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Abstract: The development and integration of intraoperative optical coherence tomography
(i0CT) into modern operating rooms has motivated novel procedures directed at improving the
outcome of ophthalmic surgeries. Although computer-assisted algorithms could further advance
such interventions, the limited availability and accessibility of iOCT systems constrains the
generation of dedicated data sets. This paper introduces a novel framework combining a virtual
setup and deep learning algorithms to generate synthetic iOCT data in a simulated environment.
The virtual setup reproduces the geometry of retinal layers extracted from real data and allows the
integration of virtual microsurgical instrument models. Our scene rendering approach extracts
information from the environment and considers iOCT typical imaging artifacts to generate
cross-sectional label maps, which in turn are used to synthesize iOCT B-scans via a generative
adversarial network. In our experiments we investigate the similarity between real and synthetic
images, show the relevance of using the generated data for image-guided interventions and
demonstrate the potential of 3D iOCT data synthesis.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Optical Coherence Tomography (OCT) is a medical imaging modality originally developed for
noninvasive cross-sectional imaging in biological systems [1]. Since then, this imaging modality
has become a widely accepted standard for diagnostic purposes in the ophthalmic domain because
of its ability to visualize cross-sectional ocular structures at high resolution [2]. Initial time-
domain OCT systems rely on mechanical adjustments to acquire single A-scans. Next generation
technology utilized spectral-domain systems that measure all echos of a broad bandwidth light
source with a spectrometer and a line scan camera without mechanical adjustments, leading to
significantly higher acquisition speed [3]. These systems gradually enabled the integration of
OCT into the operating room as they provide additional intraoperative visualization of retinal
anatomy and surgical instruments to improve surgical outcomes, and support intraoperative
diagnosis and decision making (see Fig. 1(a)). Currently, with the emergence of swept-source
[4] and spiral scanning [5] technology, and the even higher acquisition speed, intraoperative
OCT (iOCT) remains an advancing modality that promotes the creation of novel visualization
techniques, the development of computer-assisted algorithms, and the integration of robotic
systems to support challenging surgical interventions.
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(a) Real surgical scenario with iOCT imaging. (b) Virtual setup of the proposed framework.

Fig. 1. Comparison of fundus image and cross-sectional iOCT B-scans (a) during a real
surgical scenario and (b) generated using our framework. In both images, the cyan and
magenta lines superimposed on the microscopic image (left), indicate the position at which
two B-scans (right) are acquired. Typical iOCT artifacts such as instrument shadowing and
mirroring are highlighted using orange text and arrows.

Subretinal injection is a good example of a surgical procedure that may benefit from iOCT
guidance. This procedure requires delivering therapeutic agents into the potential subretinal
space by positioning the tip of a micro-surgical cannula at a target area of approximately 20-30
um [6] while avoiding irreversible damage to the neighboring tissue structures. In this context,
iOCT provides cross-sectional tissue visualization at high resolution to achieve the required
surgical precision. Furthermore, iOCT enables image-guided algorithms for the segmentation of
retinal layers and instruments, which could facilitate targeted and reproducible interventions [7].
Although research on retinal layer analysis exists, prior work has focused on diagnostic OCT
imaging [8—12] with lower noise levels and no surgical instruments or their related artifacts.

Significant differences between diagnostic and intraoperative OCT images are that iOCT
often exhibits higher speckle-noise levels, lower contrast between the retinal layers, and contains
surgical instruments that produce shadowing and reflection artifacts. Instrument shadowing
artifacts result from the emitted OCT scanning laser not reaching the anatomical structures due
to the high reflectivity of conventional surgical instruments. This shadow obscures relevant
anatomical tissue and results in a loss of information, as depicted in the bottom B-scan of Fig. 1(a)
and the upper B-scan of Fig. 1(b). Mirrored reflection artifacts are present in both the commonly
employed spectral-domain and emerging swept-source iOCT systems. Although they enable
fast scan acquisition, they introduce additional artifacts related to the processing of the detected
signal in the Fourier domain [13]. These systems calculate axial scan information based on
the echo time delay between a sample and a static reference arm. However, because of the
symmetry in the magnitude of the Fourier transform, standard OCT systems cannot distinguish
between positive and negative delays of signals returning from the sampled tissue relative to
those returning from the reference arm [13]. Therefore, objects above the OCT scanning area
appear mirrored in the B-scan images. This artifact is commonly observed in surgical scenarios
when the instruments are located above the imaged B-scan area. This scenario is also illustrated
in Fig. 1(a) displaying the mirrored instrument reflection in the lower B-scan. Such artifacts
introduce additional complexity to iOCT imaging and complicate the transferability of algorithms
designed for diagnostic OCT to the intraoperative context.

