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Abstract: This paper describes the application of the Gabor filtering protocol to a
Master/Slave (MS) swept source optical coherence tomography (SS)-OCT system at 1300 nm.
The MS-OCT system delivers information from selected depths, a property that allows
operation similar to that of a time domain OCT system, where dynamic focusing is possible.
The Gabor filtering processing following collection of multiple data from different focus
positions is different from that utilized by a conventional swept source OCT system using a
Fast Fourier transform (FFT) to produce an A-scan. Instead of selecting the bright parts of A-
scans for each focus position, to be placed in a final B-scan image (or in a final volume), and
discarding the rest, the MS principle can be employed to advantageously deliver signal from
the depths within each focus range only. The MS procedure is illustrated on creating volumes
of data of constant transversal resolution from a cucumber and from an insect by repeating
data acquisition for 4 different focus positions. In addition, advantage is taken from the
tolerance to dispersion of the MS principle that allows automatic compensation for dispersion
created by layers above the object of interest. By combining the two techniques, Gabor
filtering and Master/Slave, a powerful imaging instrument is demonstrated. The master/slave
technique allows simultaneous display of three categories of images in one frame: multiple
depth en-face OCT images, two cross-sectional OCT images and a confocal like image
obtained by averaging the en-face ones. We also demonstrate the superiority of MS-OCT over
its FFT based counterpart when used with a Gabor filtering OCT instrument in terms of the
speed of assembling the fused volume. For our case, we show that when more than 4 focus
positions are required to produce the final volume, MS is faster than the conventional FFT
based procedure.

© 2017 Optical Society of America

OCIS codes: (110.4500) Optical coherence tomography; (170.0180) Microscopy; (170.3890) Medical optics
instrumentation; (180.6900) Three-dimensional microscopy; (170.0170) Medical optics and biotechnology;
(100.0100) Image processing; (110.0110) Imaging systems.
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1. Introduction

Optical coherence tomography (OCT) [1,2] is a continuously evolving technology, providing
high-axial resolution imaging. The beauty of the technology is that the axial (longitudinal)
resolution in the image is decoupled from the transversal (lateral) resolution. The transversal
resolution continues to be dependent on the interface optics in the sample arm of the
interferometer, mainly on the numerical aperture of the microscope objective employed to
focus light on the sample, as in confocal microscopy. The axial resolution however is
determined by the bandwidth of the optical source employed. This has allowed achieving high
axial resolution when imaging the retina in the living eye, despite the fact that retina is
relatively far away from the eye lens. To this goal, optical sources with sufficient broad
optical spectrum are used. This is one of the reasons why OCT became so popular in
ophthalmology [3].

Spectrometer based [4] and swept source based OCT technologies [5] produce A-scans via
a Fourier transform. All points in depth along the A-scan are produced under a single focus



Research Article Vol. 8, No. 2| 1 Feb 2017 | BIOMEDICAL OPTICS EXPRESS 815 I

Biomedical Optics EXPRESS A

adjustment. Therefore, in the OCT practice, low numerical aperture (NA) interface optics is
used to enable a confocal profile width or depth of focus (DOF), comparable with the axial
range (AR) of the OCT. If good transversal resolution is needed along the axial depth, then by
increasing the NA of the interface optics, the confocal gate width becomes narrower than the
axial range. The problem presented is that the region of highest quality (as determined by
contrast and resolution) is limited by the width and position of the DOF interval within the
AR. It is also known that swept-source (OCT) instruments can provide longer axial imaging
range than their camera based counterparts, exceeding several cm using akinetic [6] or tunable
VCSEL (vertical-cavity surface-emitting lasers) [7] long coherence swept sources. Efforts
have been made to extend the DOF whilst maintaining high lateral resolution. One approach
uses an axicon lens to produce a Bessel beam. The DOF is enlarged at the expense of lowered
sensitivity, making the method less suitable for imaging samples of low reflectance [8,9],
although progress has been made to improve its efficiency [10]. Very recently [11], for low
numerical apertures and high scattering anisotropy, it was demonstrated that better contrast
can be obtained over an extended depth range by a Gaussian beam combined with dynamic
focusing. However, dynamic focus solution is restricted to time domain OCT only.

