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Abstract: An optical coherence tomography (OCT) system employing a
microelectromechanical system (MEMS) mirror was used to measure the
refractive index (RI) of anatomically different regions in acute brain tissue
slices, in which viability was maintained. Rl was measured in white-matter
and grey-matter regions, including the cerebral cortex, putamen,
hippocampus, thalamus and corpus callosum. The Rl in the corpus callosum
was found to be ~ 4% higher than the RIs in other regions. Changes in RI
with tissue deformation were also measured in the cerebral cortex and
corpus callosum under uniform compression (20-80% strain). For 80%
strain, measured RIs increased nonlinearly by up to 70% and 90% in the
cerebral cortex and corpus callosum respectively. Knowledge of RI in
heterogeneous tissues can be used to correct distorted optical images caused
by RI variations between different regions. Also deformation-dependent
changes in RI can be applied to OCT elastography or to mechanical tests
based on optical imaging such as indentation tests.
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1. Introduction

Optical bioimaging techniques such as optical coherence tomography (OCT), confocal
microscopy and multiphoton fluorescence excitation microscopy provide imaging resolution
on the order of micrometers or sub-micrometers, at least 100 times the resolution of traditional
bioimaging techniques such as CT and MRI [1-5]; and these optical imaging techniques have
been applied to clinical applications, such as early cancer detection [6, 7], as well as to
mechanical testing based on elastography [8, 9]. Even with higher resolution, optical images
of a biological tissue can be distorted by inaccurate data of the tissue’s refractive index (RI)
which may vary from region to region even in the same tissue. Variation in Rl between
anatomical regions may be due to heterogeneous tissue structures caused by differences in
tissue constituents. Variation in Rl may also be introduced with compression or swelling of
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tissues, which can change the ratio of solid and fluid fractions in tissue. Accurately measuring
RI is essential to provide high-fidelity optical images since RI is a key parameter for image
reconstruction and interpretation as well as for understanding light-tissue interactions. In
addition, clinical diagnosis can be made based on RI differences between normal and
malignant tissues [10].

In previous studies, numerical simulations based on photon absorption and scattering
models have been used to predict tissue RIs [11, 12]. These methods involve complex
algorithms and lengthy calculation times. Other attempts to experimentally determine tissue
RIs measure the output angle of an optical fiber with the tissue as the fiber cladding [13], or
measure the critical angle of total internal reflection between the boundary of the tissue
sample and a triangular prism [14] or semi-cylindrical lens [15]. Using these experimental
methods, the RIs of various tissues including kidney, liver and striated muscles were obtained
[13,15].

Recently, more accurate methods for measuring Rls were proposed by Tearney et al. based
on OCT [16]. Two methods were introduced to measure Rls of dermis, epidermis and stratum
corneum in [16]: the first one used OCT images of a flat substrate and tissue boundaries and
extracted the RI by comparing the optical and physical thickness; and the second method
utilized focus tracking, in which the movements of the reference and sample arms were
recorded and the RI was calculated based on the distances they moved. Binding et al.
measured the RI of the cortex of the rat brain as a function of age by employing a full-field
OCT with a similar focus tracking method [17]. Note that a broadband light source is typically
used in OCT, so group RI was measured in these methods. Another approach, which was
applied to liver, spleen and brain tissues, measured the phase change induced by tissue
samples to calculate RI [18-20]. This method, by using a HeNe laser as the light source, gives
the phase RIs of the samples. Group and phase RI are defined with respect to group and phase
velocity respectively, and they are slightly different in biological tissues due to the chromatic
dispersion.

While optical properties have been previously measured in central nervous system (CNS)
tissue, RIs for living tissues are scarce, and to our knowledge, regionally-varying RIs in brain
tissue have not been reported. Measurement of regionally varying Rl is important for
heterogeneous tissues consisting of different types of cells and cellular densities at each
anatomic region. With these additional measures, distortion of optical images between
anatomical regions due to variation of RIs may be corrected in complex tissues. Maintaining
tissue viability is potentially important for measuring Rl of CNS tissues. Hypoxic neuronal
injury due to a lack of transported oxygen and nutrients increases cell membrane permeability,
and cell membranes and matrix components will also lose their structural integrity. These
physical changes may have an effect on optical properties of brain tissues. In addition,
information on how RI changes with regards to physical deformation may be used to
characterize or potentially diagnose diseases which are related to tissue deformation such as
hydrocephalus and brain tumors [21-23]. Besides, OCT-based elastography, which has been
used for medical diagnosis and mechanical testing may also benefit from this knowledge,
since it is based on the measurements of tissue deformation under loaded conditions [8, 9].

