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A B S T R A C T

Aim of the study was to compare optical coherence tomography angiography (OCT-A) and conventional
fluorescein angiography (FA) for quantitative analysis of the retinal and choroidal vasculature in the animal
model of laser-induced choroidal neovascularization (CNV). Therefore, Dark Agouti rats underwent argon laser
photocoagulation to induce CNV at D0. In vivo imaging using combined confocal scanner laser ophthalmoscopy
(cSLO)-based FA and OCT-A (Heidelberg Engineering GmbH, Heidelberg, Germany) was performed before and
immediately after laser treatment as well as at day 2, 7, 14 and 21. OCT-A en-face images were compared to
cSLO images obtained by conventional FA topographic uptake recorded using a series of different pre-defined
focus settings. For a quantitative comparison of CNV imaging by OCT-A and FA, CNV area, vessel density,
number of vessel junctions, total vessel length and number of vessel end points were analyzed. Subsequent ex
vivo analyses of the CNV included immunofluorescence staining of vessels in retinal and RPE/choroidal/scleral
flatmount preparations. We found, that OCT-A allowed for high-resolution non-invasive imaging of the super-
ficial, intermediate and deep retinal capillary plexus as well as the choroidal blood vessels in rats. Compared
with OCT-A, visualization of CNV progression by invasive FA was less accurate, in particular the deep vascular
plexus was visualized in more detail by OCT-A. The area of neovascularization was mainly detected in the deep
retinal vascular plexus, outer nuclear layer (ONL), ellipsoid zone (EZ) and the choroid. Within the laser lesions,
signs of CNV formation occurred at day 7 with progression in size and number of small vessels until day 21. Due
to leakage and staining effects, CNV areas appeared significantly larger in FA compared to OCT-A images
(p≤ 0.0001 for all tested layers). Vessel density, number of vessel junctions, total vessel length and number of
vessel end points were significantly higher in intermediate vascular plexus (IVP) and deep vascular plexus (DVP)
in OCT-A compared to FA images. Overall, CNV area in flatmounts was similar to OCT-A results and much
smaller compared to the area of dye leakage by FA. This study demonstrates that in vivo OCT-A imaging in small
animals is feasible and allows for precise analysis of the formation of new blood vessel formation in the animal
model of laser-induced CNV. Given its superior axial resolution, sensitivity and non-invasiveness compared to
conventional FA imaging, OCT-A opens the door for a more detailed evaluation of CNV development in such a
model and, thus, enables the analysis of the response to novel therapeutic interventions in longitudinal in vivo
studies.

1. Introduction

In the last decade, advances in ophthalmological in vivo imaging
techniques have improved the pathophysiological understanding of
various retinal and choroidal diseases. Already well-established diag-
nostic tools including spectral-domain optical coherence tomography
(SD-OCT) and confocal scanning laser ophthalmoscopy (cSLO) have
improved clinical care of patients with retinal diseases. With the de-
velopment of OCT-angiography (OCT-A), the non-invasive and spatial

visualization of retinal and choroidal vascular structures by recording
blood motion contrast has become possible (Spaide et al., 2015). This
diagnostic imaging modality allows for non-invasive three-dimensional
visualization of retinal as well as choroidal vascular structures with
higher resolution and accuracy and without prior invasive fluorescent
dye injection (Fang et al., 2016). Retinal and choroidal vascular ab-
normalities are key manifestations in several blinding eyes diseases,
including diabetic retinopathy, retinal vein occlusions and choroidal
neovascularization due to age-related macular degeneration and other
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etiologies. The advent of clinically applicable anti-VEGF (anti-vascular
endothelial growth factor) therapies is only the “tip of the iceberg” of
future additions to the clinical armamentarium to effectively treat
vascular eye diseases. The precise and detailed visualization of the
retinal and choroidal vascular network appears mandatory for mon-
itoring treatment effects in these conditions.

OCT-A can also be performed in various animals and animal models
of retinal diseases (Alnawaiseh et al., 2016; Atzpodien et al., 2015;
Augustin et al., 2018; Kim et al., 2018; Leahy et al., 2015; Liu et al.,
2015; Meyer et al., 2017; Nakagawa et al., 2018; Park et al., 2016; Shah
et al., 2016; Soetikno et al., 2017; Srinivasan and Radhakrishnan, 2013;
Uehara et al., 2018). In 2015 Leahy et al. demonstrated an in-depth
analysis of the (untreated) rat retinal vascular network by combined
OCT-A microscopy and Doppler OCT technique (Leahy et al., 2015). In
addition, Giannakaki-Zimmermann et al. showed a more refined
quantification of the deep vascular plexus by OCT-A compared to
conventional fluorescein angiography (FA) and confocal microscopy of
retinal flatmounts in albino BALB/c and rd2 mice (Giannakaki-
Zimmermann et al., 2016). However, the laser-induced choroidal neo-
vascularization (CNV) model as a common animal model for neovas-
cular age-related macular degeneration (AMD) has been hardly studied
with OCT-A commercially available standard devices until now. The
CNV is generated by a focal rupture of Bruch's membrane using laser
photocoagulation (Dobi et al., 1989). During its development, forma-
tion as well as progression of the neovascular network extending across
various retinal and choroidal layers can be observed (Fig. 1). This
model has been extensively investigated in vivo by funduscopy, cSLO or
OCT imaging and ex vivo using immune- or fluorescence-stained cross
sections or flatmount preparations in different animal models (Goody
et al., 2011; Hoerster et al., 2012; Lambert et al., 2013; Paques et al.,
2010; Wigg et al., 2015). To the best of our knowledge, a character-
ization and quantification of the different rat retinal and choroidal
vascular structures in the animal model of laser-induced CNV by OCT-A
in rats has not been evaluated in detail or directly compared with FA or
ex vivo preparations yet. Furthermore, the number of animal studies
with quantitative OCT-A assessment with commercially available de-
vices is low.