A solution suitable for high numerical aperture interface optics and applicable to spectral
(Fourier) domain OCT was reported based on Gabor filtering [12,13], where acquisition was
repeated for several focus positions, R = AR/DOF that shifted the confocal gating profile
incrementally through the sample. An OCT cross-sectional image was acquired at R = 5
different focus positions dictated by a liquid lens. From each of the 5 images, the in-focus
region was extracted and then spliced together to form a single image wherein all regions are
in focus. It was determined that 5 repetitions of data acquisition with shifted focus were
sufficient as the DOF interval was approximately 1/5th of the AR.

In conventional FFT based swept source OCT, to perform Gabor filtering, the brightest
parts of A-scans for each focus position are selected while the rest of A-scans are discarded.
The selected parts of A-scans are fused into final B-scans or into a final volume of the tissue.
In this way, in the final B-scan, or final volume, better transversal resolution along depth is
achieved than when using a single focus position. In other words, for each spectral sweep, the
FFT delivers more data than retained in the final image or final volume. In contrast, in time
domain OCT, for each focus position, a single set of data is acquired, the set corresponding to
the depth of interest selected by both gates.

In this paper a method is presented that although uses SS-OCT, can restrict the coherence
gating to only the depths of interest, similarly to dynamic focusing [14] in time domain OCT.
However, different from time domain, information from more than a single depth is acquired
and delivered. Optimally, information is provided from the depths values within the DOF, as
determined by the confocal gate of the interface optics. This operation can be repeated for
each position of the focus.

The Master/Slave (MS) OCT method [15] is employed here, where the FFT is replaced
with a comparison operation of the signal at the photodetector output with replicas of the same
signal (masks) corresponding to the photo-detected signal obtained when a mirror is used at
different axial positions [16-19]. For each depth position, different masks can be used. The
procedure can replace the dynamic focus in time domain OCT, where in this case the set of
masks is changed in synchronism with the focus shift. It is shown that the MS procedure
allows real time display of three types of images in a single frame: several en-face, two B-
scans and a compound en-face confocal image for guidance.

The paper presents the peculiarities of combining Gabor filtering (GF) with MS-OCT,
incorporated into a GF/MS-OCT instrument.



Research Article Vol. 8, No. 2| 1 Feb 2017 | BIOMEDICAL OPTICS EXPRESS 816 I

Biomedical Optics EXPRESS -~

2. Materials and methods

2.1 Optical coherence tomography imaging instrument

The assembled SS-OCT instrument used here is schematically presented in Fig. 1. A swept
source (Axsun Technologies, Billerica, MA), 1310 nm central wavelength, 12 mm coherence
length, 106 nm FWHM bandwidth in the range (1256.6 nm-1362.8 nm) with an average
output power of 18 mW and a scanning rate of 50 kHz is used. Light from the SS is conveyed
towards the sample and reference arm via the directional coupler DC;, 20% of the power
being directed towards the sample. In the sample arm, an achromatic lens L, is supported by a
miniature linear stage [20]. Signals back-scattered by the sample and from the reference arm
are conveyed by the second directional coupler DC, (50/50 splitting ratio) and interfere on the
photodetectors of a balanced photo-detector unit, BPD (Thorlabs, Newton, New Jersey, Model
PDB460C, 200 MHz electronic bandwidth).

Digitizer

el

~
TS Sample |

Fig. 1. The experimental set-up of the GF/MS-OCT imaging instrument. SS: swept source
laser, DC;.: directional couplers, L;: achromatic lenses, PC: polarization controller, mTS:
miniature translation stage, GXY: pair of orthogonal galvo-scanners, BPD: balance photo-
detector.

The radio frequency signal at the output of the BPD is digitized using a 12-bit waveform
digitizer (Alazartech, Quebec, Canada, model ATS9350 - 500 MS/s). An “in-house”
Master/Slave software, similar to the one used in [16] created in LabVIEW (National
Instruments, Austin, Texas) is used to display three categories of images at each display
refresh. Apart from the simultaneous display of 9 en-face OCT images, another feature
presented here is the capability of assembly of a confocal lookalike image. The number of en-
face images, as well as the differential distance between them, is adjustable, which allows the
generation of an adjustable thickness confocal image. The organization of the display is
similar to that in [16], where the compute unified device architecture (CUDA) programing on
a graphics processing unit (GPU) allowed real time presentation of three types of images. Two
B-scan images are presented simultaneously with the display of several en-face OCT images
and the confocal lookalike image. This is made possible by the MS method, as described in
[16], which is applied by parallel processing of signals from the different depths of the lateral
reflectivity profiles (T-scans) assembled together. As a distinction from [16], the same
functionality is obtained here using the computer processing unit (CPU) only, based on our
recent progress on the MS algorithm using manipulation of matrices [18, 19].