In this study, OCT is used to measure group Rls in various anatomical regions in live rat
brain tissue slices. The effects of tissue deformation on RI changes are also measured in
different anatomical regions. To measure RI, OCT and an indenter tip are used to measure
both the physical and optical thicknesses of normal and compressed tissue slices, and cell
viability for tissue slices is maintained throughout the measurements. Refractive index is
determined by the ratio of physical thickness and optical thickness of brain tissue slices. To
minimize disturbance to the test sample, a microelectromechanical system (MEMS) mirror is
employed to scan the optical beam in air, so that a moving stage was not required.

2. OCT system
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OCT s an optical imaging modality that employs coherent gating to realize cross-sectional
micron-scale resolution images [1]. It employs a broadband-light Michelson interferometer, in
which interference occurs only when the optical path lengths in the sample arm and the
reference arm match within the coherence length of the light source. In this study, a time-
domain OCT system was employed to provide through-thickness images of acute brain tissue
slices. The experimental system is shown in Fig. 1. The broadband light source (DenseLight,
DL-BX9-CS3159A) had a center wavelength of 1310 nm and FWHM (full width half
maximum) bandwidth of 75 nm, resulting in a 10 um axial resolution in air. Depth scanning in
the reference arm was realized by a rapid scanning optical delay line (RSOD). The
galvanometer in the RSOD was driven at 1 KHz and the scanning range was 0 to 1.6 mm. In
the sample arm, a MEMS mirror was used for lateral scans. The reflected interference signal
was detected by a balanced photodetector whose output signal was collected and digitized by
a DAQ card (NI-5122), and image processing was done with a PC. The sensitivity of the
system was measured to be 74 dB. The frame rate of the OCT system was 2.5 frames/s.

Light source

circulator

Photodetector
Beam Splitter

Data acquisition

Fig. 1. MEMS mirror based - OCT setup used for refractive index measurements.

In the sample arm, instead of using a translational stage to hold the sample for lateral scans,
an electrothermal-based MEMS mirror was used (Fig. 2). The output light from the single
mode fiber (SMF-28) was collimated with a fiber collimator (Thorlabs, F260FC-C); and the
collimated beam size was 2.8 mm in diameter. The light was then focused using a lens with
diameter of 12.7 mm and focal length of 39 mm. A MEMS mirror was placed approximately
26 mm behind the focusing lens, with 45° to the incoming beam. The beam diameter at the
mirror plate was about 0.94 mm, and the 45° cross section was about 1.33 mm in diameter.
The mirror plate is 3 mm x 3 mm, which is larger than twice the beam size and did not
truncate the incident beam even at the largest scan angle of the MEMS mirror. The transverse
resolution was ~23 um.

The advantage of using a MEMS mirror was that it allowed the sample to remain
stationary, and thus disturbance from a moving stage was avoided. For ex vivo testing, the
tissue slices were submerged in a physiological fluid, but were not fixed to the underlying
substrate. With stage movement, even small relative movement of the tissue would cause
image artifacts, and by employing a MEMS mirror, motion artifacts were avoided. A
galvanometer could also be used for this purpose; however a MEMS mirror was preferred in
this study. The ultimate application is to measure RI in vivo. In that case, a miniature laser
scanning probe must be used. MEMS mirrors are a good fit because they are small and scan
fast. Much smaller space is required for the MEMS mirror compared with a two-dimensional
translational stage or a galvanometer set. In addition, MEMS mirrors have the advantage of
low cost.

3. MEMS mirror
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The MEMS mirror employed in this experiment is based on eletrothermal actuation.
Electrothermal actuation is based on the movements of bimorph beams. A cantilever bimorph
beam, as depicted in Fig. 2(a), consists of two layers of materials with different coefficients of
thermal expansion (CTES). The bimorph beam bends when the beam is heated because the
two layers expand/contract differently upon a temperature change. Aluminum and SiO, were
used as the bimorph materials, and Platinum was embedded in the bimorph to form the
resistor for Joule heating. For each actuator, three bimorph beams and two rigid frames were
connected in series to compensate the lateral shift of each segment during scanning and to
realize large displacement as well. This actuator design is called lateral-shift-free, large-
vertical-displacement (LSF-LVD) design, similar to the one reported in [24]. A large mirror
plate leads to low resonant frequency. In order to keep up the bandwidth of the mirror, a light-
weight mirror structure was employed to reduce the mass of the mirror plate. The light-weight
structure was realized by employing silicon ribs on the backside of the mirror plate for support
instead of using a solid silicon layer, as shown in Fig. 2(d). The mirror plate mass was reduced
to 21.8% of its original mass.