While state-of-the-art deep learning approaches are capable of segmenting retinal layers,
these methods benefit from large databases of annotated B-scans [9]. In this regard, limited
access to iOCT systems restricts the availability and generation of dedicated data sets. To
overcome the limited availability of medical imaging, existing works have used machine learning
approaches for synthesizing multiple modalities including X-Ray [14—16], Computed Tomography
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[17,18], Magnetic Resonance [19-21], or Ultrasound [22]. Similar methods have been proposed
in ophthalmology to generate microscopic images for vessel segmentation [23]. Although
traditional augmentation methods can increase the variations of the data samples used for training
learning-based algorithms, they do not always consider specific variations observed in the
medical context [24]. These variations include changes in appearance, shape, or location of the
observed anatomical structures and instruments. Furthermore, synthetic data sets can be highly
effective in promoting the development of new algorithms. These advantages have been shown
in applications involving X-ray imaging [25,26]. In the ophthalmic context, generating synthetic
iOCT data along with the automatic generation of ground truth label maps would eliminate the
time-consuming labeling process of real data and could enable the generation of dedicated iOCT
data sets. These data sets could contain specific tool-tissue configurations challenging to generate
in model eyes or animal experiments. Potential applications for this include the development of
image-guided algorithms for instrument tracking [27-29] or pose estimation [30,31]. These tasks
frequently require the acquisition of volumetric scans in controlled environments with known
ground truth instrument poses and a known distance between the surgical instruments and retinal
layers. Therefore, synthetic data could encourage further research on iOCT guided interventions
despite the limitations in the availability or accessibility of iOCT systems.

This paper introduces a novel framework capable of generating synthetic iOCT B-scans
and volumes based on real retinal layer meshes and virtual instruments in a virtual surgical
environment. To illustrate the capabilities of the proposed framework, Fig. 1 depicts a comparison
of an image captured during a real retinal surgery under iOCT guidance and our virtual
environment integrating synthetic iOCT image generation. To our knowledge, this is the first
work towards the generation of fully synthetic iOCT data sets. The fundamental components
of the proposed framework used to generate the synthetic data are detailed in Section 2. These
components include a virtual environment that replicates a surgical setup using real retinal layer
meshes and virtual instrument models. In addition, a specifically designed scene rendering
approach is combined with a generative adversarial network (GAN) to synthesize iOCT B-scans
using the geometrical information extracted from the virtual environment. This network enables
the generation of iOCT-typical instrument shadowing and mirroring artifacts explicitly. At the
same time, the GAN models physical properties such as typical iOCT speckle noise and signal
attenuation. As presented in Section 3, this particular configuration promotes the generation of
data sets to support computer-aided algorithms for image-guided ophthalmic interventions. In
this regard, the use of a virtual environment allows not only for the accurate reproduction of
actual anatomy but also enables the integration of virtual models of microsurgical instruments
that are not present in diagnostic OCT. Virtual environments also facilitate the generation of
B-scans from multiple viewpoints and allow for the modification of virtual objects to generate
dedicated data sets along with the corresponding ground truth label maps from a controlled
environment. The capabilities of this framework and its potential to recreate surgical scenarios a
virtual scene are discussed in Sections 4. and 5.

2. Methods

This section details the three main stages of the proposed framework used to generate synthetic
iOCT B-scans from virtual scenarios (Fig. 2). First, a data preparation stage creates surface
meshes of selected retinal layers segmented from real OCT volumes. In the examples presented
in this work, the selected retinal layers correspond to the Inner Limiting Membrane (ILM) and the
Retinal Pigment Epithelium (RPE). A virtual setup uses these surface meshes to reproduce the
anatomy and allows for the introduction of virtual instruments into simulated surgical scenarios.
Finally, the iOCT synthesis stage uses the geometric information from the scene, including retinal
layers and instruments, to produce synthetic iOCT B-scans.
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Fig. 2. Our proposed framework uses a data preparation stage to extract retinal point
clouds from real OCT data. Virtual mesh representations of the layers and surgical tools are
combined in a virtual environment. The geometric information from the virtual environment
is utilized by a generative network to synthesize iOCT B-scans.

2.1. Data preparation

The first step toward generating the virtual setup requires the segmentation, and labeling, of L
selected retinal layers from the cross-sectional B-scans of a real OCT volume V,.,; (see Fig. 2).
The resulting label maps enable the extraction of three-dimensional point clouds using the
first occurrence of the retinal layers in the label maps along the OCT A-scan direction. These
three-dimensional point clouds enable generating a set of L surface meshes, which are later
embedded in a virtual environment. To replicate the enface view during real surgical scenarios
(Fig. 1(a)), the retinal surface mesh was colored by manually co-registering the real retinal fundus
image with the iOCT volume V4. The result of this process can be seen in Fig. 1(b) and the
data preparation box of Fig. 2. This colorization serves only the visual appearance of the virtual
environment and does not affect the synthesis of the iOCT B-scans.