2.2 Focus adjustment

A miniature motorized miniature high-precision linear stage, as shown in Fig. 2(a) (model
UMS-5 Laser Pacific Equipment, Tustin, CA, under R&D) [20], with a total travel range of
6.5 mm corresponding to 76700 micro-steps, a minimum increment of 1 um and maximum
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speed of 1.5 mm/s is used to shift an achromatic lens, Lj, which gives 11800 micro-steps/mm
(11.8 micro-steps/micron), with 360 micro-steps per rotation. The size of the linear stage is 42
mm long, the height is 19 mm, and the width is 20 mm.

The miniature linear stage is controlled by a stepper motor controller (model SSP-21 Laser
Pacific Equipment) with user selectable micro stepping values. We run the stage for 10-20
seconds and stop for 1-2 minutes and then run again, in order to avoid overheating the
electronics. This is not an important impediment as acquisition of several 3D data sets in less
than a second is followed by inspection, that is performed on the stored images.

The focusing lens (L;) used in the object arm (Fig. 1) is an achromat doublet (f = 19 mm,
AC127-019-C Thorlabs), glued on a PolyLacticAcid (PLA) block holder created with a 3D
printer. The scanning lens (L,) contains two achromat doublets (the same model as the
focusing lens L,) for enhanced transversal resolution. The PLA block holder [Fig. 2(b)] was
specially created to adapt the height required by the optical fiber input and a low weight
required by the miniature translation stage load specifications (maximum 0.25 N).

holderL>  Gxy L, fiber end

(©) L' Sample
L)

Fibre end

--lelm_. ~

Vi \mTS mTS holder

Fig. 2. (a) Photograph of the miniature linear stage used to move lens L;. (b) Photograph of the
miniature translation stage and its assembly close to the scanning head. (c): object arm ray
tracing through L; and L; lenses when the mTS is in the collimating position ({3 = 0) and for
two un-collimated beam situations ({; and &y).

2.3 Characterization of the interface optics in the sample arm

A set of measurements are presented aimed at characterizing the focusing capabilities of the
GF/MS-OCT instrument. A metallic mirror was used as sample and the DC electrical signal
from one of the BPD monitor outputs was used to evaluate the confocal profile of the
interface optics. The translation stage mTS was moved to 5 positions ({1, & ... {s) by shifting
the lens Ly —1.5 mm, —0.75 mm, 0 mm, 0.75 mm, and 1.5 mm away from the position for
which the beam of light is collimated after L; (position {3). Shifting the mTS over a range (8¢
= 3 mm), allows a focus adjustment at the sample position within an approximately 6z = 1.2
mm interval [Fig. 3(a)].

Gi & G G is

T : T T r . T 160
1 (a) M :
a £ 140 b
-~ s
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8 =
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Eos 2
2 g1.01
02 S0
8
0.1 - = 1
E
0 5 0.99
208 06 0.4 02 0 02 04 06 08€ A5 -1 05 0 05 1 15

mirror position Z (mm) mTS position (mm)

Fig. 3. (a) Normalized confocal profiles obtained for five positions of the lens L, ({; to s) over
a range of 3 mm. (b) FWHM of the confocal profiles versus position of L;. (c) Normalized
optical power after L; (normalization done with respect to the power measured when L, is in
position ;.
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The FWHM values of the confocal profiles shown in Fig. 3(a) were evaluated for each
position of the miniature translation stage and are presented in Fig. 3(b). The normalized
optical powers measured in the sample arm after L, for the five positions of the miniature
stage, (; to (s are presented in Fig. 3(c). A loss of less than 3% of optical power occurs when
the mTS is moved along the optical axis over 3 mm. Because the measurements were done
after the galvo-scanning head, the loss may be due to the limited size of galvo-scanner
mirrors. With the axial range of 1.4 mm [Fig. 3(a)], and considering the DOF as given by the
FWHM of the confocal profiles in the same Fig. 3(a), we obtain R = AR/DOF ~14.
Consequently, R = 14 data acquisitions would be needed, for 14 different positions of L.
However, in practice, as shown below, when imaging scattering samples, the confocal gate
profile widens with depth and less repetitions R are needed.

