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The problem of in vivo photoluminescence diagnostics of the tissues accessible by endoscopes is
discussed. The spectral imaging module attachable to conventional rigid and flexible medical
endoscopes is developed and described. It is based on a double acousto-optical tunable filter
(AOTF) and a specialized optical coupling system. The module provides wide field of view
(FOV), absence of image distortions, random spectral access, fast spectral image acquisition at
any wavelength in the visible range and accurate measurement of reflectance spectrum in each
pixel of the image. Images of typical biomedical samples are presented and discussed. Their

spectra are compared to the reference data.
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1. Introduction

Noninvasive photoluminescence methods are very
promising for diagnostics and therapy of tumor and
inflammatory diseases.' The imaging systems which
provide the hyperspectral (spectral and spatial)

information are particularly interesting. They have
several very important advantages: informativity,
high sensitivity and clearness of data interpretation.?

Spectral imaging systems based on acousto-optic
tunable filters (AOTFs) possess hyperspectral ca-
pabilities and also provide unique collection of
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features such as random spectral access, program-
mability and image transmission with high image
quality — insignificant (less than 1%) distortion in
the visible spectral range. Rather narrow band-
width (down to 0.1 nm) and high spatial resolution
(up to 1000 x 1000 dots), fast spectral tuning
(~ 10 us), compactness and absence of any moving
elements make them a precise and ergonomic ana-
lytical tool capable of working in out-of-lab envi-
ronment®* for various applications, including
biomedical analysis.

Spectral imagers based on other spectral ele-
ments do not provide possibility of recording images
on arbitrary wavelengths (diffraction gratings),
sufficient spectral range (Fabry-Perot filters) or
speed of spectral tuning (liquid crystal filters).

Small-size AOTF's with large entrance pupil and
wide field of view (FOV) can be readily integrated
into optical schemes of existing equipment. For in-
stance, there are AOTF-based imaging systems for
microscopic fluorescence diagnostics of biomedical
objects,” for detection of tumors by the injection
of photoluminescence substances,® for noncontact
oxygenation detection” and other applications.

One of the most promising applications for
AQOTF-based spectral imaging in medicine is en-
doscopy, which is widely used for in vivo visualiza-
tion and diagnostics.»*? Being coupled with rigid or
flexible medical endoscopes, AOTFs provide an
extra capability which is reflectance spectrum
quantitative analysis of inspected tissues and
organs. It allows, for example, effective detection of
mouse pancreas pathology and other malignant
tissues.®

Most of AOTF-based spectral imagers for endo-
scopic photoluminescence analysis utilize single
acousto-optic (AO) cell, which lacks spectral drift
and chromatic aberrations of diffracted image.'"
That is why for spectral images matching, an ad-
ditional correction procedure must be applied that
complicates the analysis and makes it time-con-
suming and less reliable.!! Another problem con-
cerns the optical coupling between the endoscope
ocular and the AOTF entrance pupil. The FOV and
the light diameter of AOTFs differ significantly
from endoscopes’ ones. Therefore, directly attaching
the AOTF to endoscope ocular causes losses in light
power and decrease in the diffracted image quality.

Here, we present the endoscopic AOTF-based
spectral imaging module free of these lacks. It
comprises of double AOTF and special optical

coupler. In this paper, we also describe the experi-
mental approbation of this imager with real bio-
medical objects to demonstrate the efficiency and
accuracy of spectrum measurement and applicabil-
ity for in wvivo endoscopic visualization of internal
organs.

1.1. Double monochromatization
and optical coupling

The main difference of the device from the existing
AOTF-based spectral imagers is the double mono-
chromatization. For this purpose, two AO cells are
utilized, the second one being rotated at 180° in the
polar plane. To provide identical conditions of AO
interaction in both AO cells, the angles of incident
light 0, diffracted light 1 and ultrasound ~ should
be related as follows 6y =y, ¥y =01, V2=
[Fig. 1(a)]. The cells implement the diffraction of
orthogonally polarized light radiation: the first:
e — o, the second o — e. Double monochromatiza-
tion significantly increases the contrast'? and the
quality of the transmitted image'® in the whole
spectral range. While each AO cell causes image
deformations,'’ in the developed tandem double-
AOQOTF, linear and nonlinear distortion aberrations
are almost completely compensated.'?

