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1. Introduction

Several well-recognized imaging technologies are currently used to provide structural
information about microscopic specimens. These include magnetic resonance imaging,
computer tomography, ultrasound, and confocal microscopy. High resolution magnetic re-
sonance imaging has been used to image the mouse embryonic cardiovascular system as
well as to produce in vivo cross-sectional images of early Xenopus laevis development with
resolutions of 12 wm. Because the static and gradient magnetic fields required to obtain
these resolutions are orders of magnitude greater than those found in most clinical systems,
this modality represents a technically challenging option that requires considerable skill
from its operator in order to achieve high resolution images. High resolution computed
tomographic imaging of fixed insect specimens revealed internal microstructure with
8-12 um resolution yet required an elaborate microfocusing instrument and image re-
construction algorithms. Ultrasound backscatter microscopy using high frequencies
(40-100 MHz) is capable of 50 um resolutions to depths of 4-5 mm and has been applied to
the analysis of early embryonic development in the mouse. To effectively image with ultra-
sound, probes require contact with the tissue. The invention of the confocal microscope and
laser-scanning confocal microscopy has advanced the understanding of biological systems
and their development largely due to the ability to selectively visualize biological speci-
mens, cells, and subcellular constituents. Transverse resolutions of 0,5 um with 1 um opti-
cal sections are possible. Although confocal microscopy is superb for optically sectioning
a specimen, imaging depths are limited to less than 500 wm in nontransparent tissue [3].

Optical Coherence Tomography (OCT) is 3D imaging technology, which perfectly fills
apparent gap in depth/resolution feature space existing between confocal microscopy and
ultrasound methods (Fig. 1). The OCT system producers offer the maximum transverse scan
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dimensions of 10x10 mm at the lateral resolution of 10 um. The xy-limits can be easily
extended up to 10 cm by applying an appropriate motorized stage with stepper motors. With
imaging depth up to 3 mm at the axial resolution 5-12 um this technique gives the opportu-
nity to analyze sub-surface layers of many biological materials or full cross-sections of thin
materials. Optical coherence tomography (OCT) enables noninvasive three-dimentional
imaging technique of the internal microstructure of biological and industrial matherials.
Since late 1980s, when it was invented OCT technology was successful applied in medi-
cine, where it established a new standard of real time diagnostic method. The main advan-
tage of this technique is its ability to in situ imaging of tissues with a resolution approaching
that of histology, but without the need for tissue excision and postprocessing. This method
could significantly improve early medical diagnosis and as a consequence of its innovation
and painless it started to be named optical biopsy. Most of all the OCT tomography was
introduced in ophthalmology [4]. For example it enables observation, imaging and digitali-
zation of high quality cross-sections of anterior and posterior eye sections. As it is important
for patients the examination is noninvasive, non-destructive, quick and it consist almost all
in image acquisition. Further proceedings and measurements are carried out on the image of
eye parts with the use of automatic methods of different OCT parameter analysis. There
have been numerous recent developments in OCT technology and considerable interest in
this topic in other fields of medicine — e.g. pullmonology [7], urology, cardiology, angiolo-
gy [12] etc.
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Fig. 1. Resolution and penetration of ultrasound, OCT, and confocal microscopy [3]
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Recently many pilot studies using OCT tomography were started also in biological
sciences. There are important tasks and urgent challenges for environmental and human
preservation in such experimental and bioengineering fields as plant physiology, agriculture
or biotechnology. These domains need modern, more precise methods of tissue penetration
for exactly and broader possibilities of proper concluding.

The authors briefly present in this paper the fundamentals of Optical Coherence To-
mography. Additionally the advantages and perspectives of applying OCT technology to
the investigations of selected biological materials and processes are discussed.