A relatively large 3 mm x 3 mm mirror plate was chosen for good optical resolution and
ease of alignment. To control mirror movement, there were 16 actuators in total, 4 on each
side of the mirror, as shown in Fig. 2(c). The scan angle of the MEMS mirror was £6.5° when
a 4 Vdc driving voltage was applied and the measured tip-tilt resonant frequency was 445 Hz.

(a) (b) Mirror plate

Upon actuation

Fig. 2. MEMS mirror used for lateral scans. (a) Bending motion of the bimorph beam. (b) LSF-LVD actuator design.
(c) SEM of the front side of the MEMS mirror. (d) SEM of the back side of the MEMS mirror showing the Si ribs
structure.

4. Tissue sample preparation
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Tissue samples from five adult male Sprague Dawley rats (~ 250 g) were tested. Tissue slices
from three rats were used to measure RIs within different anatomical regions and tissue slices
from two rats were used to measure Rl changes with tissue compression. Rat surgery was
conducted in accordance with the NIH guidelines on the use of animals in research and the
regulations of the Animal Care and Use Committee of the University of Florida. Prior to
euthanasia, rats were fully anesthetized by isoflurane inhalation and checked for absence of
toe-pinch, righting, and corneal reflexes. After euthanasia, standard protocols for tissue
retrieval, brain tissue slicing, and tissue maintenance were implemented. Excised rat brains
were immediately sliced using a vibratome (Leica VT 1000A, Leica Microsystems Inc.,
Germany) into coronal sections of 300 um thickness. This thickness was chosen to ensure
transport of oxygen and good visibility through the sample thickness in OCT images [25].
After slicing, brain tissues were submerged in O,-saturated artificial cerebrospinal fluid
(aCSF, Neurobasal™ Media, GIBCO, Invitrogen Co., CA) and temperature was maintained
between approximately 35 - 37 °C. The aCSF was continuously bubbled with 95% O, and 5%
CO, gases and 0.5 mM L-Glutamine (Invitrogen Co., CA) and 1% penicillin-streptomycin
(Invitrogen Co., CA) were supplemented. The pH of the aCSF measured before testing was
7.4. Through testing, sliced brain tissues were maintained under these conditions; cell viability
was determined by measuring neuronal death or degeneration as a function of incubation time
with Fluor-Jade C (FJC) staining. The results have shown that cells in the slices could
maintain viability for up to 7 hrs. [9]

5. Rl measurement method and process

To establish regional variation of Rl in acute rat brain tissue slices, cerebral cortex, putamen,
hippocampus, thalamus and corpus callosum were tested (Fig. 3). The RI of a tissue slice is
calculated by dividing optical thickness by its physical thickness, i.e.,

Rl — toptica/
tphysical (1)

Fig. 3. Anatomical regions of rat brain tissue slices tested. Medial sections from excised rat brains were sliced into
coronal sections of 300 um thickness.

Thicknesses were measured using the following procedure. To measure RI, an acute rat
tissue slice was placed into a Petri dish which was filled with oxygenated aCSF (aCSF was
oxygenated with 95% O, and 5% CO, for an hour prior to testing). A 2 mm spherical bead
attached to a micro-positioner was lowered onto the slice to touch the surface of selected
anatomical regions, see Fig. 4(a). The spherical ball was aligned within the center of the
lateral scan range of the MEMS mirror and OCT was used to scan cross-sectional tissue
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images from the bottom of the Petri dish which was made of glass. The optical thickness of
the tissue slice was obtained by directly measuring the thickness of the slice in the OCT image
through the number of pixels (see Fig. 4(b)). After the optical thickness was measured, the
brain tissue slice was removed gently without moving the metal bead, and the aCSF in the
Petri dish was removed using a pipette and paper tissue. The physical thickness of the brain
tissue slice was determined using the thickness of the air gap between the metal bead and the
bottom of the Petri dish. The RI of air is 1. The RI was calculated by comparing the pixel
numbers of the tissue slice thickness and the air gap. To verify accuracy, a known optical path
length of 500 um was measured to be between 496 to 498 um using this setup, so the system
error was smaller than 0.8%. Ten tissue slices from each region were measured; one test was
conducted on each slice.

