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Abstract

Introduction: Due to enormous interests for laser in medicine himdogy, optical properties characterization of
different tissue have be affecting in developmentpsses. In addition, the optical properties ofdgical tissues could
be influenced by storage methods. Thus, opticgbgmees of bovine white and grey tissues presebyefbrmalin have
been characterized over a wide wavelength speotariad between 440 nm and 1000 nm.

Materials and Methods. To that end, a single integrating sphere systens wasembled for spectroscopic
characterization and an inverse adding-doublingrétlym was used to retrieve optical coefficient®. ireduced
scattering and absorption coefficients.

Results: White matter has shown a strong scattering propertpmparison to grey matter. On the other hahmel grey
matter has absorbed light extensively. In comparisite reduced scattering profile for both tissyees turned out to
be consistent with prior works that characterizgtioal coefficients in vivo. On the contrary, alystion coefficient
behavior has a different feature.

Conclusion: Formalin could change the tissue's optical properbecause of the alteration of tissue's struauack
components. The absence of hemoglobin that seepslusuto the use of a formalin could reduce theogdi®n
coefficient over the visible range. Both the watgslacement by formalin could reduce the refraciigex of a stored
tissue and the absence of hemoglobin that scditgrs over the presented wavelength range shouhinish the
reduced scattering coefficients over that wavelenghge.

Key words: white matter; grey matter; reduced scatteringoattion; reduced albedo.

Introduction (IMC).* The absorption coefficient of all specimens turned
to be small in comparison to their scattering doefht and the
highest penetration depth was found in the wavelengnge
between 1000 nm and 1100 nm. The study also fohadl t
thermal coagulation decreases the effective perairaepth
of all tissue typeS* A work by Gebhart et al. retrieved brain
optical properties based on inverse adding doub{iAd).*?
Discrepancies of their findings can be explainedskyeral
factors such as the corresponding approach impleeto
analyze the spectral characteristics and samplpapgon
method™'? Optical properties of lamb brain tissue were
investigated over the visible and near-infrarediaeg for
native and coagulated samples. The differences dagivthe
optical properties of the lamb and the human bnragre
discussed® Azimipour et al. extracted in vitro the rat brain
optical properties using three different cuts thate a 500 um
thickness at three different wavelengths (405, &%

Biological tissue optical properties are regardedaabasic
requirement for providing an insight into lightdise
interaction. The development of optical diagnostnd
therapeutic methods highly depends on tissue dptica
characteristics. However, the light energy distiimu is the
basic challenge that relates to tissue optical rpaters and
plays a vital role in dosimetry and therdpyTissue optical
coefficients have associated with tissue structand type.
Furthermore, the scattering coefficient provideforimation
about scattering component form and concentratidrereas
the absorption coefficient can lead to chromophype and
concentration. Thus, optical parameters might bkzed to
identify and localize unhealthy tissue¥ Yaroslavsky et al.
investigated the optical characteristics of natine coagulated
human brain tissue over ultraviolet to the nearairdd region
using a double integrating sphere and inverse M@deo
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635 nm)™* Reduced scattering coefficient turned out to lgh hi
at the brain center and gradually reduced to théase, as
opposed to the absorption coefficient. The absompti
coefficient varied from 0.1 to 0.35 miand between 1.5 and
5 mni* for the reduced scattering coefficient at 532 ir@n
the other hand, preparation and storage methods tidsue
sample and their influences on tissue optical égefits have
been investigated. Formalin fixation is a preparatmethod
widely used for the long-time storage of tissuec#pens.
Major prior works aimed to study formalin fixatianfluence,
predicted an enormous deviation of fixed tissueicapt
properties. However, formaldehyde acts as a cinksiy
agent at the molecular level for soluble and stnatproteins,
which could cause a change of scattering propetigraas
absorption remains unalter&t’ In contrast, OCT image for
formalin-fixed tissue shown the absence of bloodsets
following storage that has predicted a decreasfraosorption
spectra® For more understanding, Pitzschke et al. investitja
the reduced scattering, absorption and effectitenaation
coefficient of rabbit brain tissue at 635, 671 &8@B nm to
understand the effects of formalin storage on tlogitical
properties in comparison to in vivo measureméh#sthough,
tissue-stored absorption and reduced scatterindficieats
increased at every wavelengths in comparison toviuo
results, absorption and reduced scattering profieage had a
decremental relationship with increased wavelermtér the
studied range to be similar the behaviour of inowweasured
optical parameters with wavelendthin other words, using a
formalin in order to store brain tissues resulted iguantitative
disagreement of the measured optical charactesjstibile no
qualitative variations could be obser/&ddn the other hand,
Anand et al. observed a dissimilarity of the forimdixed
tissue's absorption spectrum in comparison to fyesample,
which has been explained by seeping out of hemaglivbm
red cells?® Furthermore, reduced scattering coefficient has
remained a constant value for formalin fixed sam@ed an
exponential decrease with wavelength has been a&stihfor
fresh samplé® Thus, there were qualitative and quantitative
variations caused by using a formalin for storirggues that
turned out to be inconsistent with another wor Finally, the
consequences of using the formalin for brain tissue
preservation and their influence on the opticalpprties have
not been decided yet and with the best of our kadge, the
changes of utilizing that method of storing on thgtical
properties of white and grey matters have not Istedied.

