the OCT device creates such images as well, but reduces image

resolution in the file export.
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OCT and histology from rabbit retina.
The retinal pigment epithelium is
aligned in all images, and all images
are streched to the same axial scale.

Human retinal layers are depicted
in the histological picture. A multi-
layered ganglion cell layer (GL) indi-
cates the origin of the human speci-

men from the posterior pole.
The adjacent parafoveal horizontal
human OCT section is 300 lm (left)
to 250 lm (right) thick. It shows

(A)

(B) (C)

(D) (E)

(F) (G)

Fig. 3. Composites presenting six classes of lesion intensities, directly comparing findings from rabbit histology (top row) to rabbit OCT (middle

row) and human OCT (lower row) at three different time-points: 1 hr post-treatment (left column), 1 week post-treatment (middle column) and

1 month post-treatment (right column), as shown in (A). (B–G) show composites of increasing lesion intensities that we labelled as follows: (B)

threshold lesion, (C) weak lesion, (D) lesion with sub-RPE bleb, (E) medium intensity lesion, (F) strong lesion and (G) strongest lesion. For a

detailed comparative lesion description, please refer to the main text. Black scale bars in (B) are representative for all composites and indicate the

laser irradiation diameter, which was 133 lm in rabbits and 100 lm in patients. The demagnifying optics of rabbit eyes did not allow to use

exactly the same irradiation diameter in rabbits and patients. Different scales in histological and OCT displays are due to the larger lesion diame-

ters in OCT images (see also Fig. 4). The parameters power and exposure time are shown for each lesion. Only one set of values is given for

OCT lesions, because all images show the same lesion at different time-points. Rabbit fundi were treated below and in symmetrical arrays nasally

and temporally of the papilla. Human fundi were treated outside the temporal arcades. We preferably used 200 ms exposures. Because in weak

and threshold lesions, the according intensities were not reliably achievable by 200 ms lesions, we used different, partly variable exposure times. It

is obvious from the data that there is no reliable correlation with the power used to the morphological damage, which is due to pigment and

transmission variations.
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essentially identical layers, but addi-
tional dark bands within the photore-
ceptor segment (PS) layer. The dark
separation line of PS and ONL is the
ELM. A dark band within the PS
visualizes the IS–OS junction line
(Srinivasan et al. 2008; Spaide & Cur-
cio 2011). The outermost photorecep-
tor segment parts, retinal pigment
epithelium (RPE) and Bruch’s mem-
brane (BM) underneath represent one
dark complex in OCT.

The OCT and histological sections
of rabbit retina were taken at the
visual streak, where the retina is thick-
est, but free of myelin (190 lm in
OCT, 130 lm in histology). The layer-
ing is identical to human retina, with
thickness proportions shifted towards
thinner layers above the ONL.

Detailed qualitative lesion correlation

with different intensity lesions

Figure 3 displays a legend (Fig. 3A)
and composites of six different lesion
intensities (Fig. 3B–G). Scale bars in
Fig. 3B depict the irradiation diame-
ters and are representative for all com-
posites. They also indicate the lesion
location in threshold rabbit OCTs.

Lesions in each composite were
matched by their morphology, not by
treatment laser power. There is no
reliable correlation with the power
used to the morphological damage,
which is due to pigment and transmis-
sion variations. While in OCT com-
posites, we show the same lesion in all
three images, histological images nec-
essarily display three lesions of com-
parable intensity but different
anatomical location.

The threshold histological lesions
(Fig. 3B) show coagulation of the out-
ermost OS and discrete ONL pyknosis
and condensation, and after 1 week
RPE cell swelling and ONL nuclei
reduction, while after 1 month, there
is a slight fibrotic reaction in the
OPL. GL nuclei are intact. In rabbit
OCT images, changes of the IS-OS
junction line and the ELM are
denoted first, while the first changes in
human OCT are located in the ONL.
In rabbit OCTs, the changes remain
confined to subtle IS-OS-reflectivity
changes subsequently, while in patient
OCTs, there is a clear RPE reaction
and thinning of the ONL. The inner
retinal layers, INL and above, appear
invariably intact. These threshold

lesions are mostly funduscopically
invisible in patients (Bhatnagar et al.
2010; Koinzer et al. 2012a).