Monochromator was designed and assembled as a
separate PC-controlled device for image spectral
filtration [see Fig. 1(b)]. Its optical scheme includes
two wide-angle noncollinear TeOy AO cells placed
in series as shown in Fig. 1(a). Monochromator
provides spectral resolution ~1.5nm (at 630 nm)
and spatial resolution ~600 resolved elements in
each direction in the wavelength range 450-750 nm.

The second feature of the developed imaging
system is the specialized optical coupler between the
eyepiece of the endoscope and the AOTF. It sig-
nificantly increases the luminosity and the FOV of
the system.

FOV behind the standard endoscope eyepiece is
2w,. = 20—50°, and the diameter of eyepiece exit
pupil D,. = 2—5mm. AOTF parameters differ sig-
nificantly from these values: 2wporr = 3° and
Dyorr < 8mm. So when installed just behind the
eyepiece without an optical coupling system, AOTF
uses only a part of the entire eyepiece FOV and the
AOQOTF input pupil is filled only partially. To solve
this problem, the optical coupler should be an afocal
system with magnification I" < 1.!* The coupler
increases the input FOV of the AOTF to the value
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Note: q, k;, kg — wave vectors of ultrasound, incident and diffracted light; n,, n, — refractive indexes of crystal for ordinary and extraordinary

polarized light.

Fig. 1. Wave diagrams of the diffraction (a) and double-AOTF monochromator, (b) 1 — mechanical adapter for optical coupler,
2 — two AOTFs inside the cover, 3 — mechanical adapter for objective lens; 4 — driving radiofrequency unit; 5 — USB control

port, 6 — power supply port.

Fig. 2. Optical system of the coupler. 1 — mechanical adapter for endoscope ocular, 2, 4, 5 — lenses, 3 — focusing tool.

2arctan(tan(wporr)/I") and decreases the AOTF
light beam diameter to the value I'D,grp. Match-
ing of the diameters leads to the luminosity increase
by (1/T')? times. For the majority of medical
endoscopes, the optimal magnification of the cou-
pler is I' = 0.4. In this case, the increase in the FOV
of the spectrometer is 2.5 times and luminosity rises
6 times. It was proved experimentally.”'® The main
novelty of the device described in this paper in
comparison with Refs. 13 and 14 is that the spectral
drift of the image is eliminated and there is the no
noticeable image distortions at the full FOV on any
wavelength. This allows us to compare the images
obtained at different wavelengths without post-
correction. In particular, it allows us to quickly and
reliably obtain a spectrum of different image points.

For the present research, we measured the
image aberrations, including the chromatic drift,
caused by AOTFs with various angular configura-
tions.' The measurement setup was based on the

wave-front analysis by means of Shack—Hartman
sensor. Using the experimental results we developed
the new optical coupler where the single lens was
replaced with a doublet. The new coupler has the
same features as in Refs. 9 and 15 but has a new
very useful feature. It demonstrates a very small
chromatic shift (less than 50 ym) and thus need not
refocusing while spectral tuning. Figure 2 shows the
coupler structure. The focusing tool 3 is required to
change and fix the position of the focus when
changing endoscopic probe. The mechanical
adapter 1 is standard endoscopic mount so that the
coupler is compatible with medical rigid and flexible
endoscopes.

2. Experimental Setup

The optical scheme of the experimental setup is
shown in Fig. 3. Inspected object 1 is illuminated by
wide-band visible or ultraviolet light from source 3.
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Fig. 3. Optical scheme (a) and appearance (b) of experimental setup. 1 — inspected object; 2 — rigid endoscope probe; 3 — wide-
band light source; 4 — optical coupler; 5, 7, 9 — polarizers; 6, 8 — identical wide-angle AO cells; 10 — objective lens; 11 — digital
camera; 12 — PC; 13 — control unit. Home-made AOTF-based module with optical coupler is marked by dotted line rectangle.