2.2. Virtual setup

In a second stage, the generated surface meshes are integrated into a virtual environment
respecting their original spatial relationship, generating a virtual reproduction of the retinal
anatomy. This property also permits the integration of virtual surgical instruments to simulate
interventional scenarios. The following sections describe how a specifically designed scene
rendering approach allows generating synthetic data from a sub-area of the virtual environment.
The rendering facilitates the generation of cross-sectional label maps, which capture the position
of anatomical structures and instruments and facilitate the synthesis of iOCT B-scans.

For this purpose, a set of orthographic cameras is positioned in the virtual environment to
simulate the iOCT imaging area. The primary role of each camera is to render a unique depth
map with dimensions b X ¢ for a dedicated object in the scene. Each virtual camera is adjusted to
capture one specific object to avoid occlusion between the retinal layers, surgical tools and the
surface mesh. This additionally facilitates the simultaneous generation of the depth maps for all



Research Article Vol. 13, No. 4/1 Apr 2022/ Biomedical Optics Express 2418 |

Biomedical Optics EXPRESS A

objects in the scene. Our setup uses a total of L + 2 virtual cameras to generate one depth map per
retinal layer, plus two additional depth maps. The first additional depth map captures the surgical
instruments, while the second captures the area above the simulated scanning area. This second
map is later used to generate the mirroring artifacts typically associated with Fourier-domain
OCT systems. The resolution of the depth maps b X ¢ corresponds to the number of A-scans and
B-scans of the synthetic iOCT volume and can be adjusted to match the resolution of existing
devices. The images generated by the cameras depict the depth of the objects’ surface represented
as the ratio between the near and far clipping planes of the orthogonal cameras. The distance
between the near and the far clipping planes thus correspond to the imaging depth a of the
synthetic iOCT B-scans. To preserve the spatial configuration of the retinal layers and instruments
between the depth maps, all cameras, except the camera enabling the mirroring artifacts, are
aligned in their position and viewing direction, and are configured to match the position of
their far clipping plane distances. The remaining camera, enabling the mirroring artifacts, is
aligned in its far plane with the other cameras. However, its clipping distance is twice as large as
the others (i.e., it is configured with an imaging depth twice the B-scan depth). This approach
allows capturing objects above the B-scan imaging area to create the mirrored reflection artifacts
observed in the B-scans. In addition, to replicate the field-of-view of commercially available
iOCT systems, the width and height of the orthogonal cameras’ view can be regulated. Therefore,
as depicted by the white squares in Fig. 1, the virtual cameras can be adjusted to comprise only a
part of the large retinal meshes extracted from a wide field-of-view volume. The white rectangle
in Fig. 1(b) indicates the simulated iOCT scanning area, which covers a sub-region of the retinal
meshes in the virtual environment. The following section describes how this set of depth maps
enables the generation of cross-sectional label maps to synthesize iOCT B-scans.

2.3. iOCT B-scan synthesis

The final stage of the framework converts the positional information of the layer and instrument
surfaces, stored in the depth maps, to cross-sectional label maps using a ray-casting approach
along the A-scans. The method to generate these maps considers OCT-typical shadowing and
mirrored reflection artifacts annotated in Fig. 3. This framework stage produces a total of ¢
label maps for every set of depth maps. The pixels of the label maps encode positional surface
information of the retinal layers, the instrument, and the mirroring artifact using separate class
labels as depicted in Fig. 3. The information obtained from the depth maps can be converted to a
label map as follows:

oot a= fans- ]
mirroring if a= [am _ (1 _9 d(R;::jZ)eCtion)-l
fu = (1)
layerX lf a= ’Vares . d(L;i;rX-‘ and d(TbO’(Z‘I) = 1 and dgijz)ecrion = ]
void otherwise

where: lfa,b) represents the label map [ of the B-scan c at the pixel location (a, b); dé,c is the
depth d of the object of interest X € {rool, mirroring, layer, void} in the pixel (b, ¢) encoded as a
relative position between the camera’s clipping planes with values [0 < d < 1]. Furthermore,
a5 defines the pixel resolution in axial direction (i.e., the number of pixels along one A-scan).
It is important to notice that, if an object of interest X is not present in the axial direction, its
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respective depth dé’c) is mapped to 1. Therefore, the class label of a certain /ayer, is only
included in the label map if the layer, exists and neither the tool nor the mirroring artifact are
present in the A-scan. To generate the iOCT typical mirroring artifacts, the object surfaces’ depth,
captured above the B-scan area by dR¢"c" i mirrored about the start of the effective OCT
imaging area (see Equation 1). This calculation simulates the mirroring about the zero-delay in
Fourier-domain OCT systems [13]. In addition, to create instrument shadowing, the retinal layer
classes are only integrated if no instrument or mirroring reflection artifact is identified along the
corresponding A-scan. Lastly, to generate the final label map, the identified classes are drawn
with a thickness of 3 pixels below their calculated surface position to mark the thin boundaries
of the retinal layers and surgical instruments. A thin segmentation line is chosen to precisely
define the boundaries of anatomical layers and instrument surfaces. The top row of Fig. 4 shows
examples of the generated label maps with distinctively colored class labels.