In order to determine the optical properties obfldgical
tissue, numerical solutions of the radiative transfquation
(RTE) are regarded as the best choice to be udddindirect
techniques. These depend on the radiometric clegistats to
reconstruct the optical coefficients of the presemitter’>?
Inverse adding doubling (IAD) algorithm needs thnesv
intensities to be used, diffuse reflectangetBtal transmittance
T, and collimated transmittance.. TAD algorithm repeatedly
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solves radiative transfer equation (RTE) until tedculated
values match the measured radiometric param&étsThis

method could be useful for any material types withiaking

into account albedo and the ratio between scatfeend

absorption unlike the approximation solution thatuld be

applied with some presumptioff$>® Beside inverse Monte
Carlo method, inverse adding-doubling algorithm wzeinly

used to investigate optical parameters by seveial psearch
groups and their precision has been recogriZ&t.

The aim of this work is to characterize the optm®perties
of grey and white matters of bovine brain, fixedhaxfiormalin.
In order to determine the reduced scattering argbrghion
coefficients, a single integrating sphere systens wased.
Spectral measurements were utilized to predict raliso and
reduced scattering coefficients using inverse agldiaubling
algorithm (IAD)?**?® Consequently, the presented findings
have been discussed and compared with prior works.

Materials and Methods

Sample Preparation

Firstly, this section of the experiment was apptovs the
ethical committee at Damascus University, which was
conducted according to established animal welfaieedines
and compiles with all regulations. Then, two diéfer types of
bovine brain tissue were prepared for optical itigesion.
Shortly, after killing, a bovine brain was stored formalin.
Then, the specimens were sectioned as followsnssamples
of grey matter (cerebral cortex) with similar widtieight and
thickness (1.5 x 1.5 x 0.1 cm) were created are $amples of
white matter were sectioned to have 1.2 mm thicknesd
same width and height of grey sections. All samplese
sandwiched between two glass slides that have anlm
thickness each. Refractive index of glass slided @ssue
samples were approximated to 1.57 and 1.4 respéctiv

Experimental Setup

In order to retrieve absorption and reduced sdager
coefficients of bovine brain tissue using inversediag-
doubling algorithm, single integrating sphere (81965.3,
Newport, U.S.A) was used. Diffuse reflectance Rd #wtal
transmittance T measurements applied in the sattiagseas
shown inFigure 1. Broadband beam emanated from a halogen-
tungsten light source (HL-2000-HP-FHSA, Ocean Gptic
U.S.A) was focused to have a 4mm diameter on a lsaofp
interest through a convex lens (focal length, 0=cin). Tissue
sample was sandwiched between two slides of gladshald
by a special holder belongs that integrating sphd&ien,
emanated light was delivered using an optical fifgkameter,
¢ =400 um) to a portable spectrometer (USB4000, a@ce
Optics, U.S.A) that is connected to a PC throughi$B
interface.
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(a)

Diffuse Reflectance Measurement

Integrating Sphere
(819C-15-5.3)

Enfrance Port
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Convex Lens (HL2000-HP-FHSA)
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Total Transmittance Measurement

Integrating Sphere
(819C-15-5.3)
P{}H PI‘.'S """"""IE
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Figure 1. A single integrating sphere system. (a)cBematic drawing represents a diffuse reflectanceRd) measurement setup, tungsten-
halogen light source was utilized to generate a fased beam using a convex lens (focal length, f = @®). Then, tissue illuminated via 4 mm
spot light. and diffused light collected via an optal fiber (diameter, ¢ = 400 um) that connected to spectrometer. (b) Samatic drawing of
total transmittance (T) measurement setup, tungstehalogen light source was used to generate a focuskeeam using a convex lens (focal
length, f =10 cm). Then, tissue sample was illumited via 4 mm spot light diameter. Diffused light ollected via an optical fiber (diameter,

