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Abstract: Medical interventions are often guided by opti-
cal tracking systems and optical coherence tomography has
shown promising results for markerless tracking of soft tissue.
The high spatial resolution and subsurface information con-
tain valuable information about the underlying tissue structure
and tracking of certain target structures is in principle possible.
However, the small field-of-view complicates the selection of
suitable regions-of-interest for tracking. Therefore, we extend
an experimental setup and perform volumetric surface scan-
ning of target structures to enlarge the field-of-view. We show
that the setup allows for data acquisition and that precise merg-
ing of the volumes is possible with mean absolute errors from
0.041mm to 0.097mm.
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1 Introduction

Image guidance can support medical interventions based on
different optical tracking systems. Optical coherence tomogra-
phy (OCT) allows to acquire volumetric data with high spatial
and temporal resolution showing surface features and subsur-
face information from tissue samples. Therefore, Schlüter et
al. [1, 2] consider an OCT system with high volume acquisi-
tion rate for tracking. The approach enables markerless tissue
tracking in a contactless manner and without radiation expo-
sure. However, the small field-of-view (FOV) limits the local-
ization and selection of suitable target regions for tracking.

Previous work considered volume stitching to merge sev-
eral overlapping OCT volumes to obtain larger surface scans
from the regions-of-interest (ROI). Different systems have
been proposed to acquire the data, such as the integration of
OCT into a microscope [3] or by mounting an OCT scanhead
to a robot [4]. Rajput et al. [5] proposed a registration be-
tween OCT and Kinect camera to acquire surface scans and
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Dahroug et al. [6] estimate the sample pose in an OCT frame
with a principal component analysis framework. Various meth-
ods for merging the volumes have been proposed, Laves et al.
[7] investigated for example 3D optical flow, and also different
anatomical sites, such as the bladder [8] have been considered.

However, most of these studies focused on a precise align-
ment of the volumes and considered OCT data with high spa-
tial sampling rates. When acquiring data with a scanhead, a
higher spatial sampling results in a lower temporal sampling
rate, thus extending the recording times for each volume and
also lowering the tracking speed. In this work, we focus on
integrating surface scanning into the OCT tracking setup by
Schlüter et al. [1, 2] to enable the localization and selection
of suitable targets for tracking. We investigate to what extent
we can merge surface scans from single overlapping volumes
to obtain scans from larger ROIs. The setup is optimized for
high-speed tracking and lower spatial sampling rates are con-
sidered to enable higher volume acquisition rates. Hence, the
process to align the volumes during volume stitching is more
challenging as fewer features are present in the data but on the
other hand, there are also less motion artifacts in the volumes.
Initially, we acquire OCT volumes of different phantoms by
scanning overlapping FOVs. We implement a geometric vol-
ume stitching approach and a combination of geometric pre-
alignment with correlation based refinement of volume posi-
tioning to merge the single volumes to surface scans. We com-
pare both approaches and evaluate the accuracy of the gener-
ated surface scans by comparing the real geometric structures
to the scans. Furthermore, we evaluate different scanning re-
gions for the occurrence of lens distortions in the setup. We
can show that data acquisition and precise volume stitching is
possible.

2 Material and Methods

2.1 Experimental Setup

Our experimental setup is based on a swept-source OCT
system (OMES, Optores Germany) with an A-scan rate of
1.59MHz and infrared light with a center frequency of
1315 nm. A scanhead is connected to the OCT system to ac-
quire volumetric data with 116 × 116 × 480 voxels and an
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Fig. 1: Our experimental setup (a) is based on an OCT system connected to a scanhead (1) for volumetric imaging. The light is guided
to a stage with galvo-mirrors (2) and used to scan targets (b) in the lateral directions. The motorized reference arm (c) is used to scan
the target in the axial direction and keep the target surface in the OCT FOV.

acquisition rate of about 94Hz. The FOV is approximately
5×5×3.5mm3 with a lateral pixel spacing of about 0.04mm.
The light is guided to an additional stage with galvanometer
mirrors (galvos) and focused through an achromatic lens with
50mm diameter to move the FOV in the lateral scanning di-
rections (x- and y-direction) over the target by the galvo stage.
Furthermore, we employ a motorized reference arm to adapt
the OCT FOV in the axial direction (z-direction). The setup
was first described for markerless tissue tracking [1], similar
as shown in Figure 1.