The aim of the current study was to investigate the feasibility of
OCT-A in a rat model of laser-induced CNV and to compare its per-
formance with conventional FA and ex vivo examination of retinal as
well as RPE/choroidal/scleral flatmounts by confocal fluorescence mi-
croscopy.

2. Material and methods

2.1. Animals

All animal procedures were approved by local authorities (local
ethics committee “Landesamt für Natur, Umwelt und
Verbraucherschutz Nordrhein-Westfalen”) and complied with the
Association for Research in Vision and Ophthalmology (ARVO) state-
ment for the Use of Animals in Ophthalmic and Vision Research.
Experiments were performed with adult Dark Agouti rats (Janvier Labs,
Rennes, France), each weighing 200–250 g. Rats (n=16) were an-
esthetized for all procedures by intraperitoneal injection of ketamine
(60mg/kg body weight) and medetomidine hydrochloride (0.5 mg/kg
body weight) as previously described (Cunea et al., 2014; Meyer et al.,
2014, 2016, 2017). Anesthesia of rats was reversed by intraperitoneal
injection of a 20% atipamezol (1 mL/kg) solution. Animals received a
topical administration of 0.5% tropicamide (Mydriaticum Stulln,
Pharma Stulln, Stulln, Germany) eye drops for pupillary dilation of both
eyes before in vivo imaging as well as laser treatment. Imaging was
followed by topical administration of Corneregel (Corneregel, Bausch &
Lomb, Berlin, Germany).

2.2. Laser photocoagulation

Retinal laser lesions (Fig. 1) were generated at day 0 (D0) to induce
CNV formation as previously described (Meyer et al., 2014, 2016). An
argon laser (Novus 2000, Coherent, Dieburg, Germany) with a slit lamp
laser delivery system was used for photocoagulation with the following
settings: 514 nm excitation, 1 s pulse duration, 150mW laser power and
100 μm spot size. In all eyes, a series of 5–6 laser lesions were con-
centrically placed around the optic nerve head and between retinal
vessels. Successful disruption of Bruch's membrane was confirmed by
formation of a bubble at the site of laser application immediately vi-
sualized with the slit lamp. Lesions with significant subretinal hemor-
rhage following the laser treatment were excluded (n=1).

In two eyes of dark agouti rats, laser photocoagulation was set
below threshold and no CNV was subsequently induced. Therefore, a
514 nm excitation, 0.1 s pulse duration, 50mW laser power and a
100 μm spot size setting was used. No bubble formation was observed
during the laser application with the slit lamp indicating an un-
successful CNV induction and only a chorioretinal burn was visualized
(Supplement figure S1).

2.3. OCT-angiography

In vivo imaging in rats was conducted before and directly after laser
treatment as well as at day 2, 7, 14 and 21 following laser coagulation.

Fig. 1. Morphology and vascular plexus of the rat retina. H&E stained frozen
section of an untreated (A) and a rat eye with a laser lesion (B, 14 days fol-
lowing the initial laser treatment) (scale bars: 50 μm). The retinal capillary
network consists of 3 different plexus: superficial (from RNFL to IPL), inter-
mediate (from IPL to INL) and deep (INL to OPL) vascular plexus. The paraffin
sections show an untreated eye (C) and a rat eye with a central laser spot (D, 14
days following the laser coagulation) (scale bars: 100 μm). Both sections were
stained with DAPI (blue) and isolectin B4 (green) for endothelial cells. OCT-B
scans of an untreated (E) and a laser treated rat eye (F, 14 days following the
laser treatment). The different morphological layers and retinal vascular plexus
are indicated in E. (Abbreviations: RNFL= retinal nerve fiber layer;
GCL=ganglion cell layer; IPL= inner plexiform layer; INL= inner nuclear
layer; OPL=outer plexiform layer; ONL=outer nuclear layer; IS/OS= inner
and outer segment; RPE= retinal pigment epithelium).
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For OCT-A, an OCT-A device (Spectralis prototype, Heidelberg
Engineering, Heidelberg, Germany, software version SP-X1601) was
used in the high resolution mode as described previously (Meyer et al.,
2017). According to the protocol, anesthetized animals were placed on
a customized platform in front of the camera lens. A 55° lens was used
for cSLO and OCT-A imaging. Rigid rat contact lenses (micro-rat lens,
radius: 2.70, diameter: 5.20, Cantor & Nissel Limited, Brackley,
Northamptonshire, United Kingdom) and lubricating eye drops (Ocu-
lotect fluid 50mg/mL, Novartis Pharma, Nürnberg, Germany) were
used to prevent cataract formation and to optimize image clarity during
OCT-A or FA imaging, respectively (Meyer et al., 2014, 2017). For OCT-
A imaging, the length of the OCT reference arm was adjusted to the rat
eye in the Spectralis OCT-debug window reaching 29,000 till
31,000 μm. Depending on the area involvement of the applied laser
spots, the size of the scan field was adjusted by using one of three
different volumes (20° × 20°, 25° × 25° and 25° × 55°) with 350 till
651 horizontal OCT-A-B-scans (depending on the size). Based on a full-
spectrum amplitude decorrelation algorithm, 25 sequential frames were
used for the calculation of one B-scan and the distance between two
single B-scans was set to 11 μm. A focus setting of +17.25 diopter was
selected for all eyes.