Reflected and scattered light as well as reemitted
fluorescence radiation is collected by endoscope
front lens and transmitted through the rigid endo-
scopic probe 2, optical coupler 4 and double-AOTF
monochromator 5-9 consisting of two AO cells 6, 8
and three polarizers 5, 7, 9. Selected narrow-band
light is focused by the objective lenses 10 at the
sensor of the digital monochrome camera 11.

Parameters of the sensor (exposure time, gain,
binning, etc.) and the wavelength of the mono-
chromator can be tuned interactively by the user
from PC 12. The developed software provides both
hardware control and spectral image processing.
The rigid endoscope (diameter 5.5mm, length
45 cm) 2, the 150 W halogen light source 3, objective
lens (f = 90mm) 10 and videocamera The Imaging
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Fig. 4. Spectral images (500-740 nm) of human skin (thumb) and measured reflectance spectra at three different points.
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Fig. 5. Spectral images (500-740 nm) of mouse testicle and measured reflectance spectra at three points: 1 — testicle membrane,

1 — testicle body, 3 — fixative compound.

Source DMK 31BU03 (sensor Sony ICX204AL,
1024 x 768 pixels) 11 are standard devices widely
used in medical endoscopy. The coupler 4 and
double-AOTF-based monochromator 5-9 are de-
veloped to be totally (optically and mechanically)
compatible with them so that the user can either
carry out conventional endoscopic analysis or insert
the coupler and monochromator for photo-
luminescence research.

To eliminate the influence of the light source,
inconstancy of the CCD quantum efficiency and
transmission of optical components, the whole op-
tical system was preliminary calibrated by the
measurement of the test-object spectra.

To demonstrate the applicability of developed
AQOTF-based endoscopic system, typical biomedical
tissues were analyzed: human skin and mouse tes-
ticle. The spectral images shown in Figs. 4 and 5 are
uncorrected in order to show the raw data obtained

by the spectrometer. All images in Figs. 4 and 5 was
obtained under the same illumination conditions
using the halogen light source with well-known
spectrum.

A series of spectral images of a human thumb
was detected in the range 450-750 nm with a step
2 nm. Reflectance spectra at three points are shown
in Fig. 4. All the spectra are quite similar and have
a minimum in the range 500-740nm. The shape
corresponds well to the spectral reflectance of
main skin layers: stratum corneum, epidermis and
dermis.'”

A series of spectral images of a mouse testicle in
the range 450-750 nm with a step 2nm is shown in
Fig. 5. The measured reflectance spectra of testicle
membrane, testicle body and the fixative com-
pound (glue) differ significantly. Despite the wide
usage of testicles for the analysis of medicine
influence and diseases progress such a spectral

Table 1. Comparison of the described and conventional approaches.

Type of the spectrometer

Single-AOTF-based without  Double-AOTF-based

Parameter optical coupling with optical coupling
FOV,° 3-10 30-60
Luminosity inhomogeneity up to 70 <10
over the image, %

Spectral contrast, % 12 1
Monochromatic distortion, % up to b < 0.5
Chromatic distortion, % up to 3 <0.1
Spectral image drift, um up to 300 < 50
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imaging of mouse testicles is carried out for the
first time.

3. Discussion

The endoscope-attachable double-AOTF-based
system combines reliable spectral imaging with the
collection of important features: absence of distor-
tions and chromatic drift, high spectral contrast,
no-moving-part design, fast electronic tuning,
compatibility to commercially available endoscopes.
To summarize the merits of the described spec-
trometer, in Table 1 its main technical parameters
are compared with those of the single-AOTF spec-
tral imagers without optical coupling.

4. Conclusion

A novel endoscopic spectral imager for biomedical
applications based on double monochromatization
of light and precise optical coupling provides high
spectral contrast and aberration-free imaging. The
imager has several new important features: com-
pensated spectral and spatial image distortion,
minimization of optical losses and compatibility
with standard medical endoscopes both rigid and
flexible. Experimental research of real biomedical
tissues shows the effectiveness of the developed
AOTF-based endoscopic spectral imager. Compar-
ison of measured reflectance spectrums with refer-
ence ones demonstrates the correctness of obtained
data. The spectral imager has the potential for
noninvasive optical diagnostics in colonoscopy,
bronchoscopy, gastroscopy, etc.