2. The fundamentals of OCT

In optical coherence tomography, measurements of distance and microstructure are
performed using light that is backreflected and backscattered from microstructural features
within the material or tissue. OCT performs imaging by measuring the echo time delay and
magnitude of backreflected or backscattering light using interferometry. The most common
detection method is based upon a Michelson interferometer with a scanning reference delay
arm. Backreflected or backscattered light from the object being imaged is correlated with
light that travels a known reference path delay. The interferometer measures the field auto-
correlation of the light. In contrast to conventional microscopy, in OCT the mechanisms that
govern the axial and transverse image resolution are independent. The axial resolution in
OCT imaging is determined by the coherence length of the light source, and high axial
resolution can be achieved independently of the beam-focusing conditions. The coherence
length is the spatial width of the field autocorrelation produced by the interferometer. The
envelope of the field autocorrelation is equivalent to the Fourier transform of the power
spectrum. Thus, the width of the autocorrelation function, or the axial resolution, is inverse-
ly proportional to the width of the power spectrum. Typically, OCT imaging is performed
with low numerical aperture focusing to have a large depth of field, and low coherence
interferometry is used to achieve axial resolution. The axial image resolution is determined
by the coherence length, and the transverse resolution by the spot size. In contrast to con-
ventional microscopy, this mode of operation achieves high axial resolution independently
of the available numerical aperture. Most OCT imaging is performed with low NA fo-
cusing, where the confocal parameter is much longer than the coherence length. Depending
upon the coherence length of the light, the depth of field can be shorter than the coherence
length. In this case the depth of field can be used to differentiate backscattered or backre-
flected signals from different depths. This regime of operation has been referred to as Opti-
cal Coherence Microscopy (OCM). This mode of operation can be useful for imaging
scattering systems because the coherence gating effect removes the contributions from
scattering in front and in back of the focal plane more effectively than confocal gating [3].

Most of OCT systems used Time-Domain optical interferometry in which the optical
path length difference between the reference mirror and the sample in the Michelson or
Mach-Zehnder interferometer is modulated in time. Time-Domain or TD-OCT had opened
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up the potential of optical biopsy but there are performance limitations for further extension
of the applications. First, imaging speed is relatively slow because of mechanical delay
modulation. Second, even when higher frequency scanning is possible, detection sensitivity
drops because of detection bandwidth in return. Fourier-Domain OCT is a break-through
technology which enables high sensitivity and high speed imaging at the same time.
FD-OCT relies on analyzing the individual frequency components of backscattered light
from the sample or tissue. There are two methods within FD-OCT. One is Spectral-Domain
OCT (SD-OCT) which uses a low coherence light source and a spectrometer, where fre-
quency components are spatially analyzed on the CCD array. The fast readout speed of
CCD provides high imaging speed, and high signal-to-noise ratio (SNR) gives 20-30 dB
advantage over conventional TD-OCT [13].

The second method is Swept-Source OCT (SS-OCT) (Fig. 2) which uses a continuous
and repetitively tunable (“swept”) light source where frequency components are analyzed
in time with a single photodetector. Each wavelength scan generates depth information,
lateral scanning of the laser beam then enables a cross section image to be constructed. This
technique has a theoretical sensitivity benefit equal to that of SD-OCT, while overcoming
the disadvantages of SD-OCT such as fringe washout, and allowing the use of longer wave-
lengths, over 1 um to 1.5 um range. Advanced data acquisition and digital signal processing
techniques are employed in the SS-OCT system to enable real-time video rate OCT imag-
ing. This OCT system enables the generation of images similar to confocal microscopy by
summing signals in the axial direction. High-speed 3D OCT imaging provides comprehen-
sive data that combines the advantages of surface microscopy and structural OCT imaging
in a single system.
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Fig. 2. Swept — Source OCT principle [13]
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2.1. Sweep linearity

The OCT signal is processed by time-sampling the backscattered light as the swept
source sweeps the wavelength followed by Fourier transform (FFT). Ideally, the sweep
should be linear in k space (k = 2m/A). But actual sweep curves of most of the proposed
swept sources are non-linear in time, because of the intrinsic tuning mechanism. For exam-
ples, the use of Galvano mirror or fiber Fabry-Perot filter imposes sinusoidal sweep due to
its driving characteristics. If simply applying FFT on the time-sampled interferogram when
this non-linearity is present, the resolution of the signal is blurred and the signal power also
decays. So, in general, most SS-OCT systems implement either nonlinear sampling with the
use of an optical clock having another set of interferometer and detector, or the post pro-
cessing approach; the so called “wavelength rescaling process”.