Mirrored
Instrument
Reflection

Mirroring

Instrument
Shadowing

Fig. 3. Annotation of a real ex-vivo porcine B-scan including a surgical cannula, which
creates shadowing and mirroring artifacts in the iOCT image. The retinal layer surface
classes are marked in orange (ILM) and blue (RPE). The mirroring artifact is highlighted
and subdivides the visible instrument.

To synthesize the iOCT B-scans from the segmentation labels, we use a GAN for an image-to-
image translation inspired by the Pix2Pix framework [32]. This network has proven capable of
synthesizing images from semantic label maps and photos from sketches. This property enables
the transformation of label maps containing retinal layers and instruments to synthetic B-scans.
Therefore, unlike in unpaired image-to-image translation, we can use image pairs providing direct
correspondences between pixels in label maps and B-scans. We adjust the original Pix2Pix
network structure to generate high-frequency details and realistic-looking speckle noise of iOCT
B-scans. Additionally, contrary to the original Pix2Pix network, our adjusted network structure
does not create checkerboard pattern artifacts in the synthetic B-scans (see Fig. 5). These patterns
are generated by deconvolution operations, employed by the decoder of the U-net in the original
Pix2Pix architecture [32] to construct the output image. The deconvolution layers allow the
model to use every point in the low-resolution image to project and create a larger space by filling
in the details. The original Pix2Pix architecture uses kernels of size four and a stride of two,
which leads to uneven overlaps when these deconvolutions are stacked and produces artifacts
on various scales. While the network theoretically could learn weights to avoid this, networks
struggle to avoid it altogether, producing images with non-realistic-looking patterns (see Fig. 5).
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Example 1 Example 2

Label Map

Synthetic B-scan

Fig. 4. Examples of paired label maps generated from the virtual setup and the corresponding
synthetic iOCT B-scans. The label maps extracted from our virtual environment (top row)
are used as the input to the GAN for the generation of synthetic iOCT B-scans (bottom row).

The speckle noise distribution of the OCT image signal intensities is modeled in our framework
using a log-normal-like (Gamma) function. As numerous prior studies showed [33—35], the
Gamma distribution provides an excellent fit to theoretical and experimental results that describe
the speckle noise present in this imaging modality. In this context, when the original network
fills up the main space during the deconvolutions, it is easy for it to output an average color. This
property of the network leads to the necessity of creating an architecture and a training scheme to
construct the generator output into a high-frequency image with natural-looking speckle noise.
Thus, our framework adopted a U-net [36] architecture as the generator and a patch-based fully
convolutional network as the discriminator. As a result of this modification, the original Pix2Pix
is adjusted for the purpose of iOCT B-scan synthesis by, instead of using deconvolution blocks,
employing a nearest-neighbor up-sampling followed by a padding layer, a standard convolutional
layer, and a normalization layer Fig. 6. Additionally, we implemented a noisy-label training
scheme for the discriminator. Furthermore, to still create some high-resolution textures, the last
layer of the original model remains unchanged. The loss function to train our GAN network is
defined as follows:

G* =arg mén max Legan(G,D) + AL11(G). )

The generator is denoted as G while the discriminator is defined as D. The adversarial loss is
described as:
Lecan(G, D) = Ey[log(D(x, G(x)))]. A3)

The segmentation is noted as x, while the real OCT is noted as y, and the synthesized OCT is
noted as G(x). The weighted L1 loss between real and generated images is defined as:

L11(G) = Exy [lly - GWIh]. “

Additionally, we use the same discriminator loss included in the original Pix2Pix GAN [32].
Using the L1 term as part of the loss-function can be helpful when objects appear surrounded
by a contrasting background. In iOCT B-scans, retinal layers and tools appear bright and are
surrounded by rather dark areas above and below the retina, making the L1 loss a suitable option.
In addition, to mitigate the risk of blurring or smoothing the images when using the L1 loss, we
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(a) Original Pix2Pix generator. (b) Our adjusted network.

Fig. 5. Comparison of a synthetic B-scan generated from the original Pix2Pix network (a)
and our adjusted network (b). Three enlarged patches highlight the artifact pattern created
by the original Pix2Pix and justify the need for modifications of the network to generated

more realistic looking iOCT B-scans.
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Fig. 6. Adjusted generator network structure of our GAN. We use a new, improved
upsampling method including a nearest-neighbor interpolation, a padding layer, a 2D
convolution and a normalization layer (marked as the blue components in the network).
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introduced errors to the labels. Thus, some generated images, randomly selected, are marked as
real, while some real ones are marked as generated. Such a noisy labeling scheme improves the
discriminator to distinguish between high-frequency patterns resulting in the generator mimicking
the natural-looking speckle noise [37]. To regularize the discriminator when training our GAN
we apply this strategy to all images of every 15th batch.