¢ = 400 pum) that connected to a spectrometer.
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Data Processing Technique

For data processing and optical properties estimainverse

adding-doubling code has been used that correspoad®

Windows XP, which developed by Scott Prahl and 8agp

with Monte Carlo calculation to take into accoum tight lost

out the edges of sampl&¥’® However, the above-mentioned

algorithm required some experimental data belonge t

integrating sphere used and measuring total tratesme and

diffuse reflectance in order to retrieve absorptéon reduced

scattering coefficients. Finally, we can summarizéte

experimental in-puts regarding IAD code as follows:

1. Light beam diamete(= 4 mm).

2. Sample thickness ¢d,= 1 mm) & Qe = 1.2 mn).

3. Glass slide thickness dgs siges 1 mm).

4. Refractive indexes of glass slideg{n = 1.57) and tissue

sample (Brain tissue= 1.4).

Integrating sphere diametdr € 134.6 mm).

6. Diameters for sample porp & 25.4 mm), detector pord &
400um) that matches fiber core diameter.

7. Reflectivity of the inner wall was approximatedd®7.

o

Results

Based on a single integrating sphere system, tratasmittance
and diffuse reflectance could be measufeidure 2 presents
mean values of total transmittance and diffuseecédince of
grey samples. As can be shown iRigure 2a total
transmittance  progressively increased with incréase
wavelength. Diffuse reflectance is directly propmmal to
increased wavelength over the sub-spectrum rangésekn
440 nm and 600 nm. Then, that turned out to bdestaler the
rest spectrum,Figure 2b. Regarding white tissue, spectral
characteristics of all samples were measured aiddkieraged
values are presented figure 3. As can be seen Figure 3a,
total transmittance of white matter is directly poctional to
increased wavelength. Although the white matterpdarhas a
thicker section, it has a valuable transmittanceoimparison to
grey matter. Furthermore, white matter has exhibitégh
reflection in comparison to grey mattéigure 3b.

Optical coefficients of all grey tissue samplesevpredicted
depending on spectral characteristics and the malales were
determined in relation to wavelengthigure 4a presents
average values of reduced scattering coefficiest diecreased
progressively with increased wavelength over thesgnt
wavelength range. Its values varied between 0.4@B0#57
mm' at 441nm and 0.2072 + 0.0122 fhrmat 996 nm.
Figure 4b depicts the relationship between absorption
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coefficient and wavelength that found to be invisrse
proportional to increased wavelength. Accordingimarkable
changes could be observed with shorter wavelengtis
absorption property varied between 0.196 + 0.0286"nat
441 nm and 0.0377 + 0.0052 rinat 600 nm. Insignificant
decline in absorption feature may be seen overd¢hwining
wavelength spectrum ranged from 600 nm to 1000 Tfihe
relationship between grey matter optical coeffitserand
wavelength could be estimated by fitting curve pdae in
Matlab (Mathworks 2014, U.S.A) and given by:

[y = 3.447 + 1013 » 175423 4 0,01217
Us = 65.69 x 170846

Eq .1

Accordingly, two critical optical parameters colid evaluated
depending on the previous investigations, opticaigbration
depth and reduced albedBigure 4. Figure 4c presents the
relationship between grey tissue penetration deptid
wavelength that estimated via absorption and retluce
scattering coefficient of grey matter. However, toptical
penetration depth turned out to be higher with &@ng
wavelength despite of unsystematic changes oveeleagth.

For white matter optical characterization, redusedttering
and absorption coefficients were predicted fovdiite matter
samples and mean values were calculafégure 5a depicts
the relation between reduced scattering coefficiemd
wavelength of white matter. Approximately, redusedittering
is inversely proportional to increased wavelengtrerothe
present wavelength range. Its values varied frodl®.+
0.0224 mnit at 441 nm and 0.239 + 0.029 Mrat 996 nm. As
a result, noticeable changes could be approximatedpower
relation using fitting curve functiorgquation 2. On the other
hand, absorption coefficient turned out to be desed with
increased wavelength and the lowest values coukkbmated
in the near infrared region (therapeutic windokiure 5b. Its
values ranged from 0.0825 + 0.0140 thrat 441 nm to
0.00327 + 0.00228 mt at 996 nm. The fitting curve
procedure may be utilized to predict the equatiomlgzining
white matter's optical coefficients and wavelengémd
expressed by:

Ug = 1.493 x 105. 172319 — 0.01676
p = 17.6 %, 170-5924

Eq. 2

Figure 5c presents optical penetration depth for white matte
that turned out to be much larger for longer wanegtbs.
Depending on absorption and reduced scatteringficiagits,
reduced albedo for white matter could be estimatagjre 5d.
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Figure 2. Spectral characteristics of grey matter(a) Correlation of average values for total transmittarce of bovine grey matter with wavelength over visie
and near infrared ranges, (b)Relationship between averaged values of diffuse te€tance with wavelength for bovine grey matter owevisible and near
infrared ranges.
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Figure 3. Spectral characteristics of white matter.(a) Correlation of average values of total transmittane for bovine white matter and wavelength ove
visible and near infrared ranges, (b)Correlation of average values of diffuse reflectare for bovine white matter and wavelength over visite and near
infrared ranges.
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Figure 4. Optical properties of grey matter. (a)Correlation of average values of reduced scatteringoefficient for grey matter with wavelength over isible
and near infrared ranges. (b)Relationship between averaged values of absorptiaoefficient for grey matter and wavelength over vible and near infrared
ranges. The error bar represents the standard devian for 7 samples of grey matter. (c) Variation ofgrey matter optical penetraion depth with wavelength
over visible and near infrared ranges. (d) Correlaibn of grey matter reduced albedo and wavelength Is@es to results predicted by prior works.
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Discussion

Since bovine white and grey matters that fixed bgmialin
have been studied in the present work besidesatatie major
previous works aimed to characterize optical pridgerof
white and grey matter have used fresh human tissitbsut
adding formalin. Thus, the quantitative comparisarf
absorption and reduced scattering coefficients ccadt be
applied and the comparison has been limited tousditgtive
by comparing the behaviour of optical coefficientatiations
with wavelength to previous works. Indirect methads
utiized to characterize tissue sample optical proes
depending on a single integrating sphere systemimavetse
adding doubling algorithm (IAD)Figure 4 depicts the grey
matter's reduced scattering and absorption coeffisi and
their correlation with wavelength. Then, becausthefvarying
dimensions for subcellular organelles, tissue soaty feature
lies between Rayleigh and Mie regimé$® However, grey
reduced scattering intensity showed that it is isely
proportional to increased wavelength and comparablea
power equationEquation 1, the exponent of the inverse power
relationship lied between Mie and Rayleigh limibas that
corresponds to the previous expectations that agtiifrom in
vivo measurements:**#’ Then, Pitzschke et al approved that
the reduced scattering profile for formalin-fixedssue
decreased with wavelength increases over the waytkle
range varied between 635 nm and 808 nm, which duooe to
be correspondence to our findings and inconsisté&ht Anand
results'®?° On the other hand, absorption coefficient vartatio
is inversely proportional to wavelength and decedas
dramatically in the sub-range from 441 nm to 600 rafter
that the absorption have showed to be more stabléafger
wavelengths. The absorption coefficient profilened out to
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be inconsistent with fresh tissue's absorptionileraind agreed
with the studies implemented on formalin-fixed tigs™* 3%
The existence of melanin and water as the mainrbbeo
reveals the degradation of grey matter absorptisiaton with
increased wavelength over the present range. Bea#ussing
a formalin fixation method for tissue storage, hghobin
absorption peaks could not be distinguished angudis
absorption feature may resemble melanin and water
characteristic$®>?° Depending on grey absorption and reduced
scattering coefficients, reduced albedo might bieaeted that
varied from 0.673 at 441 nm to 0.906 at 996 nm.t Thactly
increases with wavelength over a spectrum rangedees
441 nm and 500 nm, and then a stable relationshipdcbe
seen for higher wavelengths. In comparison, thegureresults
of grey matter turned out to be in agreement witbl@rt
findings despite the subtle differences and théesyatic errors
that varied between 9.3% at 450 nm and 1.3% atn@&®
Furthermore, Yaroslavsky prediction was higher amtbrs
varied between 24.8% at 450 nm and 8.7% at 670 mohira
comparison with Bevilacqua findings the error vdrietween
8.9% and 6.9% as can be seenFigure 4d.)%*? Regarding
white matter's optical characteristics, reduced ttedag
coefficient shows inverse relationship to increasedelength.
That might be approximated to a power equationiruisite a
case between Rayleigh and Mie scatterifggjation 2, which
turned out to be consistent with previous findiegtracted by
measurements on fresh white brain tisSdé. However,
reduced scattering behaviour has agreed with fgwdin
extracted from Pitzschke and has not agreed witlandn
results, which revealed that the reduced scatteramgained
unaltered with wavelength increases over the \g@sibhge®*°
However, white matter absorption may be featuredhieianin,
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and water contributions and thus the absence adb&hould
enormously affect its values, that explained th#edinces
between the present results and prior works applieio.**
Figure 5d represents the correlation of white matter reduced
albedo and wavelength that slightly increased wittreased
wavelength to be varied between 0.83 at 441 nm®88 at
996 nm. The respective measurements were matchpdaio
works regarding fresh white matter over the sutcpen from
750 nm to 1000 nrh-*2 The overestimation could be noticed
with shorter wavelengths and systematic errorseiiout to be
not more than 11% for Gebhart findings and 14% for
Yaroslavsky result§*? Although the existence of quantitative
differences in optical characteristics between tkinds of
brain tissue, optical coefficients profile foundhe in accord.
Accordingly, grey matter may be regarded as a kighl
absorbing medium than white matter which has furthe
scattered the incident bed? White tissue is marked by a
melanin leakage in comparison to grey matter as aglthe
presence of fat in white mattér® Fat tissue contributes to
scattering property and absorption around 1000 wnich
could explain a relative slight increase in abgorptoefficient