2.2. Swept rate (scanning speed)

Wavelength swept rate, or scanning speed of the swept source is directly reflected on
the imaging speed like the readout speed or refresh rate of the CCD in SD-OCT. Swept rate
corresponds to A-line rate in OCT. Increasing A-line rate makes it possible to accommo-
date more A-lines per frame or increase the frame rate. In practical applications the ability
to produce video rate images is of critical importance. This not only removes imaging arti-
facts that are created by undesired movement, but also enables a large area/volume mea-
surement without compromising resolution, in a short amount of time. Depending on the
applications, swept rate of 10 kHz to 100 kHz range are required.

2.3. Wavelength range

The choice of wavelength band in OCT is dependent on the water absorption and scat-
tering property of the sample or tissue of interest. In general, 800 nm range is used for
retinal imaging because of low absorption in vitreous humor, and recently 1060 nm range
gains attentions because of large penetration in retinal tissue as well as low dispersion prop-
erty in tissues.

2.4. Coherence length

Coherence length is defined as the optical round trip delay or twice of the depth range
(Fig. 3) here fringe visibility drops half or the Fourier-transformed OCT signal drops 6 dB
compared to the signal power at zero delay [13].

2.5. Polarization Sensitive Optical Coherence Tomography (PS-OCT)

Polarization Sensitive Optical Coherence Tomography (PS-OCT) is a cross-sectional
birefringence imaging tool for a wide range of biological and industrial materials. PS-OCT
is an extension of OCT that is based on measuring the polarization properties of light
from birefringent samples. Birefringence is where a material decomposes light into two
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polarization states. It only occurs if the material is anisotropic. Materials that exhibit bire-
fringence properties including tissues such as tendons, muscles, teeth, bones, blood vessels
and skin. In samples such as these, PS-OCT provides additional contrast of the birefringent
material in a sample over conventional OCT structural images. The real-time, high-resolu-
tion imaging capability of PS-OCT makes it well suited for studying glaucoma and other
eye diseases, dental diseases, burn depths in the skin, and vascular imaging to guide plaque
excision. Birefringence is also created in isotropic materials that have undergone a deforma-
tion such that the isotropy is lost in one direction. In such cases, PS-OCT is very useful for
nondestructive detection of stress birefringence in industrial materials such as plastics, thin-
films, semiconductors, and liquid crystals. Thorlabs has developed a real-time, fiber based
swept source PS-OCT imaging system which provides simultaneous cross-sectional imag-
ing of the intensity and phase retardation of light backscattered from birefringent samples.
This system utilizes a standard Thorlabs 1300 nm SS-OCT Imaging System (OCS1300SS)
with the PS-OCT add-on module. The modularity of the Thorlabs OCT systems enables
incorporation of PS-OCT imaging capability at any time. The provided software enables
easy display of OCT structural or PS-OCT birefringence images with a single button [14].
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Fig. 3. Important parameters in Swept — Source OCT [13]

3. The variants of measurement stands

The probe in OCT laboratory measurement system is doubly connected to an interfer-
ometer module (laser output, probe 1/0) and indirectly to a PC computer equipped with
software reconstructing and archiving acquired image data [16]. The probe includes an
infrared light illuminator connected to a laser source and objective lenses with digital cam-
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era coupled with the computer via USB or Firewire link. An articulated probe mount is
typically included with an OCT system for manual probe positioning over the region of
interest. To perform an automatic image analysis an OCT microstand with the probe can be

equipped with a motorized xy-stage extending scanning area up to 5-10 cm (Fig. 4).