OCT-A en-face images were compared to cSLO images obtained by
conventional FA. For analysis of OCT-A images, the following seven
retinal and choroidal layers were segmented (Fig. 2): (1) superficial
vascular plexus (SVP), (2) intermediate vascular plexus (IVP), (3) deep
vascular plexus (DVP), (4) outer nuclear layer (ONL), (5) ellipsoid zone
(EZ, containing the inner and outer segments of the photoreceptors), (6)
inner choroid (IC) and (7) outer choroid (OC). OCT-A segmentation was
performed semi-automatically by selecting the inner limiting mem-
brane (ILM) followed by manually shifting segmentation of all seven
layers in a standardized method (Fig. 2).

2.4. Fluorescein angiography using confocal scanning laser ophthalmoscopy

Near-infrared reflectance and fluorescence imaging (using the FA-
mode) of the ocular fundus of both eyes was performed using cSLO
(HRA2, Heidelberg Engineering, Heidelberg, Germany) in a single and
standardized session as described previously (Meyer et al., 2014, 2016,
2017). Anesthetized animals were placed on a customized platform in
front of the 55° camera lens. Imaging with the cSLO was performed in
the high resolution mode with a mean image out of a series of single
normalized images (15 frames) before and at predefined time points (2,
7, 14 and 21 days) following the initial laser treatment. The confocal
approach allows for the acquisition of sectional scans through the ro-
dent retina and investigates the depth location of fluorescent signals
(Schmitz-Valckenberg et al., 2008, 2010). For FA, each animal under-
went serial intravenous injection of 10% fluorescein dye (dose: 50 mg/
kg body weight, Fluorescein Alcon, Alcon Pharma GmbH, Freiburg,
Germany) (0.2 mL) and topographic uptake was recorded using dif-
ferent focus settings (+16, +14, +12, +10, +8, +6, +4, +2, 0, −4
and −8 diopter) in order to compare different fluorescence intensities.
Angiograms were recorded immediately and until 10 min following the
intravenous dye injection.

2.5. In vivo image analysis

The CNV area (laser lesion size) imaged with OCT-A and FA was
quantified by two independent investigators (authors JM and PL).
Therefore, images were analyzed with the help of an automated image-
software provided by the system manufacturer (Heidelberg Eye
Explorer, version 1.9.10.0, 2014, Heidelberg Engineering GmbH,
Heidelberg, Germany) by selecting the area of CNV for all tested layers,
laser spots and days (Supplement figures S2-S8). The laser lesion size of
both investigators was averaged for all examined animals to calculate
the overall CNV area and standard deviation. Scale values in both
imaging modalities (HRA2 and OCT-A Spectralis prototype) are stan-
dardized for the human eye. To date no exact scaling for cSLO imaging
for the eye of (dark Agouti) rats has been established. A rough esti-
mation would be that the size of the average rat optic disc corresponds
to 0.041mm2 (Maass et al., 2007; Meyer et al., 2014). For the analysis
of the CNV area, the size of each CNV area was calculated in relation to
the size of the optic nerve head of each individual rat eye and then
analyzed for each layer and day. A single Bland-Altman plot for OCT-A
and FA was used to evaluate the agreement between the two in-
dependent readers (Bland and Altman, 1999).

Furthermore, the retinal vascular network was analyzed by
AngioTool (Zudaire et al., 2011) software (center for cancer research,
version 0.6a, 64 bits, October 2014) as a plugin of Fiji (ImageJ 1.48v,
Wayne Rasband, National Institute of Health, Bethesda, USA). An ex-
emplary AngioTool output is shown in Fig. 5 in which the outline of the
vessels is indicated in yellow, the skeleton in red and the branching
points in blue. Before using AngioTool to assess the retinal vascular
plexus, the OCT-A and FA images of the SVP, IVP as well as DVP were
transformed to equal sizes by Fiji covering the area of laser lesions. The
average number of visualized retinal vessels was calculated as vessel
density indicating the percentage of area occupied by vessels inside the
explant area in OCT-A and FA images (Zudaire et al., 2011). In addition,
the number of vessel junctions, total vessel lengths and total number of
vessel end points in the area of CNV were analyzed separately for the
SVP, IVP and DVP for OCT-A and FA images.

2.6. Ex vivo measures and histology

For immunohistochemical analyses, both eyes underwent laser
treatment (at D0). Following in vivo imaging procedure at day 21, all
animals (n=16) were euthanized applying 100% carbonic acid gas.
Eyes were immediately enucleated and processed for frozen, paraffin
sections or retinal and RPE/choroidal/scleral flatmount preparation

Fig. 2. Segmentation was performed automatically by selecting the inner lim-
iting membrane (ILM) followed by manually shifting segmentation of 7 layers
in a standardized method: the superficial vascular plexus (SVP) was segmented
from 30 μm below the ILM to 60 μm below the ILM, followed by the inter-
mediate vascular plexus (IVP) (30 μm), the deep vascular plexus (DVP) (30 μm),
the outer nuclear layer (ONL) (60 μm) and the ellipsoid zone (EZ, 40 μm).
Below the RPE the inner choroidal (IC) layer (30 μm) and the outer choroidal
(OC) layer (80 μm) were segmented. Overall, the actual size of the highlighted
segments and their allocation to different retinal layer is based on estimations,
taking into account the limited resolution of in vivo imaging and the correlation
to histology. For example, the actual size of the EZ would be considered to be
much narrower by histology as shown here.
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and examined by fluorescence microscopy as previously described
(Meyer et al., 2014, 2016).

For additional light microscopically examination of frozen sections
(Fig. 1 A and B), eyes at day 14 were processed immediately after in
vivo imaging by embedding in OCT medium (Tissue Tek, Sakura Fi-
netek Europe B.V., Alphen aan den Rijn, the Netherlands) on dry ice
and stored at −80 °C till needed. Frozen sections (Fig. 1 A and B) of
10 μm were mounted on a glass slide, fixed with 100% methanol and
stained with haematoxylin and eosin (H&E). H&E stains were in-
vestigated at 10x or 20× magnification with a light microscope
(Olympus B×50; Olympus, Hamburg, Germany).

