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1. Introduction

Biology-motivated biosciences necessitate cell imag-
ing in 3D and 4D (3D cell observation over time).
Substrates involved are often opaque which causes
difficulties for conventional cellular imaging modal-
ities such as differential interference contrast (DIC)
microscopy. Therefore optical coherence tomogra-

phy (OCT) has been proposed to be used for time
lapse cell imaging in 3D scaffolds [1–5]. Difficulties
arise since OCT signals from cell samples exhibit
high dynamic range. This can cause problems when
using standard signal processing routines for image
formation.

Recent advances in resolution and speed have
enabled use of OCT for cell imaging. Small volumes
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Visualization of cell migration during chemotaxis using
spectral domain optical coherence tomography (OCT)
requires non-standard processing techniques. Stripe ar-
tefacts and camera noise floor present in OCT data
prevent detailed computer-assisted reconstruction and
quantification of cell locomotion. Furthermore, imaging
artefacts lead to unreliable results in automated texture
based cell analysis.
Here we characterize three pronounced artefacts that be-
come visible when imaging sample structures with high
dynamic range, e.g. cultured cells: (i) time-varying fixed-
pattern noise; (ii) stripe artefacts generated by back-
ground estimation using tomogram averaging; (iii) image
modulations due to spectral shaping. We evaluate techni-
ques to minimize the above mentioned artefacts using an
800 nm optical coherence microscope. Effect of artefact
reduction is shown exemplarily on two cell cultures, i.e.

Dictyostelium on nitrocellulose substrate, and retinal
ganglion cells (RGC-5) cultured on a glass coverslip.
Retinal imaging also profits from the proposed proces-
sing techniques.

Figure showing artefacts present in OCT images. (a) cam-
era noise floor; (b) stripe artefacts; (c) image modulations.
These artefacts lead to inaccurate results in automated
computer assisted image analysis.
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have been demonstrated with time domain (TD) sys-
tems at resolutions of < 1 mm [6, 7]. Optical coher-
ence microscopy (OCM) using en face TD detection
offers the benefit of coherence gating [1, 8]. Acquisi-
tion speed and sensitivity was increased by using
spectral domain (SD) OCT [9] and with numerical
techniques transversal resolution could be retained
outside focus region [10, 11]. One of the limits of 3D
deconvolution is that it tends to reduce the sensitiv-
ity by the introduction of noise [11] and because of
the required high phase stability it could not be
applied to in vivo imaging [10]. SD-OCT has been
applied to cellular imaging [2–5] and also offers the
benefit of increased phase stability [12–15].

Swept source (SS) OCT benefits from dual ba-
lanced detection and does not necessarily require
signal processing for background elimination (auto-
correlation of source spectrum and fixed-pattern
noise). SD-OCT in the 800 nm region currently out-
performs SS-OCT in terms of resolution due to the
availability of broadband lasers. Also SD-OCT now
achieves ultra high-speed, comparable to the fastest
available SS-OCT systems due to advances in cam-
era technology [16–18]. However, SD-OCT requires
a significant amount of signal processing for back-
ground handling and resampling.

Background handling for SD-OCT was previously
proposed and successfully applied for retinal imag-
ing. An independent measurement by blocking light
in the sample arm was proposed [9] but does not
account for source fluctuations during acquisition of
3D datasets or complicates measurement procedure
when a shutter needs to be included. In fact, we in-
vestigated measuring the background light intensity
independently, but found it not reliable. The results
were strongly depending on the current light source
stability. In time-lapse measurements over longer
time periods (2 hours), a 3D volume was measured
every 2 minutes [5]. Manually blocking in order to
measure the background is impractical in this case.
For this reason, we used the following approach:
The background signal is estimated directly from the
tomogram data [19]. By using the mean of the spec-
tral B-scan data as estimate for source spectrum and
fixed-pattern noise, background elimination by sub-
traction can be effectively achieved. This procedure
assumes that heterogeneous sample structures will
average out due to random phase contributions.

We have found that for OCT signals with high
dynamic range the averaged background signal fea-
tures a significant bias which can cause distortions in
tomograms [20]. We verified experimentally that the
reason for this bias is a skewed probability distri-
bution of the detected signal, i.e. the phase distribu-
tion in the A-lines is not random. The averaged
spectrum still contains structural information, origi-
nating from the strong scatterers. This is the motiva-
tion for proposing a novel background elimination

procedure that uses median-based background signal
estimation that better accounts for the sample statis-
tics. We also show that retinal imaging can benefit
from this scheme.