Another variant of the measurement station is a microscope specifically designed for
use in the OCT system instead of a handheld probe, connected with an interferometer mo-

dule (Fig. 5).

b)

Fig. 4. OCT probe stand types offered by ThorLabs: a) articulated probe mount; b) OCT microstand [16]
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For the purposes of processing biological materials the authors suggest the selection of
Nikon or Olympus microscopes with add-on OCT module. It is the solution offered by
Thorlabs company to the 1325 nm Swept Source OCT engine [15, 16]. These microscope
systems are designed specially for imaging small animals and thick specimens. Additionally
their OCT beam path is collinear with the optical microscopy path and the microscopes
allows users for fast switching between OCT and optical or sub-micron fluorescence imag-
es, which can be both registered and overlayed. This variant also makes possible flow imag-
ing with the included Doppler imaging function. It can also be equipped with motorized
stage extending the xy-ranges of imaging to 5-10 cm (e.g. MAX201B-NIK).

—

Fig. 6. The illustration of an OCT microscope laboratory system;
OCT microscope probe mounted on an Olympus BX41 research microscope [17]

OCT Microscope Module

Optical Source Specifications (Thorlabs 5L1325-P32)

Center Wavelength 1325 nm

3 dB Spectral Bandwidth 100 nm

Axial Scan Rate 32 kHz

Imaging Specifications

OCT Objective Thorlabs LSM03 | Thorlabs LSMO02
Magnification 5X 10X
Transverse Resolution 20.0 pm 13.0 pm
Field of View 94x 94 mm 47147 mm
Axial Resolution Air (Water) 12.0 ym (9.0 pm)

Max Imaging Depth 3.0 mm

Max Imaging Width 10.0 mm

2D Imaging Speed [frames/second (area)] 60 (for 628 x 582 pixels)

3D Imaging Time [seconds (volume)] =10 (1024 x 1024 x 512 pixels)
Sample lllumination Power 3.0 mw

Fig. 7. The technical specification of Olympus OCT microscope module shown in Figure 6 [17]
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Type: Swept-source Fourier-Domain OCT
Light source: HSL-2000-11 MDL* (Wider sweep range)
Laser peak power: 15 mw
Laser centre wavelength: 1305+~ 15 nm
Laser wavelength sweep range (=3 mW): 150 nm
Axial optical resolution (in tissue): < 10 pm
Pixel size (isotropic, in tissue): <45 pum
Lateral optical resolution: <7.5pm
Max frame width: 5 mm
Min frame width: 0.1 mm
A-line rate: 10 kHz
Frame rate: = 6 fps (5 mm / 1,250 A-lines)
> 20 fps (1 mm /250 A-lines)
> 30 fps (0.2 mm / 50 A-lines)
3D image acquisition: Yes, with motorized stage option
mage formats: TIFF, TIFF stack, raw
Visual channels: 2 MPixel, colour

Fig. 8. The technical specification of Michelson Diagnostics EX1301 OCT microscope module [11]

The technical specification of well known OCT microscope modules are presented in
Figures 7 and 8.

4. OCT applications in biology

4.1. Review of existing applications

OCT was originally developed and demonstrated in ophthalmology [2] for high-resolu-
tion tomographic imaging of the retina and anterior eye at the light wavelength 800 nm.
Since 2000 OCT has been applied for imaging other than the eye, nontransparent tissues of
plants and animals [2, 4, 9]. The achievable imaging depth up to 3 mm (or even 6 mm for
special solutions) is limited by optical attenuation resulting from light scattering and absorp-
tion. OCT imaging in non-transparent tissues is typically performed at the wavelengths from
850 to 1550 nm [2, 4, 9]. Nowadays high resolution OCT using short-coherence-length has
2D cross-sectional image acquisition rates 25 to 40 fps (frames per second) [11, 15]. Because
of very low power scattered in material (2-3.5 mW) during the process of scanning OCT is
suitable to in vivo imaging of living cells and tissues. It does not require the addition of
fluorophores, dyes, or stains in order to improve contrast in images. Instead, it relies on the
contrast generated by variations in optical scattering and the index of refraction.