In weak lesions (Fig. 3C), the axial
damage reaches the OPL in all
images. RPE cells are absent in the
histological wound after 1 hr, but
enlarged pigmented cells have closed
the layer after 1 week. In OCT
images, the RPE appears irregular
during the healing stage, which is
more pronounced in patients. After a
month, histological alterations reach
the INL, while the rabbit OCT shows
ELM interruption, but no damage
above that. In this case, fine altera-
tions of the inner retinal layers are
underestimated and wound healing is
overestimated in OCT images. In the
patient OCT, the damage appears to
be confined to the POS at the first
glance, but interruption of the OPL
and darkening of the inner ONL are
also visible.

In the lesion type with an RPE bleb
(Fig. 3D), 1 hr lesions reach the IPL,
leaving the GL largely intact. Histo-
logical lesions are invaded by large,
round pigmented cells later on. Rabbit
histology and OCT indicate full thick-
ness retinal affection after 1 week,
while the patient OCT shows only
IPL invagination after 1 week with
questionable alteration of the inner
layers. After 1 month, the specimen
shows a fibrotic reaction up to the
INL, while the damage does not
exceed the ONL in rabbit and patient
OCTs. Again, wound healing is over-
estimated in OCT images.

In the medium intensity lesions
(Fig. 3E), similar changes appear
more pronounced. The ONL is persis-
tently interrupted even in OCT
images, and the innermost retinal lay-
ers are affected throughout the com-
posite. However, late changes of the
inner retinal layers are subtle and may
be easily missed in commonly scaled
OCT images (‘1:1 pixel’). In the speci-
men, in contrast, thinning of the GL
and focal absence of GL nuclei are
unequivocally detectable.

In strong lesions (Fig. 3F), the
entire retina is alterated in all 1 hr
images and throughout the histologi-
cal series. In contrast, persistent dam-
age beyond the ELM is doubtful in
the late rabbit OCT images. The true
damage may be easily underestimated
in OCT images. In patient OCTs, the
ONL remains interrupted, but damage

above the OPL cannot be detected.
Notably, on 1 hr OCT images, the
bright INL seems to be continuous,
although the adjacent IPL and GL
appear darkened as a sign of coagula-
tive damage.

The strongest lesion (Fig. 3G) shows
surprisingly well-preserved retina in
histology after 1 hr. A third nuclear
layer appears underneath the ONL.
The follow-up histologies show full
thickness retinal scarring across
Bruch’s membrane. The 1 hr and
1 week OCT images show full thick-
ness coagulation as well, and in con-
trast to the ‘strong’ lesion, even the
INL is darkened. Layering appears
intact above the ELM in rabbit OCTs
after 1 month, which is obviously an
overestimation of retinal wound heal-
ing. In the patient OCT, the ONL
remains interrupted, but inner layer
damage is questionable. The early rab-
bit OCT shows shallow exudative reti-
nal detachment, which we have also
observed in rabbit histology (not
shown), but not in patient OCT. Here,
overtreatment would rather cause cho-
roidal effusion (Tinley & Gray 2009).

Statistical analysis of lesion diameters

Figure 4 shows linear regression anal-
yses of ophthalmoscopical lesion
diameters and OCT or histological
GLD’s, respectively. Black circles
indicate correlated values of human
lesion ophthalmoscopical diameters
and OCT GLD’s (n = 134, linear
R2 = 0.613, correlation best described
by the linear equation y = 42 +
1.508 * x, where y is the OCT GLD
and x is the ophthalmoscopical diame-
ter). Light grey squares indicate corre-
lated values of rabbit lesion
ophthalmoscopical lesion diameters
and OCT GLD’s (n = 274, R2 =
0.587, y = 70 + 1.415 * x), and dark
grey triangles indicate correlated val-
ues of rabbit lesion ophthalmoscopical
diameters and histological GLD’s
(n = 46, R2 = 0.726, y = )20 +
1.12 * x, where y is the histological
diameter). The R2 values indicate
close linear correlation, which was sta-
tistically significant for all three corre-
lations shown (p < 0.001).

A very light grey line marks equal x
and y values. The ophthalmoscopical-
to-histological lesion diameter regres-
sion line runs close to this very light grey
line, indicating that ophthalmoscopical
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and histological diameters are very
similar. The complete set of linear
regression lines of OCT GLD’s or histo-
logical lesion diameters, respectively,
at all timepoints (1 hr, 1 week and 4
weeks) over ophthalmoscopical lesion
diameters is shown in the supplementary
figure S1. We show the corresponding
linear equations and R2 values in the

supplementary table S1 as well. These
data are consistent with our statements,
but weaker than those presented in
Fig. 4. Comparison of the linear con-
stants and slopes of OCT GLD’s over
ophthalmoscopical diameter (42 ⁄1.508
and 70 ⁄1.415) to those of histological
GLD’s over ophthalmoscopical diame-
ter ()20 ⁄1.12) allows an estimation that

OCT GLD’s are about 1½ times larger
than histological GLD’s. The regression
lines of human and rabbit OCTs are
almost equal and indicate good mea-
surement reliability.