In summary, the proposed generator considers the positional information of the retinal anatomy
and the instruments as input images to synthesize iOCT B-scans. Figure 4 shows input label
maps generated from the virtual environment and their corresponding synthetic iOCT B-scans.
The generator learns to model the differences in appearance between the instrument attenuation
and the reflection artifacts by specifically separating instrument surfaces and mirroring artifacts
in different classes encoded in the generated label maps. The instrument shadowing artifacts,
explicitly integrated into the label maps, are thus also considered by the network. The network
implicitly models the OCT-typical physical phenomena such as signal attenuation and speckle-
noise patterns, which occur during the image formation process in real systems. In the next
sections we evaluate the similarity of the generated and synthetic iOCT Bscans.

3. Experiments

In this section, we evaluate the effective resolution of our synthetic iOCT and evaluate the quality
of the generated images by estimating the similarity between real and synthetic iOCT B-scans.
In addition, to demonstrate the relevance of our framework, we illustrate the impact of synthetic
B-scans on the performance of retinal layer and instrument segmentation networks. Furthermore,
we demonstrate the potential of generating volumetric representations by visually comparing
renderings generated from real and synthetic volumes.

3.1.  Experimental setup

All volumetric iOCT data used in our experiments was acquired from, evaculated within a time
frame of two hours prior to the experiments, using a Zeiss Lumera 700 with integrated Rescan
700 iOCT system (Carl Zeiss AG). To decrease training and interference times, we down-sample
the axial resolution of all acquired data by half resulting in a final B-scan resolution of 512 x 512
pixels. This action results in an axial resolution of ~ 5Sum, which is similar to the effective axial
scanning resolution of the utilized OCT system and therefore did not decrease imaging accuracy.
AlliOCT volumes consist of 128 B-scans acquired at a scan depth of 2.8 mm. The volume Vjy,,
was generated from an ex-vivo porcine eye and used to extract the retinal meshes and create
the virtual scene with a wide field-of-view. Therefore, this volume does not contain surgical
instruments and is scanned in an area of 6 X 6 mm. The data sets DS;,,;, and DS, consist of 87
and 9 iOCT volumes, respectively. These volumes, acquired from 6 additional ex-vivo porcine
eyes using different locations, are acquired at a scanning area of 3 X 3 mm and used for training
and testing the Pix2Pix network for the B-scan synthesis. For DS,.,, we reduce the 9 volumes
to 100 randomly selected B-scans, which we use to evaluate our methods. Both DS, and
DS, include surgical instruments such as forceps or a 27G cannula in different positions within
the volumes. The anterior surface of the ILM and RPE, the instrument surface, as well as the
mirrored instrument reflection, were automatically pre-segmented using the method described in
[7] and the resulting segmentations were manually corrected by an expert to generate the ground
truth label maps.

In addition, for the experiments described in section 3.4, we generated a purely synthetic data
set DSgynheric containing 2,982 B-scans. This data set is generated from 34 different tool positions
simulated in our virtual environment. These configurations depict five orientations with the
needle tip centered in the volume and aligned to the B-scan direction at 0, 1, 2, 5, and 90°, two
translations of -500 and -1000 wm and 0° in orientation, two translations of 500 and 1000 um
and 90° in orientation, and the 25 combinations of five translations (100, 200, 300, 400, and 500
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um) and five orientations (1, 2, 3, 4, and 5°). For every configuration, three volumes containing
the needle above the ILM, in touch with the ILM, and between the ILM and RPE, are acquired.
The position of the needle within the volume and the separation between the layer meshes are
randomly adjusted during volume generation to ensure diversity in the acquired volumes.

For the implementation and training of the concepts described in Section 2, we use an Intel Core
i9-9920X (@3.5GHz) processor and an NVidia GeForce RTX 2080 Ti. The virtual environment
is created in Unity 3D (v2019.4.16f1). The virtual models used for the instruments correspond to
a2 41G cannula and a 23G illuminator frequently used in subretinal injection procedures. Due to
the simplicity of their geometry, these models were designed using modeling software, respecting
their corresponding dimensions. However, it is worth mentioning that more complex models of
surgical tools can be integrated into our virtual setup. The virtual cameras render depth maps at
a resolution of 512 x 512 pixels, and the resolution of the synthetic B-scans corresponds to the
sampled resolution of the real B-scans.