Furthermore we demonstrate reduction of cam-
era noise floor by spread-domain filtering. In to-
mograms this noise might be negligible and not very
obvious because of masking by sample structure.
However, the proposed techniques are necessitated
to achieve more robust automated image evaluation.
Quantification of cell locomotion and pattern analy-
sis partially failed otherwise. Results were strongly
dependent on the actual position of the individual
cells. In addition we adapt spectral shaping in order
to prevent modulation artefacts.

2. Theoretical background

With spectral domain OCT the signal Sðw; xÞ de-
tected by the spectrometer depending on optical fre-
quency w and transversal position x can be ex-
pressed as [9, 21]

Sðw; xÞ ¼ ~SSðw; xÞ þ �SSðw; xÞ þNðw; xÞ þWðwÞ
þ ~WWðw; xÞ ð1Þ

where ~SSðw; xÞ is the interference spectrum required
for tomogram generation, �SSðw; xÞ represents inter-
ferometric autocorrelation terms, Nðw; xÞ is stochas-
tic measurement noise (e.g. thermal and shot noise),
WðwÞ is fixed-pattern noise of the camera, and
~WWðw; xÞ is time-varying1 fixed-pattern (TVFP) noise.

WðwÞ and ~WWðw; xÞ can easily be suppressed by fil-
tering since both terms are deterministic. The con-
stant term WðwÞ can be predetermined and sub-
tracted from Sðw; xÞ; alternatively, it can be included
when estimating and subtracting the autocorrelation
signal �SSðw; xÞ. The camera specific time-varying term
~WWðw; xÞ can be suppressed by applying a time/

spread-frequency filter (spread domain filter) that
can be predetermined for each individual choice of
transversal scan number Nx and acquisition speed.

Considering a simple model with a sample com-
prised of several reflective sites (with index k, not to
be confused with the wavenumber); with IðkÞs ðw; xÞ
and tkðxÞ respectively denoting the frequency-de-
pendent intensities and position-dependent optical
delays, the interference signal in (1) can be written
as

~SSðw; xÞ ¼ 2 <
P
k

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Irðw; xÞ IðkÞs ðw; xÞ

q
e jðw tkðxÞþjðwÞÞ

� �

ð2Þ

1 More precisely, position-varying.

B. Hofer et al.: Artefact reduction for optical coherence tomography356

Journal of 

BIOPHOTONICS

# 2011 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.biophotonics-journal.org



Here, jðwÞ is the dispersive phase and Irðw; xÞ ¼
jErðw; xÞj2 is the reference arm intensity that de-
pends on acquisition time (related to x via camera
line rate). For the autocorrelation terms we likewise
obtain

�SSðw; xÞ ¼ jErðw; xÞj2 þ jEsðw; xÞj2 ¼ Irðw; xÞ

þ
P
k

P
m

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
IðkÞs ðw; xÞ IðmÞs ðw; xÞ

q
e jðwðtkðxÞ�tmðxÞÞÞ

(3)

When the sample arm intensities are small,
jEsðw; xÞj2 may be neglected and �SSðw; xÞ can be well
approximated by the time-averaged electric field
jErðw; xÞj2 returning from the reference arm, i.e.,
�SSðw; xÞ � Irðw; xÞ does not depend on the specific
sample structure. The time dependence of �SSðw; xÞ
due to source fluctuations may also be neglected,
when the acquisition time for a tomogram is short
(e.g. the experimental setup described below re-
quires 26 ms to capture Nx ¼ 512 depth scans).
Although it is possible to directly measure IrðwÞ and
WðwÞ by blocking the sample arm before B-scan
acquisition, a typical approach based on the above
assumptions is to simply average the data from all
depth scans within a tomogram, i.e., �SSðwÞ þWðwÞ
� hSðw; xÞix given that h~SSðw; xÞix � 0. However,
practical samples do not have a fully heterogeneous
structure and ~SSðw; xÞ will not be zero mean, resulting
in background artefacts that become visible in the
final tomograms.

3. Methods

A fibre based spectral domain OCT system adapted
for high bandwidth throughput of 130 nm at 800 nm
was used for acquisition of experimental data [5]. A
scanning microscope was employed as sample probe
with the objective having 10 mm working distance, a
numerical aperture of �0.1 and power on sample
with 2 mW. Sensitivity close to zero delay position
was 94 dB, signal loss at 1000 mm was about �8 dB,
and resolution quantified as 2.9 � 0.05 mm in air. Sig-
nal loss at maximum depth range of 1370 mm was
17 dB.

A block diagram of the various signal processing
tasks involved in spectral domain OCT tomogram
generation is shown in Figure 1. Please note, that we
are interested in suppression of two components:

1. time varying camera noise, i.e. TVFP,
2. and artefacts due to wrong background esti-

mation.
TVFP reduction needs to be processed before re-

sampling, because otherwise the TFVP noise would
spread out in spatial domain after Fourier transform.
On the other hand, background estimation and cor-
rection has to be computed after resampling, because
the artefacts originate from actual sample structure.