To demonstrate the capabilities of the focus adjustment procedure presented above, when
the DOF is much narrower than the AR, a multi-layer phantom made of 15 microscope
coverslips (22 mm diameter x 0.16 - 0.19 pm thickness) was imaged. In Fig. 4, B-scan OCT
images of the phantom obtained by placing the mTS in six positions along the { coordinate,
covering a range of 2.6 mm are demonstrated. The phantom was kept in the same position
with respect to L, in all cases.

. 1.8mm

4.5 mm

Fig. 4. Six B-scan OCT images collected from the multi-layer phantom using lens L; in six
positions along { covering a range of 2.6 mm. The focus positions in the six frames are axially
separated by 0.458 mm, measured in air.

As seen in Fig. 4, the focus moves in depth and an enlargement of the confocal gate profile
is also noticed with depth. While in Fig. 4(a), the DOF is restricted to 0.1 mm as shown in
Fig. 3, in Fig. 4(f) all other interfaces within 4.5 mm become visible. This is attributed to
distortion of the wave-front by the intermediate interfaces. To experimentally measure the
transversal resolution achievable with the present instrument, a USAF test target was imaged.
The resolutions were measured for various positions of the mTS, in each case adjusting the
test target axially for maximum brightness. In all the cases, we could measure a transversal
resolution of approximately 2.2 um.

2.4 Methods
2.4.1 Complex master slave interferometry

For this study, the complex master slave (CMS) protocol is employed [19]. This relaxes the
need to experimentally record channeled spectra for all OPD values needed, as in the first MS
reports [15-17]. Only a reduced number of experimental channeled spectra P are required to
calibrate the instrument at the Master stage, that are then used to generate a much larger
number Q of masks to be used for the multiple comparison process.

1. With a strong reflector as object, P = 2 or more experimental channeled spectra
corresponding to different axial positions are stored. This step is performed only
once for a given experimental set-up, before data acquisition from the sample to be
investigated. For the present set-up, the modification of the OPD was achieved by
axially translating L; together with the input fiber.
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2. The P experimental channeled spectra recorded at the step above are then used to
theoretically infer the required number Q of complex masks (using the algorithm
presented in [19]). This step establishes the Q number of depths in the OCT volume
investigated and the sampling resolution. If a different axial range with a different
sampling is needed, then this process can easily be repeated. This is allowed by the
CMS principle, but not possible with the FFT based conventional approach. For the
results presented here, P = 4 and Q = 600.

3. The sample replaces the mirror and Q comparators produce Q complex reflectivities
for Q depths from within the sample. En-face and cross-sectional images are
produced via matrix multiplications [17,18]. This step proceeds as soon as all raw 3D
data set has been acquired. For this study, images of lateral size 200 x 200 pixels are
used, i.e. the 3D data set consists of 40,000 sweeps.

The Master/Slave method, presented in prior reports [15-19] presents several advantages
over the conventional FFT based method: (i) direct production of en-face OCT images (no
need to render the en-face view from the 3D image), (ii) no need for any
resampling/linearization of data (as no FFT is employed) and (iii) tolerance to dispersion
mismatch in the interferometer [21].

A separate LabVIEW program is used to drive the two galvo-scanners and create a display
with three categories of images. The first category is M number of en-face OCT images,
where M can be chosen between 1 and Q. For this study, M = 9, with images labeled as (el,
€2...€9). An average of the M images is displayed in the bottom left corner of the refreshing
frame as a compound image (c), useful for guidance, as a second type of image. The 3rd type
is two B-scan OCT images (B and B, in the following images) that are cross section images
from the sample along the two orthogonal lines shown over the compound image.

For en-face images of 200x200 pixels targeted, at a sweeping rate of 50 kHz, a minimum
acquisition time of 0.8 s is required. This requires ramps of 4 ms applied to the horizontal
(line) scanner. We decided to use a single ramp of a triangularly generated shape applied to
the line scanner, which determined a line rate of 125 Hz. A saw-tooth signal with a period of
1.6 s was applied to the frame scanner. In total, 12 images are displayed at a MS frame rate of
0.625 Hz, i.e. every 1.6 s.

2.4.2. Gabor filtering via the complex master slave method

The mTS is used to position the focus in the sample at different depths. For each such
position, Q = 600 en-face OCT images are produced and for guidance in orienting the sample,
12 images are displayed. The Q images can be used to produce volumes.