Lesion distances (n = 51) were
longer on histological slides than in
funduscopic images by a factor of
(1.17 ± 0.16), with good consistency
among four rabbit eyes, which indi-
cates 17% horizontal retinal streching
through the histological workup.

The most important results of our
study are summarized in Table 1.

Discussion

This study presents a comparative
analysis of photocoagulation lesions
at time-points 1 hr, 1 week and
1 month after the treatment. 508
rabbit lesions were examined histo-
logically, and 1019 rabbit lesions
versus 236 patient lesions by OCT.
We used the best clinically available
OCT image quality (Kiernan et al.
2010). Major structural alterations are
visible on both histological and OCT
images, but weak layer alterations
were underestimated and wound heal-
ing was overestimated in OCT. More-
over, the lateral extension of a lesion
is displayed significantly wider in
OCT.

In order to induce comparable
lesions, we kept exposure times
(mostly 200 ms) and diameters
(approximately 100 lm) between
groups as similar as possible. Power
was titrated to induce any possible
lesion intensity from invisible up to
very intense, but we avoided retinal
ruptures or choroidal bleedings. Rup-
tured retinal lesions, which induced
choroidal neovascularization, have
been investigated in mice by Hoerster
et al. (2012). They discuss the topic
with an emphasis on OCT versus fluo-
rescein angiography, but they do show
OCT and histology. Others have
investigated retinal degenerations in
mice and rats by OCT and histology,
including light-induced degeneration
(Ruggeri et al. 2007; Fischer et al.
2009; Huber et al. 2009). In those
studies, major retinal changes like
strong oedema, layer degeneration or
rosette formation were detected in his-
tology and OCT. In the present study,
we looked for more subtle changes
and correlated the findings with
patient images.

Fig. 4. Linear regression analyses of ophthalmoscopical lesion diameters and human OCT

GLD’s (black circles, n = 134, linear R2 = 0.613, correlation best described by the linear equa-

tion y = 42 + 1.508 * x, where y is the OCT GLD and x is the ophthalmoscopical diameter),

ophthalmoscopical lesion diameters and rabbit OCT GLD’s (light grey squares, n = 274,

R2 = 0.587, y = 70 + 1.415 * x) or of ophthalmoscopical lesion diameters and histological

GLD’s (dark grey triangles, n = 46, R2 = 0.726, y = )20 + 1.12 * x, where y is the histologi-

cal diameter). All three correlations were statistically highly significant (p < 0.001). A very light

grey line indicates equal x and y values. The irradiation diameter was 100 lm in patients and

133 lm in rabbits. All data were recorded 1 hr after the end of photocoagulation treatment,

and only lesions that were detectable in the according imaging method were included in the

evaluation.

Table 1. Summarizing of key findings in OCT compared to histology.

OCT Histology

General issues

Differing axial and horizontal scale + )
Workup artefacts ⁄ distortion ) +

Follow up of identical lesions + )
Staining for function ⁄ genetics ) +

Availability of patient images + )
Lesion appearance

Dome-shaped changes above RPE + +

Lesion become first apparent in ONL PS

Last layer to show changes INL GL

Prominence of lesions ) +

Lesion diameter 1½ times fundus Like fundus

Sensitivity to layer alterations

general + ++

pigmented cell invasion + +

RPE irregularity during healing + +

ONL thinning ⁄ interruption during healing + +

full thickness damage of fresh lesions + +

full thickness damage of healing lesions ) +

inner layer healing + )
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Study design

As histological specimens from
humans are scarce, rabbits are com-
monly used for histological investiga-
tion of photocoagulation lesions
(Birngruber et al. 1983; Roider et al.
1993; Jain et al. 2008; Paulus et al.
2008). Differences of rabbit and
human retina include the absence of a
macula (‘visual streak’ in rabbits), a
horizontal line of myelinated nerve
fibres (‘medullary ray’ in rabbits),
reduced retinal vasculature and others
(Prince 1964). These will influence the
biological response to an insult, such
as photocoagulation. We compared
species-dependent biological responses
by OCT from rabbits and patients,
and differences of OCT and histologi-
cal imaging from rabbits. This design
is comprehensive but allows limited
conclusions about patient histology as
well. We compared rabbit OCT
images to histological slides from dif-
ferent animals, which did not allow us
to image identical lesions in both
OCT and histology, and which is a
limitation of our study design.