Current implementations typically have fixed-pat-
tern noise reduction and background correction
combined to a single processing step (cf. [19, 22])
which is followed by spectral resampling. With the
proposed procedure, suppression of TVFP noise (i.e.
the camera specific variation of noise between se-
quential A-lines) becomes an independent first pro-
cessing step.

Background correction and resampling are shown
as a combined processing task. Contrary to current
approaches, where resampling happens after back-
ground subtraction, our novel median-based back-
ground estimation operates on the resampled data
to achieve best results.

The resulting interference spectrum is passed to
the final correction block. Here, spectral shaping
adjusts the envelope of the interference spectrum to
minimize sidelobes of signal peaks; furthermore, dis-
persion compensation changes the phase of the inter-
ference spectrum to maximize tomogram resolution.
The corrected interference spectrum is transformed
to the spatial domain via inverse FFT and the final
tomograms are obtained by viewing signal magni-
tude on a logarithmic scale.

TVFP noise reduction The proposed TVFP noise
reduction scheme is depicted in Figure 2. The sche-
matic in Figure 2(a) shows connections of different
representations of the data via Fourier transform.
With blocked light source, the output signal of the
spectrometer only contains fixed-pattern noise terms
when neglecting stochastic noise Nðw; xÞ, i.e., Sðw; xÞ
¼WðwÞ þ ~WWðw; xÞ. The tomograms shown in Fig-
ure 2 have Nt ¼ 1024 depth pixels, Nx ¼ 512 A-lines,
and amplitudes shown in dB using a gray scale re-
presenting a dynamic range of 35 dB.

Conventional processing determines the fixed-
pattern noise by averaging all depth scans, i.e.,
WðwÞ ¼ hSðw; xÞix ð~SSðw; xÞ ¼ 0; �SSðw; xÞ ¼ 0, because
the light source is blocked), and computing the
TVFP noise from the raw data as ~WWðw; xÞ ¼ Sðw; xÞ
� hSðw; xÞix. After spectral resampling of the data
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Figure 1 Block diagram of the proposed artefact reduction scheme for constructing tomograms Tðt; xÞ from spectral do-
main raw data Sðw; xÞ.
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from pixel-dependent optical frequency w ¼ wp to
uniformly spaced frequencies wu [21], the TVFP to-
mogram TTVFPðt; xÞ ¼ F�1

w!t f ~WWðw; xÞg is obtained
via a Fourier transformation (see Figure 2(b)). Since
the camera background noise is not spatially uni-
form, disturbing horizontal bands with larger aver-
age intensity become visible. Often, camera-specific
TVFP will be covered by shot noise of typical tomo-
grams (see the discussion below).

Figure 2(d) shows the TVFP tomogram ~TTTVFPðt; xÞ
obtained by omitting the spectral resampling. Here,
TVFP noise is spatially concentrated on a few hori-
zontal lines, demonstrating that the depth-broaden-
ing of TVFP noise in Figure 2(b) is caused by the
resampling. Figure 2(e) shows the depth-spread re-
presentation2 VTVFPðt; nÞ ¼ F x!n f ~TTTVFPðt; xÞg that
is obtained by applying a transversal Fourier trans-
form to the TVFP tomogram ~TTTVFPðt; xÞ. Here, the
horizontal TVFP noise tomogram lines manifest
themselves as strong peaks (indicated by red ar-
rows). To reduce TVFP noise, we designed a binary
filter mask (cf. Figure 2(f)) as

Uðt; nÞ ¼ 0 jVTVFPðt; nÞj > gV0:5

1 else

�
ð4Þ

where V0:5 denotes the median of jVTVFPðt; nÞj and
the thresholding factor was empirically chosen as
g ¼ 5 (with this choice, 0.4% of the depth-spread-do-
main pixels are suppressed). The depth-spread do-
main filter for TVFP reduction may be describes as
binary notch filter and involves the following steps:
� transformation of the raw data to the depth-

spread domain:

Vðt; nÞ ¼ F x!nfF�1
w!tfSðw; xÞgg ð5Þ

� TVFP noise suppression using the filter mask:

~VVðt; nÞ ¼ Vðt; nÞUðt; nÞ ð6Þ
� transformation of the filter output to the spec-

tral domain:

ŜSðw; xÞ ¼ F t!wfF�1
n!xf ~VVðt; nÞgg � Sðw; xÞ

� ~WWðw; xÞ ð7Þ

All operations in (4)–(7) are performed before re-
sampling, resulting in minimal distortion of tomo-
gram data through the sparse filter mask. The result-
ing tomogram after resampling and subtraction of
WðwÞ is shown in Figure 2(c). Compared with Fig-
ure 2(b) the noise floor is substantially reduced.