In brief, for immunofluorescence staining of 5 μm thick serial sec-
tions paraffin sections of the eyes (Fig. 1 C and D), sections were
mounted on a glass slide and labeled with DAPI (DAPI BioChemica,
4’,6-Diamidino-2-phenylindole dihydrochloride, AppliChem GmbH,
Darmstadt, Germany) and isolectin B4 (I21411, AlexaFluor488 con-
jugated, Life technologies, Eugene, Oregon, USA). All fluorescent
images of paraffin sections were collected from fluorescence micro-
scope (Leica MP S60, Leica Microsystems CMS GmbH, Mannheim,
Germany) using a X10 objective and LAS v3.8.

For flatmount preparation, following enucleation and fixation, the
anterior part of the eye was removed and the retina as well as the
choroid were separated. Flatmount sections were incubated with a
1:100 dilution of isolectin B4 (I21411, Alexa488 conjugated, Life
technologies, Eugene, Oregon, USA) for 2 h at room temperature. All
fluorescent images of retinal and RPE/choroidal/scleral flatmounts
were collected from an upright Leica TCS SP8 laser scanning confocal
microscope with acousto-optical beam splitter (Leica TCS SP8; Leica
Mikrosysteme Vertrieb GmbH, Wetzlar, Germany) using a 10× objec-
tive and a solid-state laser for 488 nm. An image z-stack was recorded
for each lesion and ex vivo CNV area was measured in retinal and RPE/
choroidal/scleral flatmounts using ImageJ software.

The mean CNV area in flatmounts was calculated and compared
with OCT-A and FA results at D21. In addition, grayscale images of
OCT-A, FA and confocal microscopy of flatmount preparations were
pseudo-colored according to SVP (red), IVP (green) and DVP (blue) and
an overlay of these images was generated using ImageJ software
(ImageJ 1.48v, Wayne Rasband, National Institute of Health, Bethesda,
USA) (Haefliger et al., 2017).

2.7. Statistical analysis

Statistical analyses were performed by using the SPSS software
package Statistics 25 (SPSS Inc., Chicago, IL, USA). All results were
expressed as mean values ± standard deviation (SD). Comparison of
mean CNV area (in mm2) between OCT-A and FA was performed using
the Wilcoxon signed rank test. Statistical analysis of vessel density,
number of vessel junctions, total vessel lengths and total number of
vessel end points within the laser spot were performed using Wilcoxon
signed rank test. Bland-Altman plots (Bland and Altman, 1999) were
used to assess the inter-grader-reliability of the CNV area in OCT-A and
FA images by two independent readers. Comparison of mean CNV area
between OCT-A and histology as well as FA and histology was per-
formed using Wilcoxon signed rank test. P values less than 0.05 were
considered as statistically significant and significance levels are in-
dicated using * for P less than or equal to 0.05, ** for P less than or
equal to 0.01 and *** for P less than or equal to 0.001.

3. Results

3.1. In vivo imaging

High-resolution visualization of the untreated three retinal vascular
plexus and the choroidal blood vessels was achieved by non-invasive
OCT-A imaging (Fig. 3). In addition, avascular layers including ONL
and EZ were illustrated. Visualization of the retinal and choroidal

vascular structures as well as the focal laser lesions was possible for all
tested days and layers. At initial in vivo imaging (D0, prior to laser
treatment), normal retinal and choroidal vessel structures were de-
tectable. Immediately following photocoagulation, signs of edema were
visible at the site of the laser lesions. Swelling in and around the laser
spot was observable at day 2 (Fig. 3) whereas appearance of early CNV
formation was detectable at day 7 with progression in structure, size
and number of new blood vessels until day 21 (Fig. 3). Signs of new
blood vessels were visible especially in the DVP, ONL, EZ as well as
inner choroid (Fig. 3). Particular in the ONL and EZ, a subtle neovas-
cular capillary network was identified in OCT-A images at day 14 and
21 (Figs. 3, 5 and 7). No distinct changes or vessel formation were
detected in the SVP at all time points (Figs. 3–5). In the outer choroid, a
bright inner circle within the laser lesion was often visualized in the
first 2 weeks following laser treatment (Fig. 3). This circle vanished
overtime and at day 21 following the laser photocoagulation, a hy-
poreflective spot remained. In general, some projection artefacts in
OCT-A of the main retinal vessels in the SVP were identified in almost
all deeper layers like IVP and DVP as well as ONL, EZ and IC (Figs. 3, 8
and 9). Motion artefacts were almost negligible in the narcotized an-
imal. Laser photocoagulation below the threshold to induce CNV in the
rat model showed in OCT-A images minor structural changes in the
ONL, EZ and inner as well as outer choroid but no neovascular vessel
formation (Supplement figure S1). In addition, no fluorescein leakage
was detectable in FA in these eyes (Supplement figure S1).

With FA, the vascular network of the eye was imaged confocally
using the cSLO technique. This allowed for monitoring of fluorescein
leakage at the CNV site in vivo (Fig. 3). At the same time, the dye
leakage obscured the detailed neovascular structures in the retina and
choroid (Figs. 3–5 and 7). Leakage was detectable at day 2 following
the initial laser photocoagulation in all retinal and choroidal layers with
progression in structure and size till day 21.

Overall, OCT-A imaging was performed before FA. If the order of
sequential imaging was changed to initial FA and then followed by
OCT-A acquisition, no influence or difference in OCT-A image quality
was observed by prior dye application. Due to leakage and staining
effects, CNV area was in general much more prominent and larger in FA
images compared to OCT-A images while OCT-A images revealed de-
tailed structural changes (Figs. 3 and 4).