2.2 Data Acquisition

We obtain OCT volumes by connecting a scanhead to the OCT
system and use the motorized galvo stage to move the OCT
FOV in the lateral directions to scan larger ROIs. Initially, we
evaluate the translation between motor steps and voxels by po-
sitioning a marker of known geometric size in the OCT FOV
and determine the motor steps shifts in the three dimensions.
During the scanning process, we move the galvos to predefined
positions in the lateral directions and maintain an overlap be-
tween the volumes for later alignment. The FOV is shifted by
a third of the OCT’s FOV size between neighboring positions.
At each position in the lateral directions, the motorized refer-
ence arm is moved in a certain range in the axial direction to
detect the surface and ensure the target is visible in the FOV.
We store the OCT volumes along with the 3D motor position
to perform a pre-alignement of the volumes based on the geo-
metric positions.

2.3 Calibration

A marker is placed in the OCT’s FOV and the galvos and the
motorized reference arm are moved to different positions to
induce motion in the OCT FOV to perform a calibration. We
perform a segmentation of the marker in the volumes and de-
termine the 3D position in pixel coordinates. The marker and
galvo positions are converted to millimeter and a transforma-
tion is determined by solving

min
R,t

𝑛∑︁
𝑖=1

‖(R𝑔𝑖 + t)− 𝑝𝑖‖2 (1)

with the galvo positions 𝑔𝑖 and the marker coordinates 𝑝𝑖 based
on Arun et al. [9] to obtain the rotation R and translation t.
Note, that we only calibrate in the OCT FOV and not the whole
scanning area.

2.4 Volume Stitching

We use two methods for volume stitching. First, we perform
a geometric volume stitching that we have also considered in
a previous work [4]. The 3D motor positions are used to po-
sition the overlapping volumes in the larger surface scan. For
this purpose, the shifts in the motor positions are transferred
to pixel shifts. The lateral positions are precisely determined
based on the galvo motor positions and the axial alignment is
performed by detecting the surface in the OCT scan which has
the highest intensity.

The second method is implemented to detect misalign-
ments in the geometric approach and further improve the pre-
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Fig. 2: The cubicboard phantom (a) and the lens with the different
scanning areas (b).

cision of the volume alignment. Inherently, using 3D data for
alignment of the volumes seems more beneficial, but due to
the comparably low spatial spacing of the scans, we focus on
a combination of 3D data and 2D maximum intensity projec-
tions from the volumes. The motion shifts in the 3D and 2D
data are estimated via a cross-correlation. The refinement for
the lateral directions is estimated as the average of 3D and 2D
motion and the refinement in the axial direction is based on
the 3D motion. Note, that we acquire scans with lower spatial
spacing to obtain a high temporal resolution during scanning.

Additionally, an intensity blending is applied by weight-
ing the voxels close to the volume border with a logarithmic
scaling. The volumes are then aligned with overlapping edges.

2.5 Experiments

Initially, we perform surface scans of a 3D-printed cubicboard
phantom in the center of the lens to evaluate the two different
methods. The phantom is visualized in Figure 2a with cubes
of size 2.2×2.2×1mm3. The evaluation is performed by seg-
menting the cubes in the merged surface scan and comparing
the size in voxels 𝑐𝑖 to the real cube’s size 𝑜𝑖 after transforming
from voxel to millimeter [4]. We calculate the mean absolute
error

𝑀𝐴𝐸 =
1

𝑁

𝑁∑︁
𝑖=1

|𝑐𝑖 − 𝑜𝑖| (2)

for 𝑁 cubes for comparison. To investigate if scanning in the
periphery of the lens leads to distortions, we use the same cu-
bicboard phantom and perform surface scans at different po-
sitions to cover the edges of the lens. A visualization of the
scanning zones is shown in Figure 2b. We perform scans in
the center of the lens and at four positions on top, below, to the
right and to the left of the center. The scans are merged with
the correlation method and the previously described evaluation
scheme is applied.