Background elimination As described in Section 2,
with standard processing the background signal
�SSðwÞ þWðwÞ is estimated by transversally averaging
the raw data [19], i.e,

BmeanðwÞ ¼ hSðw; xÞix ð8Þ

and afterwards subtracted (cf. Figure 3(a)) according
to

~SSðw; xÞ ¼ Sðw; xÞ � BmeanðwÞ f ðxÞ ð9Þ

where the coefficients

f ðxÞ ¼ hBmeanðwÞ Sðw; xÞiw
hB2

meanðwÞiw
ð10Þ

account for energy fluctuations of the background
signal between successive tomogram lines. These fluc-
tuations are caused by timing issues within the CCD-
electronics of the camera and by laser instabilities
[21]. Background subtraction is then followed by
spectral resampling from w ¼ wp to wu.

The block diagram of the proposed background
elimination scheme is depicted in Figure 3(b).2 Here, n denotes spread frequency [23].
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Figure 2 (a) TVFP noise suppres-
sion scheme, (b) tomogram of
camera background noise after
mean background subtraction and
resampling, (c) tomogram with
additional TVFP noise reduction,
(d) tomogram of TVFP noise
before resampling, (e) spread
domain representation of TVFP
noise, red arrows indicate domi-
nating high intensity locations, (f)
binary filter mask for TVFP-noise
reduction (black ¼ 0, white ¼ 1).
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Contrary to the previously described background
subtraction, here, the raw data is first resampled
which amounts to obtaining a sharp time-domain re-
presentation of the sample structures in the tomo-
gram Tðt; xÞ ¼ F�1

w!tfSðwu; xÞg. A complex-valued
background signal is then estimated in the time do-
main using transversal median values and trans-
formed back to the frequency domain:

BmedianðwÞ ¼ F t!wfmedianxf<fTðt; xÞgg
þ j medianxf=fTðt; xÞggg ð11Þ

The background signal is then subtracted in in the
frequency domain according to (9), (10) with
BmeanðwÞ replaced with BmedianðwÞ (subtraction di-
rectly on complex tomogram data is equivalently
possible). While the averaging in (8) can equiva-
lently be performed in the time-domain, computing
the (complex) median in the spectral domain is not
equivalent to (11) since the median is a non-linear
operation that does not commute with the Fourier
transform.

To illustrate the procedure and describe the dif-
ference to standard background estimation, a black
nitrocellulose filter was measured. The tomogram of
resampled raw data consisting of 1024 depth pixels
and 512 transversal pixels is shown in Figure 3(d);
horizontal lines are due to the background signal.
The slightly tilted surface of the filter is highly
scattering. Mean background subtraction introduces
horizontal line artefacts above the filter surface and
strongly disturbs parts of the tomogram, cf. Fig-
ure 3(e). Figure 3(c) shows a scatter-plot of the com-
plex tomogram data at the depth indicated by the
orange arrow in Figure 3(e). The high intensity sig-
nal parts corresponding to the filter surface cause
the distribution of the real and imaginary part of
Tðtk;xÞ to be strongly skewed, resulting in a significant
bias when estimating the background signal via (8).
Viewing the desired strong signal components as
outliers with regard to the background distribution
suggests the use of more robust nonlinear estimators.
Specifically, median based background estimation
according to (11) after resampling of the data is

Figure 3 Proposed background
elimination procedure; (a) block
diagram of standard approach, (b)
block diagram of proposed scheme,
(c) amplitude distribution of com-
plex tomogram data corresponding
to a depth indicated by orange
arrow, (d) tomogram of black nitro-
cellulose filter without background
elimination, (e) tomogram after
mean background subtraction, (f)
median-based background subtrac-
tion. Vertically zoomed tomogram
portions are shown within the or-
ange frames.
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insensitive to strong signal components and provides
a robust estimate of the background signal. This is
illustrated in the zoomed portion in Figure 3(c): the
median (green circle) better represents the centroid
of the actual background whereas the mean (red
triangle) features a significant bias. Using the med-
ian-based background estimate (11) for background
subtraction results in an improved tomogram that is
free of horizontal line artefacts, see Figure 3(f). We
verified for different samples that simply replacing
mean by median in (8) results in poorer background
artefact suppression than with the proposed pro-
cedure. This can be attributed to the fact that high-
intensity peaks are better localized after resampling
and can then be better suppressed by the median-
based background estimator. We note that TVFP
noise suppression was not used for the tomograms in
Figure 3. TVFP noise is visible in the slightly in-
creased noise floor above the filter surface in Fig-
ure 3(f); this will be further verified in Figure 4.