Global similarities of imaging methods

Optical coherence tomography and
histology both detected dome-shaped
layer changes above the irradiated
RPE, as expected by the heat diffu-
sion theory (Birngruber et al. 1985).
In healing lesions, thickening and
irregularity of the RPE ⁄BM complex
and thinning of the ONL are common
to all images. Big round pigmented
cells infiltrate the lesions in histology,
possibly melanophages or RPE cells.
Round, dark structures are also pres-
ent in OCT images, so-called small
dense particles (Framme et al. 2010).
These occur in different retinal pathol-
ogies and have been discussed to rep-
resent migrating RPE cells or
leucocytes.

Global differences of imaging methods

Retinal lesions appear prominent only
in histology. This should not be mis-
taken for photoreceptor outer segment
elongation due to decreased RPE
phagocytotic activity, because it is
obviously an artefact and does not
occur in OCT. In histology, the first
laser-induced changes appear in the
outermost PS. As expected, this is just

above the RPE, which is the heat
source in photocoagulation. In OCT,
the first alterations are located in the
ELM and IS ⁄OS-junction (rabbit) or
the ONL (patient), respectively. This
must be related to an affection of
entire photoreceptor cells, possibly an
organelle shift, after injury to PS. Spa-
ide & Curcio (2011) have previously
shown that OCT reflectivity may be
changed by organelles other than mel-
anosomes, such as mitochondria.

Our finding that OCT GLD’s are
almost 1½ times larger than histologi-
cal GLD’s, supports the idea that
OCT imaging detects different tissue
conditions than histological imaging.

Qualitative analysis of axial lesion exten-

sion

Axial damage extensions vary accord-
ing to species and imaging.

Affection of the GL after 1 hr is
first visible in:

(1) rabbit histology of medium inten-
sity lesions
(2) rabbit OCT of strong lesions
(3) patient OCT of medium intensity
lesions.

Affection of the GL during the heal-
ing stage becomes apparent in all rab-
bit images of medium intensity
lesions, but not in OCT images of
patient medium intensity lesions. Pos-
sibly, the greater retinal thickness pro-
vides some protection to the GL in
patients, or OCT fails to detect GL
damage.

During healing, thinning of the
ONL is found in:

(1) rabbit histology of threshold ⁄weak
lesions
(2) rabbit OCTs of RPE bleb ⁄medium
intensity lesions
(3) patient OCT of threshold lesions

Complete interruption of the ONL is
visible in:

(1) rabbit histology of RPE bleb
lesions
(2) never in rabbit OCTs
(3) patient OCT of medium intensity
lesions after 1 month.

Obviously, rabbit OCT shows less
layer damage than histology in com-
parable lesion intensities. On the other
hand, OCT in patients shows the same
changes than rabbit histology at a

comparable intensity level, leading to
the assumption that human retina is
more susceptible to photocoagulation
damage than rabbit retina.

Comparison of full thickness lesions

In early histology of the strongest
lesions, the retina seems to be struc-
turally well preserved due to immedi-
ate fixation by heat (Lorenz 1988).
The intense, full thickness nature of
the retinal damage becomes more
obvious during wound healing
(Fig. 3G). In OCT, retinal layer dark-
ening does not proceed continuously
from the outer to the inner retina, but
the last layer to darken is the INL
(strongest lesions), after the IPL and
GL (strong lesions).

A third nuclear layer is a striking
artefact of strong and strongest
lesions in histology. It results from a
lateral retinal shift of healthy over
heat fixated tissue, as has been beauti-
fully worked out by Lorenz (1988). It
is also implicated by Sramek’s analysis
of theoretically expected versus histo-
logically detected damage diameters in
the RPE and ONL (Sramek et al.
2009). A third nuclear layer may be
suspected behind a third bright band
outside the ONL in the rabbit OCT
of the strongest lesion, but does not
occur in patient OCTs.