In comparison with conventional FFT based OCT technology, where volumes are
assembled from many A-scans, here volumes are assembled from en-face OCT images. This
difference is also reflected into the implementation of the Gabor filtering. Because the FFT
based technology delivers the whole A-scan for each FFT step, for each focus adjustment, the
brightest parts of such A-scans are selected from each A-scans while the rests are discarded.
The selected parts of A-scans are then stitched together to form a final volume. In our
implementation, there is no need to cut and stitch A-scans. Simply, because there is a
processor for each depth, we only calculate results for the depths within the confocal gate
interval (DOF). Only the en-face images of largest brightness are worked out for each focus
position. Then these en-face images are assembled into the final volume.
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Fig. 5. Flowchart showing the process of producing a Gabor fused image in a master/slave
OCT imaging instrument.

In Fig. 5, a flowchart showing the process of producing a fused image using the MS
method is shown. The Master stage only involves the recording of P channeled spectra using a
mirror, followed by their storage on the drive of the computer (RAM). At the slave stage, for
each focus position, the P experimentally collected channeled spectra are used to generate Q
masks covering the DOF axial interval centered around the focus position. Let us consider that
a number of Ry Sub-volumes have to be used to produce the final fused image corresponding
to Rnax focus positions determined by the position of the mTS. Each position { of mTS,
corresponds to a focus position z¢ in the image, hence to a certain indexing position g, where g
=1 ... Rmax X Q. Once the axial position of the focus is established, a number of Q masks are
generated and Q en-face images are produced. Sub-volumes Vg are generated for each focus
position and stored. Finally, when R = Ry, the Ry sub-volumes are concatenated into a
final fused volume.

3. Results

First, we illustrate the focus effect, on the MS global display of the three categories of images
produced by the MS protocol. To this goal, a phantom was constructed using 3 microscope
coverslips (22 mm diameter x 0.16 - 0.19 um thickness), slightly separated spatially by using
thin strips of paper between them, placed by their edges, outside the areas imaged. Figure 6
presents the 12 images frame of the phantom by placing the lens L in 3 positions along the z
coordinate. For this object, the Q = 600 masks (axial points) were aimed to cover a range of
2.7 mm in air in the final fused image. The image size of each en-face image is 0.5 x 0.5 mm?,
while the size of the B-scan images is 0.5 mm (lateral) x 2.7 mm (axially). The differential
axial distance between the en-face images (el — €9) can be chosen during the display and was
fixed at 50 um. The 9 en-face images are selected between the red (green) lines placed over
the two B-scan images. The differential axial distance scales automatically by moving the two
red (green) lines.
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Fig. 6. En-face OCT images (el — €9) of a three-layered phantom, separated by 50 pm, a
compound image (c) used for guidance as well as two orthogonal MS based B-scan images (B,
and B,) used for depth localization of the en-face planes. The three sets of images were
obtained for three positions of the mTS ({ = -1.82, 0, + 1.82 mm).

3D representations of the 3 volumes of 200 en-face images each are presented in Figs.
7(a)-7(c). Each pixel corresponds axially to ~4.5 pm, hence each sub-volume has an
approximate axial length (measured in air) of 6z = 900 pm. As the axial position at which the
sub-volumes were placed is well determined by the generated masks, the final fused volume is
straightforward to produce [Fig. 7(d)].

The experiments presented in Figs. 6 and 7 illustrate good axial confocal gating for
specular targets. The phantom used presented little scattering and introduced little aberrations,
allowing good axial selection even for the deeper focus.

The combined GF/MS-OCT instrument was then used to image two samples that present
more scattering and aberrations for the propagating beam, a piece of cucumber and a plastic
encapsulated scorpion. Starting with an axial range of the B-scan image of 5 mm, after
localizing the area of interest, the axial range was reduced to 2 mm (measured in air) by
reducing the differential axial range between the masks.

ww /g

Fig. 7. (a-c) 3D images of the three-slide phantom, built for 3 focus positions. (d) Fused high
resolution Gabor-volume obtained by merging 200 en-face images from the first volume using
the masks g = 1 to 200, 200 en-face images from the second volume, using the masks q = 201-
400 and 200 en-face images from the 3rd volume, fusing the masks q = 401 to 600. Fused
image size 0.75 x 0.75 x 2.7 mm®,
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Fig. 8. MS display for 4 focus positions of lens L, for an axial focus shift between frames of
0.5 mm. The MS display consists in 9 en-face OCT images (el — €9) collected from a piece of
cucumber, separated axially by 170 pm (measured in air), compound image (c) as well as two
orthogonal B-scan OCT images (B, and B,). The size of the en-face images is 0.56 x 0.56 mm?,
while the size of the B-scans is 0.56 mm (lateral) x 2 mm (axially).