Spectral shaping A Gaussian-shaped source spec-
trum is advantageous in OCT since it results in a
narrow axial point-spread function (PSF) with mini-

mal side-lobes. However, the spectrum of available
light sources often deviates from Gaussian or other
suitable smooth spectral shapes. Source spectral
shaping is possible but complicates the optical setup
[24, 25]. Therefore, several numerical apodization
techniques have been proposed for PSF optimization
on data from time-domain OCT [26–30] and fre-
quency-domain OCT [31, 32]. All techniques involve
deconvolution with an estimated or measured spec-
tral envelope. Whereas in early approaches the spec-
trum was determined from measurements of a single
reflecting surface [26–28], more recent approaches
demonstrate that source fluctuations can be handled
with estimation from tomogram data [29, 31, 32].
When reduction of axial measurement range can be
accepted, apodization on individual depth scans can
be performed even for very unstable light sources;
here, spatial domain filtering allows extraction of the
source spectrum as demonstrated in [31].

We adapt the shaping procedure proposed for
FD-OCT data in [32] which is also suitable for full
range imaging and accounts for polarization mis-
match and source fluctuations on individual tomo-
grams. According to [32], the interference signal
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~SSðw; xÞ in (2) can be rewritten using the spectral en-
velope S

^

ðwÞ, the local scattering amplitude akðxÞ and
phase jkðw; xÞ ¼ wtkðxÞ þ jðwÞ as

~SSðw; xÞ ¼ �SSðwÞ 2
P
k

akðxÞ cos ðjkðw; xÞÞ ð12Þ

Assuming that jkðw; xÞ is uniformly distributed with-
in [�p, p], that akðxÞ is Rayleigh distributed with
variance a=2, and that akðxÞ and jkðw; xÞ are statisti-
cal independent, �SSðwÞ can be estimated from tomo-
gram data as

�SSðwÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

2a
hj ~SSðw; xÞj2ix

r
ð13Þ

since we have the ensemble averages hjakðxÞj2i ¼ a
and hjcos ðjkðw; xÞÞj

2i ¼ 1=2. Spectral shaping using
a Wiener filter approach amounts to

~SSshapeðw; xÞ ¼ GðwÞ
�SSðwÞ

�SSðwÞ2 þ h
~SSðw; xÞ ð14Þ

with the apodization window GðwÞ determining re-
solution and sidelobe suppression and the param-
eter h trading off bias versus noise amplification.
Eq. (13) cannot be used if the tomogram data exhi-
bits structural correlations e.g. those arising from re-
flective substrate surfaces such as the nitrocellulose
filter shown in Figure 3. Thus, we propose to esti-
mate the spectral envelope by replacing ~SSðw; xÞ in
(13) with the analytic interference signal ~SSAðw; xÞ ¼
½ ~SSðw; xÞ þ jHf ~SSðw; xÞg�=

ffiffiffi
2
p

:
To explain the difference, we consider the spec-

tral fringes from the nitrocellulose filter surface (cf.
Figure 3(c)). From (12) the simplified interference
signal of the plain surface can be expressed as
~SSðw; xÞ ¼ aðxÞ �SSðwÞ 2 cos ðwðt0 þ DtxÞÞ, where t0
corresponds to the surface position on the left side
of the tomogram, and surface tilt is determined by
Dt. Here, we obtain

hj ~SSðw; xÞj2ix ¼ 2 a �SS2ðwÞ ð1þ hcos ð2wðt0 þ DtxÞÞix|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
~GGðwÞ6¼0

Þ

ð15Þ
Thus, the average contains modulation frequencies
~GGðwÞ because of the deterministic surface tilt Dt.

In contrast, despite the structural correlation the
average power of the analytic interference signal
~SSAðw; xÞ ¼

ffiffiffi
2
p

aðxÞ �SSðwÞ exp ð jwðt0 þ DtxÞÞ reads

hj ~SSAðw; xÞj2ix ¼ 2 a �SS2 ðwÞhe jwðt0þDtxÞ e�jwðt0þDtxÞix
¼ 2a �SS2ðwÞ ð16Þ

The improvement of the proposed envelope estima-
tion procedure over conventional envelope estima-
tion is illustrated in Figure 4. Using a Gaussian win-
dow and the conventional estimate, (13) results in
reduced sidelobes (Figure 4(a)), however the modu-

