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Abstract. Patient movements during the acquisition of SD-OCT scans
create substantial motion artefacts in the volumetric data that hinder
registration and 3D analysis and can be mistaken for pathologies. In
this paper we propose a method to correct these artefacts using a single
volume scan while still retaining the overall shape of the retina. The
method was quantitatively validated using a set of synthetic SD-OCT
volumes and qualitatively by a group of trained OCT grading experts on
100 SD-OCT scans. Furthermore, we compared the motion compensation
estimation by the proposed method with a hardware eye tracker on 100
SD-OCT volumes.

1 Introduction

Spectral domain optical coherence tomography (SD-OCT) [1] is a powerful and
widely used modality for imaging the retina in vivo at μm resolution. SD-OCT
machines acquire a single axial scan (A-scan, Z axis) at a time and reconstruct
cross sectional slices (B-scan, X/Y axis) by scanning through the volume (see
Fig. 1). A typical SD-OCT device has a scanning rate in the range of 10, 000
– 300, 000 A-scans per second [2] and depending on the scanning pattern, re-
quires approximately 40, 000 A-scans for a full 6x6mm volume scan. A variety
of factors such as involuntary eye movements (especially in patients with fix-
ation problems), axial movement of the eyeball with systemic blood pulsation
or micro-saccades degrade the scan quality drastically by introducing motion
artefacts. The effect of these artificial shifts depend strongly on the particular
image plane being examined. While the primary or fast scan direction shows few
if any motion artefacts, the secondary or slow scan direction (perpendicular to
the primary scan direction) often shows quite significant distortions as shown in
Fig. 1. This prevents reliable 3D analysis of SD-OCT data.
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Fig. 1. (a) OCT scan geometry. (b) slice in primary scanning direction. (c) slice in
secondary scanning direction with motion artefacts.

The correction of motion artefacts has been addressed to some extend in
the current literature. In [3–5] simultaneously acquired scanning laser ophthal-
moscopy (SLO) or color fundus images are used to register the individual B-scans
and therefore correct the XY motion artefacts. In [6, 7] special scanning patterns
with orthogonal fast scanning directions are used for the correction of Z move-
ments. In [8], motion artefacts are corrected by registering multiple orthogonal
SD-OCT volumes. The method presented in [9] employs the segmentation of
the retinal pigment epithelium (RPE) and fitting of a smooth thin plate spline
(TSP). By aligning the frames along the TSP, motion artefacts are corrected
using a single volume scan, however a second orthogonal scan is required to
reconstruct the overall curvature of the retina. [10] uses a particle filtering ap-
proach for correcting X and Z movements of individual A-scans in optic nerve
head (ONH) centred SD-OCT volumes. These methods can be organized into
two groups: (a) methods that require additional hardware (e.g. eye tracker) to
acquire data used to correct or prevent motion artefacts and (b) methods that
require multiple scans (either full volumes or single slices) in order to correct
motion artefacts and still retain the curvature of the retina. The hardware for
the former is not available for every SD-OCT scanner and the latter introduces
further complexity and a possible source of error by requiring the registration of
individual slices or complete volumes.

The method presented in this paper does not require any additional hardware
and corrects movement artefacts using a single volume scan while simultaneously
retaining the overall shape of the retina and pathologies. This makes it suitable
for use on already existing acquisitions regardless of the scan protocol and hard-
ware used. It is based on the hypothesis, that a perfectly motion free SD-OCT
volume from a healthy person is predominantly locally symmetric along the ax-
ial scan direction (Z axis). This means that the appearance of a small window
in the primary scanning direction is similar to the appearance in the secondary
scanning direction. This symmetry does not hold in areas around pathologies or
in the proximity of the fovea but overall there are more areas where this local
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symmetry assumption is true. However, in the case of scans with motion artefacts
(see Fig. 1c) this symmetry is not present at all due to shifts along the Z axis in
the secondary scanning direction. The idea behind this method is to restore the
local symmetry and thereby estimate the eye movement in the Z axis.

2 Method

We define the OCT volume as V (Z,X, Y ) with Z being the axial, X being the
primary, Y the secondary scan direction and bp(y) and bs(x) as the slices in the
primary and secondary scan direction (see Fig. 1a).

We obtain an estimate of the local retina curvature by a preliminary segmen-
tation of the RPE (e.g. from the device vendor software). This segmentation
does not need to be precise but should approximate the surface tangent of the
retina. We will denote this segmentation as ρ with ρ(X,Y ) being the distance
of the segmented surface from the top of the volume.

The goal is to compute the vectors δz and δx denoting the amount of shift
in the Z and X axes respectively that is required for each bp in order to remove
movement artefacts.