Understanding of organo- and morphogenesis processes is limited by our ability
to visualize and quantify the cellular, morphological and functional changes in situ and
over time. OCT is used for imaging early developmental transformations taking place in
orga-nisms. For its high resolution, noninvasive and real time capabilities OCT imaging it is
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a perfect tool for monitoring the growth and development of biological tissues. In develop-
mental biology animal models from insects, fish, and amphibians to small birds and mam-
mals can be monitored as biological models utilized for studying a variety of human diseas-
es. Typical non-mammal models are: fruit flies (Drosophila melanogaster), fish (zebrafish,
Brachydanio rerio; medaka, Oryzias), and amphibians (African frog, Xenopus laevis).
Small animals like chicken (Gallus domesticus), mouse (Mus musculus) or rat (Rattus nor-
vegicus) are preferred because of their development and organ functions similar to humans.
OCT can applied to image arterial pathology in vitro and is able to differentiate plaque
morphology with superior resolution to ultrasound. OCT combined with catheter/endo-
scope-based delivery performs in vivo imaging in animal bodies [3, 4].

OCT has been successfully applied as an investigative tool in tissue engineering [4].
An example can be a bioreactor with hydrogel tube (4 mm outside diameter) is shown in
Figure 9.

(a) Bioreactor tube wall
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Fig. 9. OCT imaging of a bioreactor with its engineered tissue [4]:
a) schematic of the bioreactor; b) transverse OCT scan; c) longitudinal scan

From the OCT images, it can be seen that the bioreactor contains an inner lining of
living cells within a hydro-gel and a distinct inner lumen containing culture medium. The
distribution of the cells within the hydro-gel can be visualized, with the cells appearing as
bright spots in the OCT images.

Real-time in vivo cross-sectional imaging of an African Frog during its tadpole stage
was studied with OCS1300SS OCT microscope system (Fig. 10). Accompanying software
enables 4D reconstruction (3D + time). This enables to study of the individual development
of this animal [9, 14, 15].
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3D OCT Daia

Fig. 10. The selected en face images of an African frog tadpole and a 3D image reconstruction.
All images are 6 mm x 8 mm and were taken from the posterior to the anterior of the tadpole
in 100 um increments [15]

Fig. 11. In vivo cross-sectional SS-OCT images of a beating tadpole heart
superimposed with Doppler blood flow images [10, 15]

At the University of Toronto the cardiovascular system of living tadpoles was studied
using swept source Thorlabs OCT Imaging System (OCS1300SS) with Doppler imaging
(Fig. 11) [10, 14, 15]. The series of images below show in vivo cross-sectional SS-OCT
images of a beating tadpole heart superimposed with Doppler blood flow images. This allows
detailed visualization of the complex cardiac motion and hemodynamics in the beating heart.
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At MIT and Massachusetts General Hospital modified OCT SS system coupled with
video microscope has been assembled, in which OCT scans can be directed to a region
pointed by video microscope [1, 14, 15]. In Figure 12 it can be seen that OCT scan enables
identification of the scull (S), surface vasculature (V) and meningeal layers with dura mater
(D). The blue color shows functionality active cortex regions.

Fig. 12. OCT images representing the functionally active region of a rat brain; images were taken by
researchers at MIT and Massachusetts General Hospital using a modified Thorlabs Swept Source
OCT system. The OCT scan is directed to the region using a video microscope [1, 15]

4.2. Possible applications

The authors have been personally faced with three problems in biology of plants which
could be perfectly solved with OCT imaging [5, 6]:

— the estimation of white roots discolouration regions formed as a result of plant abiotic
stress,

— the observation of root systems and the recognition of topological and morphological
changes in the same situation as above,

— the measurement of leaf blades regions with pathological changes induced by different
infections of plants.