lation terms ~GGðwÞ impinging on the spectral envel-
ope (blue curve in Figure 4(d)) cause stripe artefacts
indicated by red arrows in Figure 4(a). With the
‘‘analytic” envelope estimation, modulation terms on
the spectral envelope are substantially reduced (red
curve in Figure 4(d)) and spectral shaping can be
achieved without introducing artefacts as seen by
comparing Figure 4(b) (tomograms with shaping)
and Figure 4(c) (tomogram without shaping). Aver-
age signals from the strongly reflecting nitrocellulose
filter surface are depicted in Figure 4(e), which de-
monstrates the achievable sidelobe suppression ratio
(SSR) at the first (strongest) sidelobe of the surface
achieved with h ¼ 0:01 (obtained empirically for the
current system). Without spectral shaping, an SSR of
15 dB is observed. A Kaiser shaping window im-
proves the SSR by 6 dB without resolution loss. With
a Gaussian window, the SSR is increased by 9 dB at
the cost of a 0.5 mm resolution loss. The spectral
envelopes shaped using the Wiener filter (14) with a
Kaiser window (magenta curve) and Gaussian win-
dow (green curve) are shown in Figure 4(d). The to-
mograms have been obtained with TVFP noise re-
duction; without TVFP noise reduction, an increased
noise floor above the filter surface (marked by blue
arrow) remains (see the zoom in Figure 4(c)).

4. Results and discussion

Table 1 presents background suppression ratio (BSR),
SSR and computational time for different processing
methods on data from black nitrocellulose filter
(1024 depth pixels, 512 A-lines). BSR is calculated
as ratio of average surface signal to average back-
ground signal within a region of interest (ROI)
above the first sidelobe (yellow dotted frame in Fig-
ure 3(d)). Processing without background correction
serves as a baseline and includes resampling, FFT
and dB conversion (cf. Table 1(a), Figure 3(d)). With
background subtraction based on blocking the sam-
ple light [9] an increase of BSR by 4.7 dB is achieved
(cf. Table 1(b), Figure 5(a)). The median based back-
ground reduction technique (c.f. Table 1(e)) resulted
in the same BSR increase and a nearly identical
tomogram (cf. Figure 3(f)) at the cost of a 35% in-
crease in computation time.

Median based background estimation on indivi-
dual tomograms is more robust than measuring the
background before imaging of each 3D dataset since
spectrum fluctuations of the employed light source
(Integral, Femtolasers, Vienna, Austria) can occur
within volume acquisition (cf. Figure 7(d)). Also the
employed scanning microscope prevented implemen-
tation of a shutter which would have been necessary
for rapid automated background measurement in
time-lapse imaging [5]. Fixed pattern suppression ac-
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cording to [22] (cf. Table 1(c), Figure 5(b)) and mean
background subtraction [19] achieve a BSR increase
of about 1 dB but both methods exhibit similar ho-
rizontal line artifacts (cf. Figures 3(e) and 5(b) for
mean background subtraction) and therefore can-
not be used with our samples. The highest BSR in-
crease by 5.9 dB is achieved with additional applica-
tion of the TVFP reduction scheme (cf. Table 1(f),
Figure 5(c)) at the cost of a 63% increase in compu-
tation time. If the background spectrum (11) is used
for spectral shaping, the SSR is increased by 3 dB/
1.5 dB with a Gaussian/Kaiser window. By employ-
ing the spectral envelope according to (13) a SSR
increase of 9.1 dB/6 dB is achieved with a Gaussian/
Kaiser window at the cost of a further 28% increase
in computation time as compared to shaping with
the background spectrum. Spectral shaping reduces
the maximum achievable BSR increase by about
0.5 dB because higher order sidelobes are slightly
amplified due to the reduced bandwidth of the shap-
ing window.

The proposed processing steps as described in
the previous section have been experimentally eval-
uated using Dictyostelium discoideum [5] on a white
nitrocellulose filter in Figure 6 and RCG-5 cells [33]

on glass coverslips in Figure 7. Dynamic range in
Figures 6 and 7 is 60 dB. Further results on visualiza-
tion of cell migration achieved with the here pre-
sented artefact reduction techniques can be found in
[5].