3.2. Quantitative analysis of CNV lesions

Quantitative analysis (Fig. 4) revealed that CNV size was sig-
nificantly smaller (about twice or even three times smaller) in OCT-A
images compared to FA images for all tested layers and days
(P≤ 0.0001, Wilcoxon test). The size of the CNV area peaked at day 2
(D2) following the initial laser treatment in OCT-A as well as in FA
images in all tested layers (Fig. 4). Almost no detectable CNV in the SVP
was measured by OCT-A at all investigated time points. Measured va-
lues of the CNV area were largest for the inner and outer choroid in FA
images and for the ONL and EZ in OCT-A images (Fig. 4). An overall
decrease of the total CNV area was examined for all layers from day 2
until day 21 (Fig. 4) in OCT-A and FA images. Quantitative analysis of
the CNV lesion size in OCT-A (Supplement figure S9) and FA
(Supplement figure S10) images carried out by two independent in-
vestigators showed a good agreement between the readers.

3.3. Retinal vascular network structure assessment

In total, the overlay of the output of the retinal network examina-
tion with the software AngioTool and OCT-A images showed a good
agreement (Fig. 5). In FA images, dye leakage covered the neovascular
complex especially in the IVP as well as DVP resulting in a poor cor-
relation with the software output (Fig. 5). Without initial laser treat-
ment (marked as before, prior to laser treatment), vessel density for
OCT-A and FA in the SVP as well as IVP were similar but OCT-A showed
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a higher vessel density in the DVP compared to FA. In both imaging
modalities, vessel density (Fig. 5) in the SVP was comparable for all
tested days following the laser treatment. Following the laser treatment,
vessel density increased in the IVP and DVP in OCT-A images compared
to the amount measured at D0 over time. In FA images, vessel density
for SVP and IVP showed no significant difference compared to vessel
density at D0. But a significant decrease in vessel density was observed
in the DVP in FA (Fig. 5). In the deeper retinal vascular layers (IVP and

DVP) significant higher vessel density was measured for OCT-A com-
pared to FA at D7, D14 and D21 (SVP: P=0.001; IVP and DVP:
P < 0.0001, Fig. 5).

The number of vessel junctions (Fig. 6 A), total vessel length (Fig. 6
B) and number of vessel end points (Fig. 6 C) increased from SVP to IVP
and from IVP to DVP in OCT-A and FA images. In total, a significantly
higher number of junctions (P < 0.0001 for SVP, IVP and DVP), total
vessel length (P=0.001 for SVP and P≤ 0.0001 for IVP as well as
DVP) and number of vessel end points (P≤ 0.0001 for SVP, IVP and
DVP) were seen by OCT-A compared to FA (Fig. 6). Overall, a slight
increase in vessel density, number of vessel junctions, total vessel
length and number of vessel end points was observed in the IVP and
DVP for OCT-A and FA over time (Figs. 5 and 6).

3.4. Histology

In frozen and paraffin sections, CNVs were found to extend from the
choroid into the subretinal space causing a local displacement of var-
ious retinal layers (Fig. 1). The EZ and ONL were shifted to superior
layers and the OPL as well as the INL to inferior levels in the region of
the laser lesion (Fig. 1).

The laser treated rat retinal capillary network could be im-
munohistologically stained and quantified (Fig. 7). Im-
munohistochemistry of retinal and RPE/choroidal/scleral flatmounts
was performed 21 days following the initial laser treatment. Ex vivo
analysis showed new vessel formation within the center of laser lesions
in retinal and RPE/choroidal/scleral flatmounts stained with Alexa488
conjugated isolectin B4 (Fig. 7). Clear neovascular vessel formation was
detected in retinal flatmounts in the region comparable to the DVP,
ONL and EZ (Fig. 7).

In vivo results by FA and OCT-A were correlated with confocal
microscopy images and the CNV area of all three imaging modalities
was calculated (Fig. 7). In total, CNV area in retinal and RPE/chor-
oidal/scleral flatmounts was similar to OCT-A results and smaller
compared to the area of dye leakage by FA. The differences in CNV size

Fig. 3. In vivo imaging of a laser lesion by OCT,
OCT-A and FA. OCT-A imaging of a laser lesion
with the different observed layers in the rat eye
over time following the laser treatment. Time
points are indicated above the respective images
(D= day following initial laser treatment). At
D2, signs of edema and swelling of the tissue as
effect of the laser treatment were visualized but
no new blood vessels were observed. Early CNV
formation was detectable at D7 (data not shown)
with progression in size and structure until D21.
Especially in deeper layers - like DVP, ONL and
EZ - signs of new blood vessels were visible at
D14 and D21. A subtle capillary network in the
ONL and EZ was identified 21 days following the
initial laser treatment. In FA (last row, at D21),
neovascular structures were obscured by dye
leakage and staining of the surrounding tissue.

Fig. 4. Assessment of the CNV area. Analysis of the area of CNV (in mm2) for
OCT-A (n = 18) and FA (n = 20) following the laser treatment over time
(D = day following initial laser treatment). In the SVP, rarely no detectable
CNV was measured by OCT-A at all investigated time points. Due to leakage and
staining effects, CNV area was in general much more prominent and larger in
FA images compared to OCT-A images while OCT-A images revealed detailed
structural changes. A significant smaller CNV area was measured by OCT-A
compared with FA for all time points and layers. Values of the CNV area were
largest for the outer choroid in FA images and for the EZ in OCT-A images.
Overall, the size of the CNV area decreased overtime. (***P < 0.001, Wilcoxon
signed rank test comparing CNV area in OCT-A and FA).
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measured in mm2 for the three imaging modalities were calculated
using the Wilcoxon signed rank test (OCT-A versus histology: SVP: not
significantly different; IVP: not significantly different; DVP: P≤ 0.001;
ONL: P≤ 0.0001; EZ: not significantly different; IC: P=0.006; OC:
P≤ 0.001. FA versus histology: SVP: P≤ 0.0001; IVP: P≤ 0.0001;
DVP: P= 0.03; ONL: P= 0.023; EZ: P≤ 0.001; IC: P≤ 0.0001; OC:
P≤ 0.0001). Almost no sign of CNV formation was detected in the ex
vivo preparations for the SVP and only a minor area was affected in the
IVP. This finding was comparable to the OCT-A results (Fig. 7). CNV
area was largest in the ONL in retinal flatmounts and the size decreased
towards the choroid.