2.1 δz Estimation

As a first step, a random A-scan (ax, ay) in the volume is selected. Around this,
a window in the primary and secondary scan directions is extracted as shown
in (1).

wp = V (z, ax − h, . . . , ax + h, ay), ws = V (z, ax, ay − h, . . . , ay + h) (1)

Where z = 1 . . . Z with Z being the axial voxel resolution of the volume,
ax and ay are the coordinates of the randomly selected A-scan and h is the
half size of the window. The value for h is selected as big as possible for the
selected coordinates (ax, ay). Experiments showed that limiting the range of h
to [5, . . . , 40] yields consistent results. Due to the local curvature of the retina
around the sample (ax, ay) the windows wp and ws can not be directly compared.
To account for this the vectors ρp and ρs are extracted as shown in (2).

ρp = ρ(ax − h, . . . , ax + h, ay), ρs = ρ(ax, ay − h, . . . , ay + h) (2)

The local curvature cp and cs is then estimated by performing linear regression
using the least-squares method on ρp and ρs as shown in (3).

cp =

2·h+1∑

i=1

i · (ρp(i)− ρp)

θ(2 · h+ 1)
, cs =

2·h+1∑

i=1

i · (ρs(i)− ρs)

θ(2 · h+ 1)
(3)

where

θ(n) =

n∑

i=1

(

i−
∑n

i=1 i

n

)2

= 1/12 · n · (n2 − 1) (4)



Motion Artefact Correction in Retinal Optical Coherence Tomography 133

and ρp and ρs is the mean of ρp and ρs respectively. Using cp and cs one can
now define the local curvature correction vectors κp and κs as shown in (5).

κp = (i− h+ 1) · cp + ρa, κs = (i− h+ 1) · cs + ρa (5)

where i = [1, . . . , 2 · h+ 1] and ρa = ρp(h+ 1) = ρs(h+ 1)
The local curvature can now be compensated for by shifting each A-scan in

the windows wp and ws along the Z axis according to κp and κs respectively.
The curvature compensated windows will be denoted as wpc and wsc.

The relative Z shift δyz (i) between bp(ay) and bp(ay+ i) can now be estimated
as shown in (6).

δyz (i) = argmin
j∈[−δmax,...,δmax]

Z−δmax∑

k=δmax

(
wpc(i, k)−wsc(i, k − j)

)2 (6)

with δmax being the maximum allowed displacement. Alternatively δyz could
be estimated using cross correlation, however experiments showed the minimum
sum of squared distances shown in (6) is faster while still yielding similar results.

Given that the A-scan (ax, ay) was chosen randomly, it is possible that the
local symmetry assumption did not hold for this A-scan. This can be mitigated by
repeating the above steps for multiple A-scans on the same bp(ay) (i.e. different
ax, same ay) and averaging the result.

The absolute displacement vector δz(y) can now be calculated by averaging
all δyz as shown in (7).

δz(i) =

∑h
j=−h δ

i+j
z (j)

2 · h+ 1
(7)

The final Z motion correction can now be performed by shifting bp(y) by δz(y)
voxels in the Z direction.

2.2 δx Estimation

In order to compensate for X motions an auxiliary volume Vflat is created by
shifting each A-scan (ax, ay) of V by ρ(ax, ay) in the Z direction. After that
the local pairwise phase correlation between B-scans is calculated and used to
estimate the displacement along the X axis between the neighbouring slices.

δx(i) = 1/Σω·
∑

w∈W

ω(w)·maxx

(

fft−1
(
fft(bpflat

(i))·fft∗(bpflat
(i+w))

))

(8)

Where bpflat
(i) is the ith B-scan of Vflat, fft, fft−1 and fft∗ are the fast

fourier transformation, the inverse fft resp. the complex conjugate fft, ω is a
weight function and W is the range of neighbouring B-scans that are considered.
Experiments showed that W = [1, 2, 3] and ω = [1, 1/2, 1/3] yielded good results.
maxx(I) is defined as the horizontal distance of the maximum intensity in I
from the centre of I after shifting the zero frequency to the centre.
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Fig. 2. synthetic OCT volume (voxel size ZXY = {1.96, 30, 30}µm) (a) bs without
noise, (b) with vessel shadows, (c) with noise, (d) with motion artefacts

3 Evaluation

We evaluated the proposed method using three different approaches: (a) a syn-
thetic model of SD-OCT scans, (b) a qualitative evaluation performed by medical
experts and (c) a comparison to a hardware solution.

3.1 Synthetic Data

For quantitative testing we created synthetic OCT volumes by analysing a large
number (n = 7308) of real OCT volumes. We first created a synthetic thickness
map – i.e. distance between the inner limiting membrane (ILM) and the RPE
– by modelling it via a Gaussian mixture model. We generated a volume by
searching for A-scans with the same thickness and position as in the synthetic
thickness map and averaging them (see Fig. 2a). The volumes were finalized
by overlaying vessel shadows based on the manual vessel annotation provided
in [11] and adding noise as described in [12] (see Fig. 2b, 2c). A random relative
motion vector (i.e. X and/or Z motion between consecutive B-scans) with μ = 0
and σ = 5 was added to the volumes (see Fig. 2d) and reconstructed using the
method described in Sect. 2.