As described in [5] Dictyostelium is a social uni-
cellular amoeba that forms multicellular structures
of 10000 cells when starved of nutrients. Such a mul-
ticellular structure forming a mound on the filter sur-
face is depicted in Figure 6. Here TVFP noise was
masked by the bright appearance of the scattering
filter structures as can be seen from comparing the
zoomed regions in Figure 6(a, b), the expected posi-
tion of TVFP noise is indicated by the blue arrow.
Horizontal background artefacts are caused by the
filter surface and the bright top of the mound as in-
dicated by the orange arrows in Figure 6(b). A clean
image is obtained via median based background esti-
mation (Figure 6(c)). Since polarization was matched
well already without spectral shaping a good image
quality could be obtained. A small improvement is
achieved when using Kaiser window apodization
(magenta framed zoom in Figure 6(c)) and the filter
surface as well as the mound top appear somewhat
sharper due to reduced sidelobes. Positions of verti-

Table 1 Evaluation of Background suppression ratio (BSR) and sidelobe suppression ratio (SSR) for different processing
methods on tomogram from black nitrocellulose filter (cf. Figures 3–5). Calculation times for Matlab implementation with
single core processing on Intel 2 GHz, 1.2 GB RAM.

processing method BSR [dB] SSR [dB] comp. time [s]

(a) No correction 40.1 16.4 1.36
(b) Blocked sample [9] 44.8 16.4 1.37
(c) Fixed pattern suppression [22] 41.1 16.4 1.41
(d) Mean background subtraction [19] 41.4 16.4 1.41
(e) Median background subtraction (11) 44.8 16.5 1.83
(f) TVFP reduction followed by (e) 46.0 16.5 2.22
(g) (f) and background shaping with Gaussian 45.6 19.5 2.26
(h) (f) and background shaping with Kaiser 45.8 18.0 2.26
(i) (f) and spectral envelope shaping Gaussian 45.4 25.5 2.89
(j) (f) and spectral envelope shaping Kaiser 45.6 23.4 2.89

50 μm

(c)(b)(a)

Figure 5 Images used for evaluation of background suppression as summarized in Table 1. (a) background measured by
blocking the sample arm, cf. Table 1(b) [9]. TVFP noise is not suppressed as indicated by white arrow. (b) fixed pattern
suppression according to [22], cf. Table 1(c); (c) median background estimation and TVFP suppression, cf. Table 1(f).
Images include first 310 depth pixels (415 mm in air) from zero delay position down to surface of nitrocellulose filter.
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cally zoomed regions are indicated by orange lines
on left and right tomogram borders. They also indi-
cate the ROI for en face view generation.

The en face image using spectrum energy (Fig-
ure 6(d)) provides an image that allows easy judg-
ment of the field of view of the scanning microscope.
The laser power was stable during imaging, thus no
vertical intensity variations are visible in Figure 6(d).
Background artefacts are visible on single and ROI
summed en face images indicated by orange arrows
in Figures 6(e) and (f) respectively. With median
based estimation the background artefacts vanish
(Figures 6(g) and (h)).

The camera induced TVFP noise floor causes a
bright band on tomograms from RCG-5 cells grown
on a microscope slide as can be seen in Figure 7(a).
Thereby visualization of cells is disrupted (indicated
by blue arrows) which causes problems for texture
based cell analysis. With spread-domain filtering
TVFP noise can be greatly reduced as depicted in

Figure 7(b). A horizontal background artefact on the
upper surface is indicated by orange arrows in Fig-
ure 7(b), which disappears when using the median
based technique (Figure 7(c)). Spectral shaping does
not effect the image quality much as can be seen in
the zoom-in of Figure 7(c). The noise floor is slightly
reduced when using a Kaiser window, since noise
from the spectral tails will be suppressed through
the apodization.

Due to source power fluctuations the en face
view from spectrum energy is disturbed by vertically
varying intensity (Figure 7(d)). Median and mean en
face views from a single plane or from averaging the
ROI are almost identical since there are only a few
background artefacts from the upper surface, there-
fore only the median based images are depicted in
Figure 7(e), (f). Whereas in Figure 7(e) with a single
parallel plane at a certain depth tk (just below the
blue arrows in Figure 7(a)) only a small portion of
the cells on the right side can be visualized, an aver-

Mean Mean + TVFP-noise reduction Median + TVFP-noise reduction

30[dB]-30

KaiserNo shapeNo shape

(c)(b)(a)

Mean
single plane

Mean
ROI sum

Median
single plane

Median
ROI sum

Spectrum energy

(f)(e)

(d)

(h)(g)

10
0

μm

100 μm

Figure 6 Dictyostelium on white
nitrocellulose filter. Tomograms
(Nx ¼ 512, Nt ¼ 1024 pixels) using
(a) only mean based background
correction, (b) additional TVFP
reduction and (c) median back-
ground estimation and TVFP re-
duction; (c) right lower corner:
magenta framed zoomed region
after spectral shaping with a Kaiser
window. En face views (Nx ¼ 512,
Ny ¼ 512 pixels) using (d) spectrum
energy, (e) single plane after mean
background correction, (f) summa-
tion of ROI after mean, (g) single
plane after median and (h) ROI
sum after median.
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age image from the ROI obeys an increased blur in
Figure 7(f). A tilted en face view directly below the
microscope slide surface was extracted from the time
domain 3D data set and does allow inspection of the
cells with reduced blur (Figure 7(i)), processing time
was about 12 minutes (Intel 2 GHz dual core proces-
sor, 8 GB RAM).