Direct comparison between OCT-A, FA and confocal microscopy of
retinal flatmount images in intact (Fig. 8) and laser treated (Fig. 9) rat
retinae showed a reliable segmentation for OCT-A and confocal mi-
croscopy images. In FA, segmentation of the different retinal vascular
plexus was less reliable and the overlays (Figs. 8 and 9) indicated

projection artefacts from the SVP in deeper layers (represented as white
color in FA images). Projection artefacts of superficial vessels were less
in confocal microscopy but were also identified in the overlay (in-
dicated by the reddish color) of colored OCT-A images (Figs. 8 and 9).
Measurement of the IVP was difficult for FA and confocal microscopy in
laser treated animals because of the relatively small number of vessels
and the connecting feature of the intermediate vascular layer.

4. Discussion

This study demonstrates that in vivo OCT-A imaging can be accu-
rately performed in small animals like rats. Detailed and high-contrast
images of the retinal and choroidal vascular plexus can be visualized
longitudinally without invasive dye injection. In comparison to FA,
OCT-A is characterized by higher axial resolution and more accurate
three-dimensional localization of retinal and choroidal vascular struc-
tures particularly in deep layers. Areas of laser-induced neovascular-
ization were mainly detected in the area of the deep retinal vascular
plexus, ONL, EZ and choroid.

Fig. 5. Quantitative analysis of the vessel density. The retinal vascular network
in the CNV area was analyzed by AngioTool software. The average number of
visualized retinal vessels, the total vessel length, number of vessel end points
and number of junctions were measured separately for the SVP (first row), IVP
(second row) and DVP (third row) in the laser spot area for OCT-A (left col-
umns, n = 18) and FA (right columns, n = 20) 14 days following the laser
treatment (D14). The AngioTool output is shown in the corresponding right
column, in which the outline of the vessels is indicated in yellow, the skeleton
in red and the branching points in blue. Analysis of the mean linear vessel
density (as the ratio of percentage of vessels and total area) at different time
points (different time points are highlighted by different grey values – see le-
gend on the right) between OCT-A and FA, shown separately for the three
retinal vascular plexus (SVP, IVP and DVP). Statistical analysis using the
Wilcoxon signed rank test showed significance of vessel density at all time
points between OCT-A and FA for the DVP (shown by * P < 0.05; **P < 0.01;
***P < 0.001). For IVP, significance was additionally found at day 14 and day
21. Comparing vessel density to before laser treatment, significant differences
in vessel density were identified at D2 for IVP and day 2, day 7, day 14 and days
21 for DVP, respectively (shown by #: P < 0.05; ##: P < 0.01).

Fig. 6. Quantitative analysis of the retinal vascular network. Analysis of the
mean number of vessel junctions (A), total vessel lengths (B) and total number
of vessel end points (C) was performed by AngioTool software for the super-
ficial, intermediate and deep vascular plexus compared for the OCT-A (n = 18)
and FA (n = 20) in the laser lesion over all time points (D = day following
initial laser treatment, D0 = before initial laser treatment). Statistical analysis
was using Wilcoxon signed rank test revealed significant differences at all time
points for all three markers. (**P < 0.01; ***P < 0.001, Wilcoxon signed
rank test).
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Using cSLO in rats, the tomographic in vivo analysis of retinal
vessels was also possible by invasive FA. However, dye leakage at the
site of CNV and staining of the surrounding tissue obscured the detailed
visualization of neovascular structures in the retina and choroid to
some degree. Due to this interference, CNV area was in general much
more prominent and larger in FA images compared to OCT-A images
while OCT-A images revealed detailed structural changes. Moreover,
with FA no accurate segmentation of the different retinal layers was
possible. In contrast, OCT-A and ex vivo confocal microscopy allow for
a more precise detection of the normal and pathological vasculature
with an overall better topographical resolution compared to FA.
Particularly in the deep retinal vascular plexus a detailed, highly re-
solved and three-dimensional analysis of the neovascular (micro)
structures was revealed by OCT-A in the animal model of laser-induced
CNV. Interestingly, the laser injury was in the beginning visualized by
OCT-A as a bright circle in the outer choroidal layer indicating a high
ratio of blood flow in the choroidal vessels. It is interesting to note that
by subthreshold laser treatment, slight structural changes in retinal and
choroidal tissue (especially in the ONL, EZ and choroid) were still
visible using OCT-A, although no leakage was detectable by FA. This
might be another indication of the better resolution of OCT-A compared
to conventional FA and reveals further insights in the laser-induced
CNV model that were not detectable by dye leakage. With OCT-A, a
precise measurement of the CNV area (induced by laser photo-
coagulation) was possible in the rat eye. McLenachan and coworkers
showed, that the mouse DVP consists mostly of venous capillaries and
the SVP of arterioles and precapillary arterioles (McLenachan et al.,
2015). The IVP has been described as connecting layer between the SVP
and the DVP with less density compared to the SVP and DVP
(Campochiaro, 2015; Leahy et al., 2015; McLenachan et al., 2015;
Uehara et al., 2018). The retinal network assessment showed similar
results regarding the SVP in vessel density, number of vessel junctions,
total vessel length and number of vessel end points for OCT-A and FA
but not for IVP and DVP. Without previous laser treatment, vessel
density for OCT-A showed a higher vessel density in the DVP compared
to FA indicating the higher resolution in deeper layers achieved by
OCT-A. In addition, through the invasive character of FA and obscuring
the detailed visualization of neovascular structures in the retina by dye