To measure the refractive index of tissues under compressed states, the spherical bead was
replaced by a 2 x 2 x 0.2 mm flat glass tip to apply uniformly compressive strains. Brain
slices from 2 rats were used for this study, 7 slices for cerebral cortex and 8 slices for corpus
callosum were tested. The same area in each slice underwent strains from 20% to 80% during
a single series of tests. The initial physical distance between the bottom and top surface of
brain tissue was measured using a micrometer stage, and then tissue was deformed by moving
the flat indenter. Brain tissue slices were continuously compressed by 20%, 40%, 60% and
80% with respect to the initial physical thickness. Cross-sectional deformed images were
taken by OCT and the physical thickness and optical thickness were compared to measure
changes of RI with respect to tissue compression. The experimental procedure took less than 2
minutes for each series of tests.
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Fig. 4. Measurement of optical and physical thickness of various anatomical regions in rat brain tissue slices. The
optical thicknesses (topicar) OF each target region was measured by touching a 2mm stainless steel (SS) ball at the
surface of the cerebral cortex (a-1), thalamus (b-1), corpus callosum (c-1), hippocampus (d-1) and putamen (e-1).
The physical thicknesses (tonysicar) Which is shown on right side of picture were measured as the distance from the glass
bottom to the 2mm SS ball after gently removed the brain tissue slice and aCSF (a-2 to e-2).
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Fig. 5. OCT images of brain tissue slices under compression for (a) cerebral cortex (grey matter) and (b) corpus
callosum (white matter, bundle of myelinated axons). (a-1, b-1) no compression, (a-2,b-2) 20% , (a-3, b-3) 40%, (a-4,
b-4) 60% and (a-5,b-5) 80% compression.

6. Results

OCT provided 2D cross-sectional images of acute rat brain tissue slices, shown in Figs. 4 and
5. The bottom and top surfaces of the tissue slices were clearly delineated. The surface contact
of the 2 mm-diameter stainless steel bead was also detected for each anatomical region. The
RI1 in the corpus callosum, which is a known white matter region, was 1.407 £+ 0.015 and the
Rls in the putamen and cortex, which are known as grey matter regions, were averaged
between 1.361 and 1.369. RI in the corpus callosum was measured to be statistically higher
than those in other regions of brain tissue (see Fig. 6). The corpus callosum was the only
region found to be statistically different from other anatomical regions based on the Tukey-
Kramer method with alpha=0.05. The standard deviation of the RI in each region ranged from
0.007 to 0.016. The RI of the aCSF was 1.342 + 0.007. This was ~2.7% lower than the
average RI over all the regions measured in the brain tissue slices, which was 1.380.

1.45

1.425

1.4

1.375

Refractive Index

1.35

1.325

1.3

CC Thal CCt Hip Put aCSF

Fig. 6. Measured RI in various anatomical regions in brain and aCSF. 10 samples were measured at each region. Bars
correspond to 1SD (CC=corpus callosum, Thal=thalamus, CCt=cerebral cortex, Hip=hippocampus, Put=putamen, and
aCSF=artificial cerebral spinal fluid). R1 of corpus callosum was statistically different compared to other regions.
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The effect of tissue deformation on RI was estimated in the cerebral cortex and corpus
callosum by unconfined uniform compression. The RI changes in both regions showed a
similar trend, non-linear increases with increasing compressive strain, as shown in Fig. 7. The
RI1 of the white matter increased more significantly under the same strain compared to the RI
of the grey matter. For strains up to 20%, only small increases in Rl were observed, which
were ~3% for the grey matter and 6% for the white matter. For applied strains over 40%, Rl
significantly increased. For 80% strain, a RI increase of more than 70% was measured for the
grey matter, while an average 90% increase was measured for the white matter.

2 T T T T T T T T

19k @  Cerebral cortex

@ Corpus callosum
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Strain (uniform compression)

Ratio of Rl

Fig. 7. Rl in rat brain tissue slices under uniform compression. 7 rat brain tissue slices were test for cerebral cortex
and 8 tissue slices were tested for corpus callosum measurements. Bars correspond to +1SE.