Figure 7(g) depicts the single bin discrete Fourier
transform (DFT) based scheme [34]. It was adapted
for direct calculation of the tilted en face view. For
application of the scheme a fast and slow axis to-
mogram were extracted first. Segmentation of the
microscope slide surface on these two perpendicular
cross sections allowed calculation of a depth index
map tðx;yÞ that defines the tilted surface. By adding a
small offset the absolute depth was positioned to
provide an en face image through the cells below the
surface. The index map was then used to choose an
individual DFT basis function for each position x
and y, which was correlated with the specific raw

data line and the resulting magnitude value was
filled at the corresponding en face view pixel.

The resulting en face view from the tilted plane is
shown in Figure 7(h), using mean based background
correction (no TVFP noise reduction). Besides an
increased noise level (indicated by blue arrows), Fig-
ures 7(h) and (i) are comparable.

For Nx �Ny ¼ 1024� 512 pixels the processing
time was reduced to about 47 seconds through direct
application of the DFT. Further reduction can be ex-
pected by using specialized operations [34] or dedi-
cated processing architectures. For real time view
implementation, subsampling might be an option,
i.e., when restricting the en face image to Nx �Ny

¼ 256� 256 pixels and correlating only 768 samples
around the center frequency (wp 2 w640 . . . w1408),
which comprise most of the signal energy, processing
times readily reduce to �1 second without the need
for dedicated hardware (implementation in Labview,
Intel 2 GHz dual core processor, 8 GB RAM).

KaiserNo shapeNo shape

(c)(b)(a)

Median
single plane

Median
ROI sum

Spectrum energy (f)(e)(d)

10
0

μm

100 μm

Mean + DFT (direct single bin) Median + FFT (whole 3D set)(i)(h)(g)

Mean Mean + TVFP-noise reduction Median + TVFP-noise reduction

3D raw dataDepth
index
map

Enface
view

|.|ΣDFT

slow
fast

depth

Figure 7 RGC-5 cells on glass cov-
erslip. Tomograms (Nx ¼ 1024,
Nt ¼ 1024 pixels) using (a) only
mean-based background correc-
tion, (b) additional TVFP reduc-
tion and (c) median background
estimation and TVFP reduction;
(c) right lower corner: magenta
framed zoomed region after spec-
tral shaping with a Kaiser win-
dow. En face views (Nx ¼ 1024, Ny

¼ 512 pixels (vertically streched))
using (d) spectrum energy, (e) sin-
gle plane after median background
correction, (f) summation of ROI
after median, (h) single tilted
plane after mean and single bin
DFT and (i) single tilted plane
after median and FFT of whole 3D
data set. (g) Schematic of rapid en
face view generation in arbitrary
tilted plane from 3D raw data.
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Also, retinal imaging benefits from the proposed
background correction scheme as demonstrated in
Figure 8. In vivo imaging was performed using two
different systems at 800 nm and 1060 nm which have
been described previously in [21, 35]. After standard
processing with mean based background estimation
horizontal line artefacts indicated by orange arrows
arise from highly reflecting layers, i.e., inner limiting
membrane in Figure 8(a) or retinal pigment epithe-
lium in Figure 8(c). Clean tomograms are obtained
after application of the proposed median based
background estimation technique as depicted in Fig-
ure 8(c), (d).

5. Conclusion

Median based background elimination procedure
greatly reduces transversal artefacts prominent in
cell imaging using reflective substrates such as agar
or nitrocellulose filters. High dynamic range of
images also unveiled increased noise floor caused by
camera specific TVFP noise that could be greatly re-

duced through application of a spread domain filter
while minimally influencing morphology in final
images. In cell-culture substrates with reflective in-
terfaces, modulation artefacts from spectral shaping
can be avoided by estimation of the effective spec-
tral envelope from analytic signals. Specifically
choosing a Kaiser window for envelope shaping re-
sults in high sidelobe suppression while retaining
high axial resolution. Retinal imaging also benefits
from the new background processing procedure.
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Figure 8 Retinal imaging in vivo.
(a), (b) macula at 800 nm, (c), (d)
optic disc at 1060 nm. (a), (c) Stan-
dard mean based background esti-
mation with horizontal line arte-
facts indicated by orange arrows.
(b), (d) Clean tomograms after ap-
plying the proposed median based
background correction procedure.
No additional image processing or
noise reduction algorithms have
been applied.
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