leakage a decrease in vessel density in FA images for the intermediate
and deep vasculature was observed. Therefore, a critical application of
AngioTool is necessary for the analysis of dye leakage in FA images and
the images should be considered individually during the examination.
Nevertheless, AngioTool has proven to be a helpful method to quantify
the retinal vascular network. Overall, these findings indicate the better
resolution and more detailed visualization of the retinal blood vessels
achieved by OCT-A compared to FA in deep layers in the animal model
of laser-induced CNV. Moreover, the increase in vessel density in the
IVP and DVP for OCT-A following the laser treatment over time might
indicate the neovascular vessel growth in the area of CNV.

The correlation of the in vivo results by FA and OCT-A to ex vivo
flatmounts confirmed the presence and spatial location of CNV areas.
The size of CNV in (retinal and RPE/choroidal/scleral) flatmounts was
similar to OCT-A results and smaller compared to the area of dye
leakage in FA images. Difference between in vivo and ex vivo, analysis
may occur due to shrinking artifact during tissue fixation and dehy-
dration as previously reported (Jiao et al., 2013). In this study, we did
not systematically assessed the effect of tissue processing with regards
to fixation time and other variations in the fixation protocol. Further-
more, discrepancies in vessel detection might be caused by the differ-
ence between assessment of flow velocity by in vivo imaging and the
use of immunofluorescence markers (e.g. isolectin B4) in post-mortem
tissue that could also stain nonpatent vessels in the early development
of neovascularization.

In the applied animal model, CNV activity and new vessel formation
was induced immediately following laser photocoagulation (Hoerster
et al., 2012). Thereby, initial CNV development and active vessel for-
mation continued only for several days up to few weeks with an in-
crease in vessel number and overall CNV size (Edelman and Castro,
2000; Hoerster et al., 2012; Liu et al., 2013). Neovascular vessel growth
from the choroid over various retinal layers up to the retinal nerve fiber
layer took several days and progressed over a certain time. In the lit-
erature, time points of ongoing CNV development - in terms of in-
creasing height, width or size of laser lesions - differ from 7 to 28 days
following the initial laser treatment in the rodent model depending also
on the examination method (OCT, cSLO, flatmounts and paraffin or
frozen cross sections) (Campochiaro, 2015; Edelman and Castro, 2000;

Fig. 7. Laser lesion imaging by OCT-A, FA and
confocal microscopy. In vivo and ex vivo ima-
ging by OCT-A (upper row, n=18), FA (middle
row, n= 20) or confocal microscopy (last row,
n= 18) of retinal as well as RPE/choroidal/
scleral flatmount preparations of the same laser
lesion for the different retinal and choroidal
layers at day 21 following the laser treatment.
For histology, endothelial cells in flatmounts
were stained with isolectin B4. Clearly, the same
vascular structures were detected in the three
image modalities in the SVP. In OCT-A and
confocal microscopy images, CNV was mainly
visible in the DVP, ONL and EZ but dye leakage
covered neovascular structures in FA images.
The area of CNV (in mm2) for OCT-A, FA and
confocal microscopy images of retinal as well as
RPE/choroidal/scleral flatmount preparations
(ex vivo) were calculated (for D21). In total,
CNV area in flatmounts was similar to OCT-A
results and smaller compared to area of dye
leakage by FA indicating the higher resolution
achieved by OCT-A. Comparison of mean CNV
area between OCT-A and histology of FA and
histology were performed with the Wilcoxon
signed rank test (*P < 0.05; **P < 0.01;
***P < 0.001, Wilcoxon signed rank test, OCT-
A and FA results were compared to ex vivo re-
sults, respectively).
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Jiao et al., 2013; Liu et al., 2013). In addition, CNV thickness and laser
spot area were shown to decrease from day 1 to day 21 following the
laser treatment in rats and mice (Hoerster et al., 2012; Liu et al., 2013).
These findings are congruent to our results, which show a decrease in
CNV area measurement investigated by OCT-A and conventional FA
over time. However, other authors determined an increase of CNV
thickness in paraffin or frozen sections and OCT from week 1 until week
3 post laser coagulation in rats (Jiao et al., 2013).

A well-described feature following rupture of the Bruch's membrane
during laser injury is an increase in size, width and height of the
choroid in the center of the laser lesion. This in vivo and ex vivo de-
scribed feature is probably a result of laser photocoagulation in terms of
swelling or edema effects. In paraffin and frozen sections, CNV area was
found to extend from choroidal layers into the subretinal space re-
sulting in a local displacement of different retinal layers. This dis-
placement can also be detected topographically in vivo by OCT
(Hoerster et al., 2012; Jiao et al., 2013; Liu et al., 2013). Hence, vi-
sualized changes of the retinal network by OCT-A following the initial
laser injury could be also caused by choroidal displacements of retinal
layers. Therefore, in vivo results by OCT-A in the animal model of laser-
induced CNV should be carefully taken into consideration. Besides,
there is an ongoing discussion in the literature about the correct in-
terpretation and classification of clinical findings imaged by OCT-A
(Coscas et al., 2015; Schmitz-Valckenberg et al., 2017). Thus, the new

dimension of images generated by OCT-A requires careful and critical
consideration in both basic and clinical research (Lindner et al., 2016).