3.2. B-scan synthesis evaluation

To generate synthetic iIOCT B-scans from tool and layer label maps, we trained our GAN network
on DS;4in for 5 epochs with a batch size of 2, a label flip every 15th batch and a learning rate
of 0.0002. The A parameter in the L1 loss term was set to 100. Afterward, the ground truth
segmentations of DS are used as an input to the GAN to produce synthetic B-scans. In Fig. 7
we show examples of the synthetic B-scans generated by the GAN from the ground truth label
maps in DS, and compare them to the corresponding real B-scans in our test set.

. Instrument + L
Retinal Layers Instrument Mirroring

Mirroring

Fig. 7. Comparison of real (top) and corresponding synthetic (bottom) iOCT B-scans.
From left to right, these B-scans depict the retinal anatomy and a microsurgical forceps with
its associated instrument shadowing and mirrored reflection artifacts.

Real

Synthetic

To evaluate the quality of the generated B-Scans, we use quantitative and qualitative measures.
We compute the Structural Similarity Index Measure (SSIM) [38] and the Learned Perceptual
Image Patch Similarity (LPIPS) [39] for all pairs of corresponding images in our test set. In
this context, pairs are defined as each real B-scan in DS, and the synthetic B-scan that has
been created from its ground truth label map using the generator of our GAN. The SSIM score
ranges [0, 1] and equals 1 only if both images are identical. In contrast, lower LPIPS scores
indicate more similarity between the images. Despite structural similarity scores suggesting
that the compared images are distinctive (mean = 0.26, standard deviation = 0.01, min = 0.25,
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max = 0.28), perceptual similarity indicates otherwise (mean = 0.13, standard deviation = 0.01,
min = 0.11, max = 0.15). Further analysis of our results showed that real and synthetic images
showed comparatively high structural similarity in proximity to the retinal anatomy and surgical
instruments. However, differences in speckle-noise within the vitreous and the area below the
retina containing weak or no image signal decreased the overall SSIM between synthetic and real
images.
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Fig. 8. (a) Differential error in the tooltip position estimation (the red line depicts a
smoothed estimate with 95% bootstrapped confidence interval). Each point represents the
calculated error between the ground truth location of the tip and its location in the synthetic
iOCT volume. (b) Box plots for differential tooltip error for twelve different instrument
configurations.

In addition, three clinicians were asked to compare pairs of real and generated B-scans using
their own criteria and expertise. We used their comments regarding the similarity of real and
synthetic iOCT B-scans as qualitative evaluation. This feedback indicates that, compared to the
real B-scans, the synthetic images contain blurrier instrument reflections and layer boundaries,
especially at inner retinal tissue. Furthermore, sharp and distinct instrument artifacts and small
particles in the vitreous, present in our real data, were not created by the network. However,
all the experts confirmed the complexity of distinguishing between real and synthetic B-scans,
especially as the differences in the images are predominantly based on subtle structural details.

3.3. Imaging resolution analysis

To evaluate the B-scan resolution achieved with the proposed method, we simulate 12 different
volume sequences containing an instrument in the virtual environment and measure the error
while tracking the tool’s tip throughout the captured sequences. These volumes depict five
orientations with the tip of the instrument centered in the volume at 0, 30, 45, 60, and 90°; four
offsets of +1000, +500, -500, and -1000 wm and 0° in orientation; and three incident angles of
40, 45 and 50° onto the retina. The virtual tool is placed 1000 um above the virtual ILM for
every configuration. A total of 26 volumes are acquired per configuration with needle motion



Research Article Vol. 13, No. 4/1 Apr 2022/ Biomedical Optics Express 2425 |

Biomedical Optics EXPRESS A

of 50 um in the insertion direction after each acquisition. Obtaining the tool’s tip position in
the generated volumes allows for estimating the tool motion between volume captures. The
differential error between the computed tool’s tip motion and the ground truth step size of 50 um
is used to estimate the imaging accuracy of the synthetic iOCT. Results from this experiment
show an overall detectable mean error of 1.31 wm and a standard deviation of 2.76 wm, which is
comparable to or higher than that of real iOCT systems, such as the one used for acquiring our
iOCT data. Figure 8(a) shows the error of the tip tracking of all sequences based on the traveled
instrument distance, while Fig. 8(b) shows the errors of the individual volume sequences.

3.4. Relevance to image guided interventions

To offer an example of a relevant application to utilize the synthetic B-scans, we demonstrate
that the generated data can support the development of data-driven algorithms. For this purpose,
we train a UResNet18 for the joint segmentation of retinal layers and instruments, as proposed
in [7]. All segmentation networks employed for these experiments were used without any kind
of pre-training. Table | depicts the segmentation performance of the network when trained in
three variants. First, we trained the network on a subset of 500 B-scans randomly selected from
DSy4in, which we call DS;,;y. In another experiment, we train the segmentation only on the
synthetic data in DSy, eric. Finally, we use DSy, meric in a pre-training stage before training on
an even smaller sub-set of DS,y containing only 80 B-scans, referred to as DS;,4;,». The per
A-scan detection accuracy and positional error of the layer and tool surfaces of the three training
variants were tested on DS;.5;. From Table 1, it can be seen that the network trained exclusively
on the synthetic data in DSyy,meric achieved good segmentation performance on the real test data
in DSy Additionally, using the synthetic data to pre-train the network before training on a small
amount of real data (DS;,;,~) drastically improved the segmentation performance compared to
the training only on synthetic data. This configuration achieved similar results to training on a
big dataset of real B-scans. For this experiment, all models were trained until convergence.