Acknowledgments

This work is supported by Grant Nos. 13-02-12210
and 14-00-10420 of Russian Foundation of Basic
Research.

References

1. V. Tuchin, Handbook of Optical Biomedical Diag-
nostics, SPIE Press, Bellingham (2002).

2. K. Mudry, R. Plonsey, J. Bronzino, Biomedical
Imaging, CRC Press, New York (2003).

3. T. Vo-Dihn, P. Kasili, B. Cullum, “Multispectral
imaging for medical diagnostics,” Proc. SPIE 4615,
13-19 (2002).

10.

11.

12.

13.

14.

15.

16.

17.

1541009-6

. M. Bouhifd,

M. Whelan, M. Aprahamian,
“Fluorescence imaging spectroscopy utilising acousto-
optic tuneable filters,” Proc. SPIE 5826, 185-193
(2005).

I. Kutuza, V. Pozhar, V. Pustovoit, “AOTF-based
imaging spectrometers for research of small-size bi-
ological objects,” Proc. SPIE 5143, 165-169 (2003).
V. Pozhar, V. Pustovoit, I. Shilov, “AOTF-based
spectroscopic instruments for oncology,” Proc. of
1st German-Russian Oncology Symp., Med. Laser
Appl. 25(3), 200 (2010).

N. Gupta, J. Ramella-Roman, “Detection of blood
oxygen level by noninvasive passive spectral imag-
ing of skin,” Proc. SPIE 6842, 1-8 (2008).

M. E. Martin, M. B. Wabuyele, M. Panjehpour,
M. N. Phan, B. F. Overholt, R. C. DeNovo, T.
Moyers, S. G. Song, T. Vo-Dinh, “Dual modality
fluorescence and reflectance hyperspectral imaging:
Principle and applications,” Proc. SPIE 5692, 133—
139 (2005).

A. Machikhin, V. Pozhar, V. Batshev. “An acousto-
optic endoscopic spectrometer,” Instrum. Ezp.
Tech. 56(4), 477-481 (2013).

V. Pozhar, A. Machihin, “Image aberrations caused
by light diffraction via ultrasonic waves in uniaxial
crystals,” Appl. Optics 51(19), 4513-4519 (2012).
A. Machihin, V. Pozhar, “A spectral distortion
correction method for an imaging spectrometer,”
Instrum. Exp. Tech. 5(6), 847853 (2009).

M. Mazur, V. Pozhar, V. Pustovoit, V. Shorin,
“Double acousto-optic spectrometers,” Achieve-
ments Mod. Radioelectron. 10, 19-30 (2006).

A. S. Machikhin, V. E. Pozhar, “Spatial and spec-
tral image distortions caused by diffraction of an
ordinary polarized light beam by an ultrasonic
wave,” Quantum Electron 45(2), 161-165 (2015).
A. Machikhin, V. Batshev, “An optical system for
coupling double acousto-optic monochromators and
eyepieces of visual optical instruments,” Instrum.
Ezp. Tech. 57(6), 736-741 (2014).

V. Pozhar, A. Machihin, V. Batshev, “Compact
AOTF-based videospectrometer for endoscopic
medical research,” Photonics Lasers Med. 2(2),
153-157 (2013).

A. S. Machikhin, V. I. Batshev, Yu. A. Firsenkova,
“Experimental research of the wave front distortions
caused by AOTF-based spectral imagers for bio-
medical applications,” Proc. SPIE 9448, pp. 1-8
(2015).

A. Switonski, L. Janik, K. Jedrasiak, “Individual
features of the skin spectra,” Proc. World Congress
on Engineering and Computer Science, Vol. 1,
pp. 19-21 (2011).



	Double-AOTF-based aberration-free spectral imaging endoscopic system for biomedical applications
	1. Introduction
	1.1. Double monochromatization and optical coupling

	2. Experimental Setup
	3. Discussion
	4. Conclusion
	Acknowledgments
	References