Table 1 shows the mean signed difference between the applied motion vector
and the reconstructed motion vector in μm. Our method reconstructs the added
motion vector with a very low systematic error. The bigger errors in the X re-
construction are partly due to the anisotropic voxel size and relative smoothness
of the synthetic volumes. Unlike [10] we added X motion artefacts on every bS
instead of just one abrupt X movement.

3.2 Qualitative Evaluation on Real Data

A set of 100 macula centred SD-OCT volumes of two different SD-OCT scanners
(Carl Zeiss Meditec Cirrus HD-OCT and Topcon 3D OCT-1000) from patients
with central retinal vein occlusion were used for an expert evaluation. A group of
trained OCT grading experts were asked to compare the motion corrected scans
with a protocol similar to that used in [10]. X movement correction was assessed
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Table 1. mean signed difference between applied and reconstructed motion vectors on
synthetic SD-OCT volumes

movement number of cases mean signed difference (in µm)

only X 165 volumes −1.42 ± 108.16
only Z 200 volumes −0.05 ± 4.01
X and Z 50 volumes X: −0.79 ± 107.73

Z: −0.10 ± 5.28
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Fig. 3. example results (a) bs before and (b) after applying δx and δz.
(c) XY projection before and (d) after applying δx.

based on the retinal blood vessel continuity in the 2D XY projection of the vol-
umes and the Z motion correction based on the flatness of the RPE (see Fig. 3).
As in [10] each scan was labelled as improved, equivalent or degraded. The OCT
grading experts where asked to grade an improvement only if the appearance of
pathologies was not degraded by the motion correction. The results can be seen
in Table 2. Our method performs similar to the method proposed in [10] while
retaining the overall shape of the retina at the same time. Furthermore the data
set used in [10] consists of ONH centred scans which contain more dominant
features (like the ONH and a denser vessel network) which simplify the motion
correction and make motion artefacts more visible for the grader.

3.3 Comparison to Hardware-Based Eye Tracking

The Spectralis (Heidelberg Engineering, Heidelberg, Germany) scanner uses a real
time eye tracker (TruTrack™, [13]) to avoid motion artefacts. Performing the mo-
tion correction on SD-OCT scans acquired using this technology should yield a
0 motion correction vector. We performed the motion correction on 100 SD-OCT
scans (volume size {496, 512, 49},voxel size {3.87, 11.31, 118.88}μm) from patients
with central retinal vein occlusion acquired using this hardware eye tracking and
used the Euclidean distance from the 0 vector to the motion correction vectors as
a quality metric. The results can be seen in Table 3. Our method performs very
similar to the hardware solution in the Z axis. The bigger error in the X axis can
be explained by the very high spacing between the B-scans and the resulting low
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Table 2. result of qualitative evaluation
on 100 SD-OCT volumes

grade X evaluation Z evaluation

Improved 19 (19 %) 92 (92 %)
Equivalent 67 (77 %) 7 (7 %)
Degraded 14 (14 %) 1 (1 %)

Table 3. results on 100 SD-OCT volumes
with hardware tracker

movement mean signed error

X axis −59.02 ± 780.04 µm
(−5.22 ± 68.97 pixel)

Z axis 1.68 ± 7.21 µm
(−0.43 ± 1.86 pixel)
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Fig. 4. example scan with pathologies (red) and motion artefacts (yellow) (a) before
and (b) after motion correction

similarity between them. Furthermore this scans could be used to validate the lo-
cal symmetry assumption, however the highly anisotropic voxel size prevents this.

4 Summary and Conclusion

The correction of motion artefacts simplifies and enhances the result of subse-
quent algorithms that rely on 3D information and enables a consistent visual-
ization of the volumetric data. Motion artefacts can be mistaken for pathologies
that distort the RPE (see Fig. 4) and if not corrected may affect clinical decisions
and the tracking of small features such as cysts or vessels between B-scans.

The method proposed in this paper corrects motion artefacts in the X and
Z direction while retaining the curvature of the retina and thus the shape of
features such as pathologies within. In contrast to previous methods, ours does
not need any additional hardware nor special scanning patterns and avoids the
"flattening" of the retina which is visible in other methods that require only
a single scan. We furthermore developed a synthetic data set for quantitative
validation and performed a qualitative evaluation by trained OCT grading ex-
perts as well as a comparison to a commercially available hardware solution to
exclude the loss of clinically relevant details. Our implementation of this method
(in Python, on an Intel i7-3770K, 8 core) processes a volume in approximately
5–8 minutes making it viable as a pre processing step even for large data sets.
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