Current limitations of our OCT-A imaging experiments in the rat
model include that the lateral resolution of the OCT-A device was 11 μm
and thus small and adjacent capillaries might not be perfectly resolved.
Generally, some projection and motion artefacts occurred during OCT-
A. The projection artefacts were caused by the main retinal vessels
shadowing in deeper layers whereas motion artefacts were traced back
on breathing movements of the narcotized animal. In the presented
study, artefacts occurred often in the region of the optic disc head (data
not shown) and were mainly visualized in the superficial vascular
plexus. In addition, the avascular ONL showed vascular structures due
to projection artefacts of the deep vascular plexus. Dynamic phenomena
like influx, pooling, leakage or staining are not detectable by OCT-A
due to the non-invasive method (Supplement table 1). Nevertheless, dye
leakage in FA clearly reveal the area of laser lesions and is a useful as
well as worldwide established tool for drug treatment investigations
(Campochiaro, 2015).

Especially the qualitative and quantitative analysis of the CNV area
of FA angiograms is an essential part of the investigation of the im-
proved and thus reducing effect on CNV. With the relatively new
imaging method OCT-A, it is now possible to visualize neovascular
structures in detail and thus provide additional information about the
retinal and choroidal vasculature network. Thereby, the halo appearing

Fig. 8. Comparison of untreated rat retinae. OCT-A, FA and confocal micro-
scopy images (grayscale, first row) of SVP, IVP and DVP from the intact rat
retina. The vascular density of vessels forming the superficial (second row),
intermediate (third row) and deep (fourth row) vascular plexus was visualized
best in the confocal microscopy images of retinal flatmount preparations. In
addition, the overlay of all three analyzed vascular plexus (fifth row) indicated
the clear differentiation of the vascular network in the intact rat retina.
However, the quantity of projection artefacts particular of the SVP was also
visualized in the overlay. (Scale bars: histology first row=0.4 cm and all other
histology images=200 μm).

Fig. 9. Comparison of laser-treated rat retinae. OCT-A, FA and confocal mi-
croscopy images (grayscale, first row) of SVP, IVP and DVP from the laser
treated rat retina. The vascular density of vessels forming the superficial
(second row), intermediate (third row) and deep (fourth row) vascular plexus
was visualized best in the confocal microscopy images. In addition, the overlay
of all three analyzed vascular plexus (fifth row) indicated the clear differ-
entiation of the vascular network and the dimension of laser lesion in the laser
treated rat retina. However, the quantity of projection artefacts particular of the
SVP was also visualized in the overlay. (Scale bars: histology first row=0.4 cm
and all other histology images=200 μm).
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following the injection of fluorescein reveal the vascular leakage
whereas OCT-A is visualizing the altered vasculature structure in the
retina and choroid. Multimodal imaging approaches with a combined
OCT-A and FA imaging tool in the rodent laser-induced CNV model can
give a more refined insight in CNV development and progression which
might be especially interesting for therapeutic interventional studies.
Therefore, OCT-A could function as a useful and complementary tool
combined with FA or even ICGA using the same multimodal imaging
platform for the detailed investigation of neovascular structures in the
laser-induced CNV animal model. In addition to the analysis of the area
of CNV, it was shown that the volume of CNV in the animal model of
laser-induced CNV can also be determined using histological cross
sections or OCT-B scans (Berger et al., 2014; Ishida et al., 2017). Un-
fortunately, to the best of our knowledge, there are currently no spe-
cialized or automatic tools for such CNV volume assessment for FA and
OCT-A images. Such 3D analysis of the laser-induced CNV might po-
tentially reveal additional aspects of the development and progression
of angiogenesis over time. For this purpose, novel applications based on
deep learning methods could be used to predict the progression or ex-
tent of CNV over several retinal and choroidal layers.

The non-invasive method of OCT-A is of great advantage in animal
studies because (intravenous) injections in small animals can be chal-
lenging. In addition, OCT-A permits a better insight into the retinal
vasculature and into real-time morphological changes during the pro-
gression of neovascularization. A further advantage of OCT-A is the
possibility to perform longitudinal investigations in the same animal at
the same position in the eye (Supplement table 1). Until now, in vivo
studied animals had to be sacrificed for histological correlation and
thus no monitoring of the same animal over several days or weeks was
possible. Therefore, OCT-A could be a very helpful tool in ophthalmo-
logical basic research projects bridging the gap between in vivo and ex
vivo analysis and giving a more refined insight of vascular micro-
structure and possible age- or disease-related changes. Especially si-
multaneous in vivo imaging by OCT-A and the blue autofluorescence or
near infrared autofluorescence channels could be an interesting tool for
various research projects like investigations of potential new ther-
apeutic targets for the treatment of exudative AMD (Meyer et al., 2017).
In addition, non-invasive high resolution in vivo imaging of the topo-
graphy and morphology of the retinal vasculature with adaptive optics
(Domdei et al., 2017; Reiniger et al., 2017) in rodent models is possible
(Schallek et al., 2013; Zawadzki et al., 2015).

In conclusion, OCT-A imaging may allow for a more precise spatial
analysis of new blood vessel formation in CNV animal models as
compared with FA. A longitudinal in vivo characterization of detailed
CNV progression in rats by OCT-A could enable an overall better un-
derstanding of pathophysiological changes and possible treatment ef-
fects during neovascular vessel formation. In general, further in-
vestigations are necessary to evaluate OCT-A in general and especially
in the model of laser-induced CNV and to characterize the CNV pro-
gression under anti-VEGF treatment in vivo. Overall, OCT-A is a reliable
tool for detailed three-dimensional visualization of CNV formation and
for accurately investigating the laser lesions in the rat model of laser-
induced CNV.
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