The analysis of plant root discolourations plays an important role in the diagnosis of
plant health state, the detection of possible diseases and growth distortions. Plant roots
respond to heavy metal stress not only with the restriction of growth, but also with the
appearance of toxicity symptoms such as discolourations, usually greyish or brownish.
Additionally, after histochemical or vital staining, blue, yellow or red discolourations can
be observed (Fig. 13). The root images are acquired in two dimensions by appropriate scan-
ner device, after they when put in a shallow dish of water or placed directly on a scanner
glass and covered with specific background. So, the root images are two-dimensional and
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shoot only from one side. We never know what discolourations could be found on the other
side and what shape or volume the pathological regions have inside of the roots. Traditio-
nally the volumetric data of infection level are obtained by histochemical methods, which
are expensive and time consuming. The results of 2D image processing are relatively fast
and can be statistically significant for large enough tested populations of the roots. However
to compare with the infection level obtained by chemical treatment we at least should know
statistical dependency between visible discolouration spot areas and their volumes.

a)

Fig. 13. Example wheat root images with discolourations: a) Ni-treated root system after staining
for lignin detection; b) Ni-treated root system after staining with Evans blue;
c) separated wheat roots with dark discolourations [5]

Applying OCT device gives a chance to estimate this statistical dependency for the
populations of certain type discolourations. The primary wheat roots from 7-days hydro-
ponic cultures have diameters of order 0.5-0.6 mm, so their discolourations across the root
can form 3D regions of 40-50 pixels in the directions transversal to the root medial axis
(assuming average resolution 12 um).

Fig. 14. The exemplary fibrous root system (wheat) 7-days grown in water culture

The flat images of spatially distributed root systems obtained in a scanner device give
no chance of their proper identification unless main roots are manually separated (Fig. 14)
[6]. Some root branches can be obscured by the others. Applying an OCT system and
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xy-direction motorized stage would enable to find the root system regions with ambiguous
run of root branches. The regions can be properly recognized in three dimensions by OCT
scanning.

Plant leaves in reaction to abiotic (e.g. heavy metals, acid rain) and biotic stress (bacte-
rial or fungal infection) response by concentration of hydrogen peroxide (H,0,) at the
places where this stress is located. Concentration of H,0,, after its extraction from tissues,
can be estimated using biochemical methods but they do not allow localization of H,0, in
plant organs. After special staining the signs of H,O, appear as brown spots of different size
and intensity on a brownish leaf blade. The localization of spots can play an important role
in plant stress analysis. It can be found by the segmentation of 2D leaf blade images ob-
tained by scanning or taking photos of leaf’s upper side. This method gives no information
about the spot shape and size inside of the leaf blade, but this knowledge is necessary to
compare image processing results with biochemical techniques. The simplest way to obtain
volumetric data is to apply OCT over all leaf surface (slower) or only in particular places
where the spots appear in the leaf (faster) (Fig. 15). The second approach can drop the H,0,
spots visible only from one side.

a)

Fig. 15. Example apple-tree leaves stained with diaminobenzidine for H,O, detection:
a) the photo of a wet leaf blade; b) the scanned image of a dry leaf blade

In all cases discussed above it would be worth to experiment with polarization sensi-
tive OCT because it is known that tissues can exhibit birefringence properties what provides
additional contrast to OCT images and better conditions for image segmentation.

5. Conclusions

Optical coherence tomography (OCT) can produce high resolution cross-sectional
images of biological issues in vivo and in real time. OCT has been demonstrated for high
resolution in vivo imaging of developmental processes, including morphological abnorma-
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lities and functional parameters. The authors have been personally faced with three prob-
lems in biology of plants which could be perfectly solved with OCT imaging:

the estimation of white roots discolouration regions formed as a result of abiotic stress,
identification of root systems and their topological and morphological changes in the
same situation as above,

the measurement of leaf blades regions with pathological changes induced by different
biotic and abiotic stressors.

OCT fills a niche between confocal microscopy and imaging modalities such at mag-

netic resonance imaging (MRI) and ultrasound. It promises to become a powerful and
unique investigative tool in many fields of experimental biology. For example high image
resolutions (2-10 um) with 2-3 mm imaging penetration depths in scattering tissue permit
the microscopic visualization of dynamic changes which are studied in developmental
biology and histobiology.