Table 1. Segmentation performance based on different training strategies.
DSp,iry : training exclusively on real images. DSgyptnetic: training
exclusively on synthetic B-scans. DSgypthetic + DSirain: the synthetic
images were used for pre-training, before training on a small set of real
B-scans.

DStain DSsynthetic DSsynthetic + DStrain”

Class | ACC | Mean SD ACC | Mean SD ACC | Mean SD
Tool 99% 0.35 0.16 | 81% 1.62 0.97 | 98% 0.35 0.45
ILM 99% 0.27 0.11 | 91% 3.32 3.88 | 99% 0.44 1.15
RPE 99% 0.28 0.1 95% 4.29 7.37 | 99% 0.33 0.11

3.5. Volume rendering

With the increasing acquisition speed of volumetric iOCT data [4,40] over the last years, three-
dimensional intraoperative imaging has become a feasible and more popular research area.
Demonstrating the potential of our framework to generate 3D data, we follow the volumetric
scanning pattern of a commercially available iOCT system, which also has been used for data
acquisition in our experiments, by stacking 128 linearly acquired B-scans to generate an iOCT
volume and display our rendered results using a direct volume rendering (DVR) approach. To
generate the synthetic volumes, B-scans were generated from segmentations of real volumes
using our Pix2Pix network. The real volumes were randomly selected from the dataset DSj,y;.
Pairs of real and synthetic iOCT volumes are shown in Fig. 9. These volumes show similar
intensity values for the instruments in the corresponding pairs. The RPE layer, mainly colored in
orange in Fig. 9, also shows similar intensity properties.
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Microsurgical Cannula Microsurgical Forceps

Real

Synthetic

Fig. 9. Renderings or real (top row) and synthetic (bottom row) volumes containing
microsurgical instruments such as a microsurgical cannula (left column) and forceps (right
column). All visualizations are rendered with the same transfer function.

Furthermore, in Fig. 9, it can be seen that anatomical structures such as single superficial
vessels can be inspected in both the real and the synthetic data. However, these structures have
been recreated slightly more prominently in the synthetic volume. Additionally, we present
visualizations of volumes, purely generated from our virtual scene, containing a virtual model
of a 41G cannula and a 23G illuminator. Our illustrations in Fig. 10 show that, in the case of
fully virtually generated iOCT volumes, the B-scans remain consistent in the generated intensity
values of retinal layers, resulting in uniform colorization of anatomical structures across the
synthetic volumes. In Fig. 10, even structures such as the macular hole can be perceived. In this
case, the high curvature of the retinal surface results in higher intensities created by the network
and are thus visually highlighted in the rendering.

41G Cannula 23G Iluminator + 41G Cannula

Synthetic Volume

Fig. 10. Synthetic iOCT volumes generated with our framework. The left image shows a
41-gauge injection cannula, while the image on the right additionally contains a model of a
23G illuminator. All visualizations are rendered with the same transfer function.
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4. Discussion

The method presented in this work facilitates the generation of entirely new iOCT B-scans using
only the positional information of anatomical structures and instruments extracted from a virtual
scene. Because the retinal meshes only define the layer positions, the pixel intensity values of the
generated B-scans are not defined by a pre-existing OCT volume, but rather fully modeled by the
GAN. Therefore, the GAN can be trained on iOCT volumes that show a specific signal quality or
that originate from a specific OCT device, allowing for much higher flexibility in the quality
and the properties of the generated images. In this context, the GAN facilitates the modeling
of physical phenomena such as signal attenuation and speckle noise. However, using a GAN
to create other dominant iOCT typical artifacts, such as instrument shadowing and mirroring,
would require extremely large amounts of data or may not be possible. Therefore, these artifacts
are explicitly modeled during the label map generation using the virtual environment. The
experiments presented in Section 3.2 demonstrate the potential of the proposed framework for the
generation of synthetic iOCT data. Qualitative feedback provided by medical experts highlighted
the high similarity perceived from observing real and generated images. These qualitative
results were supported by quantitative metrics used to estimate the similarity between images as
perceived by humans. In this regard, LPIPS results revealed high similarity between the real and
synthetic iOCT data sets. Interestingly, despite the promising results that provided evidence of
high similarity between the images, the evaluation of the generated B-scans revealed low SSIM
values. This behavior could result from the very sparse label maps that only outline the surface
of the retinal layers and surgical instruments. In this context, as the network has no additional
information, the difference between real and synthetic images is higher in areas further from
the labeled structures. This premise could also explain why the network cannot recreate small
structures in the vitreous, which were present in some of the real B-scans. Furthermore, previous
studies have shown that many similarity metrics, including SSIM, can be confused by noise
patterns [39]. As a result of this consideration, further analysis of the images showed that the
SSIM was higher in patches close to or including retinal layer structures and surgical tools.