Conclusion from qualitative analysis

In summary, lesion intensity is under-
estimated in rabbit OCT as compared
to rabbit histology. Equal layer dam-
age appears in OCT images of more
intense lesions than in histology, and
it disappears sooner. The damage
during the healing period of equal
primary intensities appears more pro-
nounced in patient OCTs than in rab-
bit OCTs. Consequently, histology of
patient lesions may reveal more exten-
sive damage than rabbit histology of a
given lesion intensity. Histologically,
the axial damage becomes more obvi-
ous as the lesions heal, while it
declines implausibly in OCT images of
comparable lesions. It is therefore
questionable if intact inner layers in
OCT are a clue to structural or func-
tional retinal recovery, as has been
postulated (Muqit et al. 2011).

Our results pinpoint the necessity to
look at the inner retinal changes very
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carefully on OCT images, possibly in
highly upscaled ‘1:1 lm’-mode, in
order not to miss histologically rele-
vant changes.

Outlook, modern OCT systems

Because significantly improved OCT
systems have continuously been devel-
oped (Baumann et al. 2012; Jonnal
et al. 2012; Müller et al. 2012), more
detailed in vivo retinal imaging will be
at hand. The improvements will still
be subject to the principal differences
between optical and chemical ‘stain-
ing’. Because histology has been the
gold standard to observe and explain
pathophysiology in decades, its corre-
lation will remain the benchmark for
the interpretation of high tech images.
We present such a correlation at the
example of histology and up-to-date
OCT images obtained from rabbit
eyes.

Conclusions

Optical coherence tomography images
indicate different tissue changes than
histologic images. After photocoagula-
tion, they show wider horizontal dam-
age diameters, but underestimate axial
damage particularly during healing.
Conclusions on retinal restoration
should not be drawn from OCT find-
ings alone. Retinal recovery after
comparable initial lesions appears to
be more complete in rabbit than in
patient OCTs.
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Schröder S, Kirchhoff B & Fauser S

(2012): In-vivo and ex-vivo characterization

of laser-induced choroidal neovasculariza-

tion variability in mice. Graefes Arch Clin

Exp Ophthalmol 250: 1579–1586.

Huang D, Swanson E, Lin C et al. (1991):

Optical coherence tomography. Science

254: 1178–1181.

Huber G, Beck SC, Grimm C et al. (2009):

Spectral domain optical coherence tomog-

raphy in mouse models of retinal degenera-

tion. Invest Ophthalmol Vis Sci 50: 5888–

5895.

Jain A, Blumenkranz MS, Paulus Y, Wiltber-

ger MW, Andersen DE, Huie P & Palanker

D (2008): Effect of pulse duration on size

and character of the lesion in retinal

photocoagulation. Arch Ophthalmol 126:

78–85.

Jonnal RS, Kocaoglu OP, Wang Q, Lee S &

Miller DT (2012): Phase-sensitive imaging

of the outer retina using optical coherence

tomography and adaptive optics. Biomed

Opt Express 3: 104–124.

Kang H, Su L, Zhang H, Li X, Zhang L &

Tian F (2010): Early histological alteration

of the retina following photocoagulation

treatment in diabetic retinopathy as mea-

sured by spectral domain optical coherence

tomography. Graefes Arch Clin Exp Oph-

thalmol 248: 1705–1711.

Kiernan DF, Mieler WF & Hariprasad SM

(2010): Spectral-domain optical coherence

tomography: a comparison of modern

high-resolution retinal imaging systems.

Am J Ophthalmol 149: 18–31.

Kim SY, Muftuoglu O, Nick Hogan R,

Dwight Cavanagh H, McCulley JP & Vi-

nod Mootha V (2012): Histopathology and

Spectral Domain OCT Findings of Pneu-

matic-Assisted Dissection in DALK. Cor-

nea 31: 1288–1293.

Koinzer S, Schlott K, Portz L et al. (2012a):

Correlation of temperature rise and optical

coherence tomography characteristics in

patient retinal photocoagulation. J Biopho-

tonics 5: 889–902.

Koinzer S, Schlott K, Ptaszynski L et al.

(2012b): Temperature controlled retinal

photocoagulation - a step toward auto-

mated laser treatment. Invest Ophthalmol

Vis Sci 53: 3605–3614.

Lorenz B (1988): Morphological changes of

chorioretinal argon laser burns during the

first hour post exposure. Lasers Life Sci. 3:

207–226.

Müller HH, Ptaszynski L, Schlott K et al.

(2012): Imaging thermal expansion and ret-

inal tissue changes during photocoagula-

tion by high speed OCT. Biomed Opt

Express 3: 1025–1046.