Tab. 1: Comparison between geometric volume merging and addi-
tional alignment based on correlation.

method x in [mm] y in [mm] z in [mm]

geometric 0.061 ± 0.054 0.073 ± 0.054 0.053 ± 0.074
correlation 0.075 ± 0.053 0.062 ± 0.048 0.050 ± 0.071

Tab. 2: Results for volume merging from different scanning posi-
tions at the lens.

scanning area x in [mm] y in [mm] z in [mm]

center 0.069 ± 0.043 0.077 ± 0.056 0.074 ± 0.040
top 0.053 ± 0.049 0.097 ± 0.052 0.050 ± 0.048
bottom 0.070 ± 0.036 0.088 ± 0.036 0.046 ± 0.031
right 0.079 ± 0.067 0.049 ± 0.044 0.084 ± 0.092
left 0.041 ± 0.034 0.094 ± 0.061 0.057 ± 0.053

3 Results and Discussion

Firstly, we evaluate the two proposed methods based on a sur-
face scan from the cubicboard acquired at the center of the
lens. The resulting mean absolute errors for the three dimen-
sions are reported in Table 1 for a scan of size 8 × 8 vol-
umes. The errors are similar for both methods, in the range
from 0.061mm to 0.075mm. The results from the geometric
approach are slightly better in the lateral x-direction and the
results from the pre-aligned correlation are slightly better in
y-direction. Considering the lateral pixel spacing of roughly
0.04mm, the errors are in the range of 1-2 voxels. The error
values for the axial direction are slightly smaller.

Secondly, we evaluate the peripheral areas of the lens for
the occurrence of distortions. The scanning areas are shown in
Figure 2b and consist of 6× 6 volumes each. The pre-aligned
correlation method was applied for volume merging and the
resulting errors are reported in Table 2. The errors for the cen-
ter region are similar to the previously reported values for the
larger scan from the cubicboard. The results for the periph-
eral scanning areas at the lens are comparable. Considering
the errors in the lateral directions, the values in y-direction are
slightly higher in four of the scanning areas. But the differ-
ences are only in subpixel accuracy scale and probably due to
fluctuations in scanning and the evaluation scheme. There are
no noticeable differences between the scanning areas, leading
to the assumption that no lens distortions occur in the scanned
area or that possible distortions only have a small not measur-
able impact below the resolution of the mean absolute error
from volume stitching.

Figure 3a shows the top view of a scan from the cu-
bicboard phantom as used for the evaluation and Figure 3b
shows a different phantom with circles engraved in a surface.
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Fig. 3: Top view of surface scans from two different phantoms,
the cubicboard phantom (a) was used for evaluation. The second
phantom consists of differently sized circles (b).

The circle phantom is better suited to detect small shifts in
between the volumes. Both scans are precisely aligned. How-
ever, some intensity variations are visible which can occur due
to different working distances to the sample surface during
volume acquisition. The precise alignment of the volumes is
of importance for succeeding processing of the surface scans.
Anatomical details can be present but edges and shifts between
neighbouring scans should be avoided as they can impede au-
tomated processing, e.g. to find suitable regions for tracking.
We acquire data with a larger FOV to enable scanning of larger
areas but the setup generally allows for a smaller FOV result-
ing in a higher lateral spacing when acquiring volumes with
the same amount of A-scans.

4 Conclusion

We have successfully integrated surface scanning into an
experimental setup for OCT tracking and have shown that
precise merging of the volumes is possible. Furthermore, we
evaluated the peripheral scanning regions for distortions in the
volumes. While we have so far focused on precise scanning,
the setup generally allows for high-speed volume acquisition
and future work will focus on speeding up the scanning pro-
cess to allow scanning of arbitrary surfaces in short times.
Considering moving targets, e.g. patients, a fast scanning is of
importance to avoid motion artifacts in the data. Additionally,
different FOV sizes should be investigated along with differ-
ent numbers of A-scans per volume to analyze the trade-off
between high spatial and temporal sampling, especially in
the context of the number of volumes acquired for a surface
scan. The calibration process can also be extended to cover
the whole scanning area and a more precise positioning in the
axial direction before data acquisition could compensate for
intensity variations based on the working distance. In sum-

mary, the surface scans allow for extending the target area and
enable the localisation of suitable structures for tracking when
using OCT for image guidance.
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