Furthermore, the experiments presented in Section 3.3 showed that the synthetic images
generated with the proposed framework depict similar properties to those of commercially
available iOCT systems. Furthermore, Section 3.4 showed that the generation of synthetic data
could support the development of learning based algorithms. In this context, the generation of
synthetic iOCT data sets can be useful for training these algorithms in the case of lacking real
data, or to generate data sets with known ground truth or with desired tool-tissue configurations.
Although our results support the idea of using this framework for the training of learning based
algorithms, it is important to mention that the experiments conducted here used porcine eyes.
Therefore, their transferability to human anatomy must be investigated in further studies.

We have also shown the potential of the proposed framework to generate synthetic volumetric
iOCT data and to integrate virtual models of surgical tools. The renderings presented in Section
3.5 show that our method can generate synthetic volumes with visible anatomical features and
realistic surgical instrument reflections, along with their associated artifacts such as mirroring
and shadowing. These results could support the future investigation of algorithms to synthesize
volumetric iOCT data from virtual scenes, in order to generate even more uniform intensities
across the volume and shared features between neighboring B-scans.

Our method explicitly models typical iOCT instrument shadowing and mirrored reflection
artifacts during the label map generation. Besides resulting in synthetic B-scans, which are more
similar to real iOCT B-scans, expert feedback suggests that these artifacts also provide valuable
cues to aid orientation in the surgical environment and navigate the instruments during surgery.
Therefore, we consider it important to model such artifacts in our synthetic data.

Despite the design consideration of the proposed framework, the data synthesis could further
benefit from modeling realistic tissue deformations during tool-tissue interactions. In addition,
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due to the varying quality of the data acquired from ex-vivo porcine eyes, the results presented in
this work only considered the two most distinctive retinal layers, which are also the most relevant
for many interventions. However, incorporating additional anatomical information could further
improve the quality of the generated images.

Although multiple studies have shown the anatomical similarity of human and porcine retinas
[41-44] the image quality from ex-vivo animal experiments is lower compared to iOCT scans
acquired during surgery on real patients. In this regard, we consider synthesizing iOCT data sets
that more closely resemble human retinas as future work. However, collecting the necessary data
under this conditions involves additional technical and ethical challenges that must be considered.
These challenges include unforeseen patient motion (including motion due to breathing) as well
as hand tremor of the surgeon that can lead to unwanted motion artifacts when acquiring iOCT
volumes. The possibility of observing motion during the collection of the volume becomes
particularly relevant when considering the update rate of commercially available iOCT systems,
such as the one we used for our experiments (0.4 volumes/second). Furthermore, collecting
data when the tool is positioned very close to the retina or interacting with the retina may pose a
risk for the patient’s health. It is important to notice that this work represents a first step towards
the generation of synthetic iOCT data sets, for which our experiments have shown promising
results.

In addition, we consider modeling pathological retinas in the synthesis of B-scans as part of
our future work. This could be achieved for example by generating meshes from the segmentation
of a pathology in real OCT and adding them to the virtual environment. The proposed network
would then also take into account the position of the pathological anatomy. Incorporating
more detailed information in our virtual scene would in turn allow us to focus more on the
visualization of delicate anatomical structures, such as the macular hole illustrated in Fig. 10.
These results motivate us to envision the application of the proposed framework not only to
support the development of learning-based algorithms. In this context, exploring visualizations
on synthesized iOCT B-scans could enable a fast adaptation of the technology for their use in
interventional scenarios and could further support the ideation of new surgical procedures.

5. Conclusion

In this paper, we introduce a novel framework composed of a virtual scene for the generation of
surgical environments and a GAN for synthesizing iOCT B-scans. The virtual scene enables
the combination of retinal layer meshes extracted from real anatomy with models of surgical
instruments. This scene allows for the generation of label maps that model typical iOCT-related
imaging artifacts such as mirrored instrument reflection and instrument shadowing. A generator
network then uses these maps to synthesize iOCT B-scans, recreating the properties of the
iOCT image formation, such as the typical speckle-noise pattern and signal attenuation. Our
experiments, including mathematical models and expert feedback, have shown that the real
and synthetic images are perceptually similar. Furthermore, we showcase the usability of the
synthetic data for the development of image-guided algorithms and demonstrate the potential for
synthetic 3D iOCT data generation.
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