Muqit MMK, Denniss J, Nourrit V, Marcel-

lino GR, Henson DR, Schiessl I & Stanga

PE (2011): Spatial and spectral imaging of

retinal laser photocoagulation burns. Invest

Ophthalmol Vis Sci 52: 994–1002.

Paulus YM, Jain A, Gariano RF, Stanzel B,

Marmor M, Blumenkranz MS & Palanker

D (2008): Healing of retinal photocoagula-

tion lesions. Invest Ophthalmol Vis Sci 49:

5540–5545.

Prince JH (1964): The rabbit in eye research.

Springfield, IL: Charles Thomas Publisher.

Roider J, Michaud N, Flotte T & Birngruber

R (1993): Histologie von Netzhautläsionen

nach selektiver Mikrokoagulation des retin-

alen Pigmentepithels. Ophthalmologe 90:

274–278.

Ruggeri M, Wehbe H, Gregori G, Jockovich

ME, Hackam A, Duan Y & Puliafito CA

(2007): In vivo three-dimensional high-

resolution imaging of rodent retina with

spectral-domain optical coherence tomog-

raphy. Invest Ophthalmol Vis Sci 48: 1808–

1814.

Schlott K, Koinzer S, Ptaszynski L, Bever M,

Baade A, Roider J, Birngruber R & Brink-

mann R (2012): Automatic temperature

controlled retinal photocoagulation. J Bio-

med Opt 17: 061223.

Spaide RF & Curcio CA (2011): Anatomical

correlates to the bands seen in the outer

retina by optical coherence tomography:

literature review and model. Retina 31:

1609–1619.

Sramek C, Paulus Y, Nomoto H, Huie P,

Brown J & Palanker D (2009): Dynamics

of retinal photocoagulation and rupture.

J Biomed Opt 14: 34007.

Acta Ophthalmologica 2013

8



Srinivasan VJ, Monson BK, Wojtkowski M

et al. (2008): Characterization of outer reti-

nal morphology with high-speed, ultrahigh-

resolution optical coherence tomography.

Invest Ophthalmol Vis Sci 49: 1571–1579.

Tinley CG & Gray RH (2009): Routine, sin-

gle session, indirect laser for proliferative

diabetic retinopathy. Eye 23: 1819–1823.

Toth C, Birngruber R, Fujimoto J, Boppart

S, Hee M, Dicarlo CD, Cain CP & Roach

WP (1995): Correlation between optical

coherence tomography, clinical examina-

tion and histopathology of macular laser

lesions. Invest Ophthalmol Vis Sci 36: 207.

Ziemssen F, Hillenkamp J, Bertram B et al.

(2010): Stellungnahme der Deutschen Oph-

thalmologischen Gesellschaft, der Retinolo-

gischen Gesellschaft und des Berufsverbands

der Augenärzte Deutschlands zur Therapie

der diabetischen Makulopathie. Klin Monbl

Augenheilkd 228: 446–459.

Received on August 28th, 2012.

Accepted on April 14th, 2013.

Correspondence:

Stefan Koinzer, MD

Department of Ophthalmology

University of Kiel

House 25

Arnold-Heller-Str. 3

24105 Kiel

Germany

Tel: + 49 (4 31) 5 97 46 97

Fax: + 49 (4 31) 5 97 24 28

Email: koinzer@auge.uni-kiel.de

Supporting Information

Additional Supporting Information may be

found in the online version of this article:

Figure S1. Displays linear regression analyses

of rabbit OCT GLD s (black) and histologi-

cal diameters (grey) at timepoints 1 hr, (solid

lines), 1 week (dotted lines) and 4 weeks after

treatment (interrupted lines) over ophthal-

moscopical diameter after 1 hour. All linear

correlations are statistically significant (p <

0.001) as indicated in the supplementary

Table. A very light grey line indicates equal x

and y values. Lesion diameters shrink over

time, and histological diameters are invari-

ably smaller than OCT GLD’s.

Table S1. Table S1 lists the parameter sets of

all linear regressions shown in Figure S1.

The linear correlation of OCT GLD’s ⁄ his-
tological diameters to ophthalmoscopic

diameters gives high R2 values for 1 hour

images, but the correlations of the initial

ophthalmoscopic appearance with the later

imaging GLD’s become looser, which results

in lower R-values. The data show a plausible

trend which is consistent with our statements.

Only lesions that allowed unequivocal

diameter assessment were included in the

analysis.
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