Figure 8 presents 9 en-face OCT images collected from a cucumber piece (el — e9),
separated axially by 170 pm (measured in air), the compound image (c) used for guidance as
well as two orthogonal B-scan OCT images (B and B,), obtained by placing lens L; in 4
positions covered by the mTS range of 1.5 mm. The size of the en-face images is 0.56 x 0.56
mm?, while the size of the B-scans is 0.56 mm (lateral) x 2 mm (depth). The focus change can
be noticed based on the shift of maximum brightness from el, e2, e3 in (a), to seeing better
the images in e4, €5, €6 in (b), and then to €6, €7, €8, in (c) and €8, €9 in (d).

3D representations of these results are presented in Fig. 9. We have left here all volumes,
for all depths to allow seeing the difference in brightness and transversal resolution within
each volume. However, the same operation as above can be performed, allowed by the MS
protocol, by engaging a reduced set of 200 masks only. As commented above in connection
with Fig. 7, it can be noticed on the B-scans how the confocal gate width extends with depth,
being wider in the set for {4 than in the set for {; = 0. As the DOF looks larger than a quarter
of the axial range AR used for this sample, R was limited to only 4. The fused set in the last
column exhibits not only more uniform brightness along the depth, but the transversal
resolution is almost constant along the depth.
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Fig. 9. Cucumber 3D volumes obtained for 4 positions of the mTS (a-d). (d) Gabor-fused
volume of 200 depths from each set. Image size 0.56 x 0.56 x 2.0 mm?®.

We now illustrate the capabilities of the GF/MS-OCT instrument to image a scattering
sample placed deep inside a transparent plastic block, as provided in the Issue 1 of the “Real-
Life Bugs & Insects”, magazine (National Geographic). A scorpion, Manchurian type, found
in north east China, is shown in the photograph presented in Fig. 10.

Fig. 10. Photograph of the scorpion embedded in a plastic rectangle. (a) Dorsal view. (b) Side
view: the sample was positioned and imaged with its ventral side towards the lens L. There is
about 3 mm of plastic from the interface air/plastic to the sample.

Here we employ another capability of the MS method, tolerance to dispersion [21].
Because the sample to be imaged is 3 mm inside the plastic block measured from the surface,
the dispersion left unbalanced by the latest can lead to a wider coherence gate than expected.
To solve this issue, at the Master stage, the experimental channeled spectra are acquired using
a slab of the same plastic material as that used to embed the scorpion. To illustrate the
improvement in axial resolution brought by using correct masks, the following two sets of
experiments were performed:

(i) At the Master stage, P = 4 channeled spectra are acquired using a mirror. The P = 4
channeled spectra are used to produce Q = 1200 masks, we refer to these as Masks in air,
or uncorrected masks. Then these are employed to produce axial reflectivity profiles from
the mirror used as object at the slave stage, as well as from the mirror with a 3 mm plastic
slab above, as shown in Fig. 11(a).

(if) At the Master stage, P = 4 channeled spectra are acquired with the 3 mm slab of plastic
material in the reference arm in front of a mirror. The P = 4 channeled spectra are used to
produce Q = 1200 masks. We refer to these as Dispersion affected masks. Then, these
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masks are employed to produce axial reflectivity profiles from the mirror used as object
at the Slave stage, as well as from the mirror with the plastic slab above, as shown in Fig.
11(b).

(a) Masks in air (b) Dispersion affected masks
1 ——with plastic slab 1 —with plastic slab
~——without plastic slab —— without plastic slab
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3 3
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Fig. 11. Axial reflectivity profiles with a plastic slab inserted in the sample arm or not. Left:
system equipped with the Masks in air. Right: system equipped with the Dispersion affected
masks.

The results presented in Fig. 11 demonstrate that an axial resolution of 15 um is obtained
(limited by the bandwidth of the swept source) when the correct set of masks is used for each
case: Masks in air in Fig. 11(a) and Dispersion affected masks in Fig. 11(b). When the other
set of masks is used, the axial resolution deteriorates to ~24 - 28 um.