(1]

(2]

(3]
(4]
(5]

(6]

(7]

(8]

[9]

[10]

[11]

References

Aguirre A.D., Chen Y., Fujimoto J.G., Ruvinskaya L., Devor A., Boas D.A., Depth-resolved ima-
ging of functional activation in the rat cerebral cortex using optical coherence tomography.
Optics Letters, vol. 31(23), 2006, 3459-3461.

Boppart S.A., Brezinski M.E., Fujimoto J.G., Optical Coherence Tomography Imaging in Deve-
lopmental Biology. Methods in Molecular Biology, Developmental Biology Protocols, vol. 135
(1), 2000, 217-233.

Bouma B.E., Tearney G.J., Handbook of Optical Coherence Tomography. Marcel Dekker Inc.,
New-York, 2002.

Dresler W., Fujimoto J., Optical Coherence Tomography: Technology and Applications. Springer-
Verlag, Berlin Heidelberg, 2008.

Goctawski J., Sekulska-Nalewajko J., Gajewska E., Wielanek M., An automatic segmentation me-
thod for scanned images of wheat root systems with dark discolourations. International Journal of
Applied Mathematics and Computer Science, vol. 19, No. 4, 2009, 679-689.

Goctawski J., Sekulska-Nalewajko J., Gajewska E., Wielanek M., Automatyczny pomiar diugosci
korzeni siewek pszenicy z hodowli hydroponicznej przy wykorzystaniu metod przetwarzania i ana-
lizy obrazow. UWND AGH, Automatyka, vol. 13, No. 3, 2009, 831-847.

Goel R.K., Kaouk J.H., Optical coherence tomography: the past, present and future. J. Robotic
Surg. 1, 2007, 179-184.

Hettinger J.W., de la Pena Mattozzi M., Whittier R. M., Williams M. E., Aaron Reeves, Parsons
R.L., Richard C. Haskell, Petersen D.C., Wang R., Medford J.I., Optical Coherence Microscopy.
A Technology for Rapid, in Vivo, Non-Destructive Visualization of Plants and Plant Cells. Plant
Physiology, vol. 123, May 2000, 3-16.

Huber R., Wojtkowski M., Fujimoto J.G., Three-dimensional and C-mode OCT imaging with
a compact, frequency swept laser source at 1300 nm. Optics Express, 13(26), 2005, 10523-38.
Mariampillai A., Standish B., Doppler optical cardiogram gated 2D color flow imaging at 1000
fps and 4D in vivo visualization of embryonic heart at 45 fps on a swept source OCT system.
Vol. 15, Issue 4, 2007, 1627-1638.

Michelson Diagnostics Ltd., High resolution EX1301 OCT microscope. http://www.md-1td.co.uk/
products/ex1301.html.



764 Zdzistawa Rowinska, Jarostaw Goctawski, Joanna Sekulska-Nalewajko

[12] Ross G.M., Kinasewitz G.T., Fung K.M., Keddissi J.I., Optical Coherence Tomography as an
Adjunct to Flexible Bronchoscopy in the Diagnosis of Lung Cancer: A Pilot Study. Chest. 138(4),
2010, 984-988.

[13] Santec Corporation: Inner Vision. Vol. 1.1. 2010. http://www.santec.com.

[14] Thorlabs Inc.: Insight Advanced Imaging & Microscopy. Vol. 1, Issue 2, www.thorlabs.com.

[15] Thorlabs Inc.: Swept Source Optical Coherence Tomography. http://www.thorlabs.de/catalogPa-
ges/v20/1364.pdf.

[16] Thorlabs Inc.: Swept Source OCT System. Operating Manual. http://www.thorlabs.us/Thorcat/
18100/18100-D02.pdf.

[17] Thorlabs Inc.: OCT Microscope Module. http://www.thorlabs.com/NewGroupPage9.cfm?Object-
Group ID=3783.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