7. Discussion and conclusion

In this study, RI of rat brain tissue slices was measured in various anatomical regions using a
MEMS based OCT system. OCT images clearly captured cross sectional images of brain
tissue slices with white matter (corpus callosum and thalamus) showing brighter intensity than
gray matter regions such as the cerebral cortex and putamen. RI of the corpus callosum,
which consists primarily of white matter was measured to be 1.407+0.015. No statistical
differences in Rls of grey matter regions (cerebral cortex and putamen) were found and the
average RI of all grey matter regions was 1.369+£0.014. RI of aCSF was slightly higher than
RI of water by approximately 0.9%. The difference between Rls at each anatomical region
may be due to different types of cells, cell densities, and differences in fractions of
extra/intracellular space in their structures. The higher RI measured from the white matter
may also be due to multiple scattering. Rls of both white and grey matter regions were close
to RI of water, because of the large water content of brain tissue [26]. RIs of brain tissue slices
measured by OCT in this study are comparable to those previously reported in literature, for
example, 1.3526 for cortex at a 1.1 pum wavelength [17], 1.371 over a range of spatial
frequency of 0.06 to 0.6 um™ (region not specified)[18]; and 1.3751 and 1.3847 for two
cortical neuron cell bodies at 658nm [19]. Differences between measures may be due to
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different measuring wavelengths. Another reason could be due to maintenance of tissue
viability. Tissue viability may be important in measures of optical properties in brain tissue
since it can change with the fraction of solid to fluid constituents, e.g. extracellular fluid
content. However, our measured RIs may be similar to other studies since ~ 80% of brain
tissue is fluid, and changes in solid to fluid volume fractions with changes in tissue viability
may not be significant as long as structural integrity of the ECM and cell membranes is
maintained (short time after slicing).

Changes of RIs under unconfined compression testing of brain tissue slices were also
measured in both white (corpus callosum) and grey matter (cerebral cortex) regions. Non-
linear increasing trends with increases in strain were observed for Rls of both regions. Under
smaller compression strains under 20%, changes of RI were almost negligible. Rls increased
significantly over 40% compression. This large increase may be due to changes in water
content and significant compaction of solid matrix in the tissue with large strains as fluid is
squeezed out of the extracellular space. As compression approached 80%, most extracellular
fluid was likely squeezed out and RI which was significantly higher than for non-compressed
states likely reflected that of the solid constituents including cells, vessel walls, and ECM. The
higher scattering of solid constituents compared to fluids can therefore be used to explain the
gradual increase in OCT image intensity with the increased compression shown in Fig. 5.

In measurement of RIs, tissue swelling can be a significant issue when comparing acute
slices to tissues in vivo. Thicknesses of brain tissue slices were measured within 2 hours after
tissue slicing. Average thicknesses of the cerebral cortex and corpus callosum were 341 pum
(1SE=14 pm) and 254 um (1SE=22 um), respectively. Thus an approximately 13% thickness
increase in the cerebral cortex and a 20% thickness decrease in corpus callosum were detected
after tissue slicing. This may in part be due to effects residual stresses within brain tissues.
For example, within the brain, certain grey matter regions have been measured to be in
compression while white matter was measured to be in tension [27]. After slicing, these
stresses may be removed resulting in thickness changes. However, these changes in the
thickness may not have a significant effect on RI, since changes of RI under 20% of
compression were estimated to be less than 3%. This suggests that Rl measurements in vivo
and ex vivo could be comparable.

It should be noted that blood flow was not taken into account for this study, and the
temperature of brain tissue samples may have changed slightly during the testing process
since the sample arm was not heated. These two factors may introduce some differences when
comparing the testing results to in vivo conditions. In large strain tests, viability of cells may
be compromised as tissue is compressed. Within the region of the flat glass tip, the
extracellular space may be greatly reduced, resulting in hindered extracellular transport and
hypoxic cell damage. To reduce this effect, all test procedures were completed in less than 2
min within each test region. Cell viability may not be significantly compromised during this
short period of time. Cells may also be damaged due to loading under large compression (over
40 to 80% of compression). With rupture or damage to the cell membrane, cellular
components are released and these constituents may cause further tissue damage. Also due to
the small scan angle of the MEMS mirror, the non-telecentric scan effects were not corrected
within the OCT images. The precision of Rl measurements can be increased with improved
resolution of the OCT system and correction of the non-telecentric scan effects.

OCT provides rapid imaging and direct visualization of cross-sectional images of tissue
slices. In this study, a MEMS-based OCT system was used to measure regional RIs in acute
brain tissue slices under uncompressed and compressed states. Incorporating a scanning
MEMS mirror in the OCT system eliminates the need of a moving stage so that the acute
tissues can be imaged without any vibrational disturbance. The results of this study may be
helpful in correcting optical image distortion caused by regionally varying Rl and tissue
compression caused by injury, surgery or disease. Accurate optical images of brain tissue aid
in image interpretation and may lead to improved diagnosis and more successful imaging-
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guided surgery. In addition, OCT-based mechanical testing of tissues under compression or
indentation tests may also benefit from this study. Furthermore, the exploration of using
MEMS for miniaturizing the measuring system may lead to real-time in vivo tissue imaging.
We only studied coronally sectioned brain tissue slices in this work. Since brain tissues can
have variously aligned micro-structures, we will explore the effect of the directionality of
brain tissue slices on Rl and RI changes in response to compression in the future.
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