Then, when imaging the scorpion, the Dispersion affected masks are used. A similar MS
frame to that in Fig. 6 and Fig. 8 is obtained. For this case, in Fig. 12, we show for illustration
6 en-face OCT images of the scorpion, axially separated by 60 pm (measured in air), for two
different focus positions. The backbone and the rib cage are clearly visible. The size of the en-
face images is 2.1 x 2.1 mmZ In the top row, the images are not as bright as the ones in the
bottom row and show a poorer transversal resolution as the beam is focused at around 1.0 mm
from OPD = 0. For the bottom row, as the focus is placed deeper, at around 1.8 mm from OD
=0, sharper brighter features can be observed.

Based on Q = 600 en-face OCT images produced for two positions of the mTS, and using
the 600 en-face images obtained after fusion, Visualization 1 was created. There, we are
showing, side by side, from the top to the bottom of the sample, en-face images corresponding
to the two axial positions of the mTS (left and middle) as well as the en-face in the fused
volume (right). The focus was placed towards the top of the image in the left set and towards
the bottom in the middle set. In this way, at shallow depths, the resolution/brightness is better
in the left set than in the middle, while the other way around at larger axial positions.
However, the fused volume exhibits the best resolution and brightness over the whole axial
range.
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Fig. 12. Sets of 6 en-face images (out of the 9 in the frame) axially separated by 60 um. The top
row shows lower resolution and brightness images than the images in the bottom row as the
focus has been placed at 1 mm from OPD = 0 (top row). For the bottom row, the focus was
placed at z = 1.8 mm.

3.1 Processing time

The Gabor fusion method is extremely time consuming as volumetric images must be created
for each focusing position before merging the volumes hence created. If the traditional FFT
based OCT method is used, for each position of the focusing beam, large volumes in terms of
their axial range need to be created where each A-scan is the result of a succession of
sequential mathematical operations (apodization, zero padding, dispersion compensation
algorithms) and finally of the FFT. As only data collected from within the confocal gate is
useful for the final image, the FFT based method produces a large amount of discarded data.
The MS technique on the other side, resolves this inconvenience, as only data from within the
coherence gate is processed, hence smaller sub-volumes to be fused at the end of the process
of constructing the entire image.

—

| —d /
/

e

o s

|

}-—1 . B J

1/512 2/256 4/128 8/64 16/32 32/16 64/8
Number of small volumes / number of axial points in each small volume

[TTTTTTTTRITTIT]

Time to produce a fused volume (s)

AT TN T

Fig. 13. Time to produce a fused 3D image using the FFT (blue curve) and using the MS
method (red curve), for 7 situations, where the final volume has been obtained by
concatenating R = 1, 2, 4, 8, 16, 32 and 64 smaller sub-volumes respectively out of axial points
in the FFT = Q in the MS case. Data are presented in logarithmic scale.

To evaluate the performance of the MS techniques when used together with the Gabor
fusing method, we compared the time to produce a fused 3D image using the MS method with
the time required to produce the same image via fast Fourier transform (FFT)s, when data was
not resampled or compensated for unbalanced dispersion. To perform the benchmarking, a
LabVIEW 2015 (National Instruments, Austin Texas) project was created to run on a
computer equipped with an Intel 17-5960X @ 3.0 GHz octacore processor (2 logical cores per
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physical core) and 16 GB of RAM. Our findings are summarized in Fig. 13. 7 situations were
considered, in which the final volume has been built from R =1, 2, 4, 8, 16, 32 and 64 smaller
sub-volumes respectively. As we considered that the channeled spectra were digitized using
1024 sampling points, each A-scan in the final volume will contain 512 axial pixels and the
MS method uses 512 masks. When 2 sub-volumes are used (two focus positions), each sub-
volume has 256 axial pixels and the MS uses 256 masks, when 4 sub-volumes are used (four
focusing points), each sub-volume has 128 axial pixels and the MS uses 128 masks and so on.
In all these calculations, the spectra were still sampled at 1024 spectral points. The time to
produce a sub-volume using the FFT implementation of OCT is the same irrespective of the
number of axial pixels in the sub-volume, so it is expected that the time to produce the final
3D volume using the FFT method to be proportional with the number of sub-volumes. When
using the MS method, the smaller the number Q of axial points, less is the computation time.
As illustrated in Fig. 13, by using a number of sub-volumes R > 4, with the MS method, the
process of producing Gabor fused volumes is shorter than using the FFT method. This can be
simply understood, as the number of axial points scales down with R. By increasing R, the
overall calculation time is not affected, as the same number of masks are used irrespective of
R, per the final volume. However in practice, due to the limitation of cores in the PC used, we
noticed a slight increase in the time required when increasing R. If GPUs are used, this may
not be a problem at all.

For the data presented in Fig. 13, the fused volume has a size of 200 x 200 x 512 pixels®.
The time to produce any sub-volume using FFT is ~0.15 s, which as shown by the blue graph
would give ~4s for R = 32, while the MS method would require ~1 s, as shown by the red
graph.

It is important to note that, for our particular case, if more than 4 focusing positions are
required for fusing the volume, which is the case in most practical cases, the MS method
becomes faster than the FFT based method. In case data needs to be resampled, or dispersion
compensation is needed, the FFT method is even slower. As mentioned above, the MS method
does not need resampling nor dispersion compensation of the system [15-19, 21].

4. Discussion and conclusions

In this study, Gabor filtering is combined with MS-OCT principle to provide constant
transversal resolution from the sample investigated. Different modalities have been used to
shift the focus for Gabor filtering, such as an electrical lens [12,22] or a deformable mirror
[23]. Here, a miniature translation stage is employed to displace a collimating lens. This
mechanical solution was mainly chosen to avoid problems of electrical lenses such as
aberrations and losses. In addition, there is no need for fast focus change as the system
acquires frames at a rate of 1s per frame, therefore several milliseconds allocated to focus
change can be tolerated. In our case, the time necessary to move the stage carrying the lens
from a focus position to the next is only 0.1 s, much less than 6.4 s required for acquisition of
4 MS frames.

The instrument is characterized in terms of its performance and its capabilities are
illustrated with en-face, cross-section and 3D images of various objects. Each MS frame
refreshes at 1.6 s and contains M = 9 en-face images, 2 B-scans and a compound image. The
time for each MS frame is limited by the speed of the swept source. At this sweeping rate,
CPU processing was sufficient to work out Q = 600 en-face images, work out 2 B-scans and
to display the 12 images in each MS frame. As shown in Fig. 13, for R = 4, the calculation
requires 0.6 s. This means that the CPU could still be used for a double sweeping rate, i.e. the
same processing is sufficiently fast to cope with the next Axsun swept source in the range,
that operates at 100 kHz. Using an Axsun swept source at 100 kHz, the same protocol allowed
a MS frame rate of 0.9 s, leaving some reserve for calculations. Further increase in the
sweeping would require GPUs to cope with the reduction in the time taken for acquisition of
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the same number of lateral pixels, in order to produce the same type of the MS frame
presented here at the same frame rate (with a delay no more than a frame period).

The use of the Master/Slave method allows evaluation of transversal resolution and of
sensitivity variation with depth simultaneously, by providing data from multiple-depth en-face
images in real time.

The combination of the Gabor filtering with a Master/Slave based OCT instrument
presents several advantages over its combination with a conventional FFT based one:

(i) There is no need for cut and stitch of A-scans.

(ii) Data outside the coherence gate does not need to be discarded, so that calculations are not
performed for depths outside the confocal gate, something that it is not possible with the
conventional FFT based OCT technology.

(iii) Using the MS procedure, the en-face OCT images can be produced directly. In this way,
there is no need to render the en-face views from each volumetric image obtained for
each focus positions. In this way, less data is produced than when using FFT. The user
has direct access to the en-face views exactly as in TD-OCT while the high sensitivity in
the image is still preserved as MS is based on a spectral domain principle.

(iv) As no FFT is employed, there is no need for any resampling/linearization of data, and this
leads to time saving. The method presented is also more data processing efficient, as no
data is discarded. Consequently, the MS can produce a volumetric image faster than the
FFT based technique when data need to be resampled [24]. Even when no resampling is
needed, the time required by the MS procedure combined with GF is less than that of FFT
based OCT combined with GF, when the number of sub-volumes to be produced is at
least R = 4 (which is a typical case in practice).

(v) As MS is tolerant to dispersion in the interferometer, there is no need to perfectly balance
the dispersion, so there is no need for any dispersion compensation procedure.

The MS method illustrated here uses sets of masks covering a limited spectral range,
matching the focus position in depth for each adjustment of the confocal gate. Due to this, the
method presented is closer to that reported in a recent paper on Gabor filtering [25] than in the
original paper [12]. However, in [25], where Gabor filtering is performed in the spectral
domain, the processing is still via a FFT. This requires data resampling and correction of
dispersion, both intrinsically addressed by the MS method.
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