at the end of the studied spectrum. Low conceotmaf
melanin at white matter may be regarded as the reaison for
reducing absorption in comparison to grey mdtter.

Obviously, the reduced scattering behavior forhbahite
and grey tissues was in accordance with prior waakbough
there were quantitative reductions in comparisonfresh
tissues>*? Regarding absorption feature, dissimilar behaviour
and quantitative disagreement might be predictacr&l, the
existence of quantitative and qualitative dissinitiss may be
resulted from some practical and physiological aterations.
As mentioned above, using a formalin fixation mag b
responsible for the leakage of hemoglobin, whicsulted in
the absence of hemoglobin absorption peaks beldwn60®
2830 Moreover, long time storage could cause a lowenhg
tissue water content, which may be regarded axlareation
of decreasing absorption coefficient over longevetengths’
Therefore, absorption property of formalin-fixeslstie samples
may resemble melanin and water unlike absorpti@fficient
estimated from measurement applied on fresh tisSiés
Furthermore, these could explain the degradaticetbsbrption
for white and grey matters, as shownHigures 4b and 5b.
Regarding reduced scattering property, formalin canse a
tissue dehydration besides to alteration of tistuecture, these
can lead to alteration of scattering coefficiemisatropy factor
and refractive indeX*** Prior work that aimed to study the
refractive index modification by formalin, indicatdo slight
degradation of fixed tissue refractive index urkihat to be
equal to formalin refractive index due to the replaent of
tissue water content by formalin. Since the refvacindex of
formalin is about 1.375 and 1.4 for fresh tissuehydiration of
formalin-fixed tissue can diminish the reduced wratg
coefficient!”*' Furthermore, the absence of hemoglobin can be
considered as an enormous factor clarifying theatigion of
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the presented reduced scattering coefficient oler éntire
spectral rangé’ Taking all the above into consideration, the
decline of reduced scattering coefficient can bgrayed over
all wavelength spectrum for formalin fixation metho
Regarding the reduced scattering coefficient trgamahr work
predicted both quantitative and qualitative disaregpes and
reduced scattering profile maintained a stable evaluer the
visible range to be about 1.5 mmunlike fresh tissué
Accordingly, formalin fixation method could change
unsystematically the reduced scattering coefficigofile. As
mentioned above, the subtle difference in refractimdex
should cause a degradation of reduced scatteriofjepover
the entire presented spectrum and the leakage mabdlebin
could diminish that coefficiedt®! Thus, a considerable
degradation of reduced scattering coefficients dher entire
spectrum could be predicted. All these points réfat the
reduced scattering coefficient could relatively ntain a
similar profile of fresh tissue unlike prior workat predicted
an enormous alteration of reduced scattering @dfiThe
qualitative and quantitative convergence of theiced albedo
with previous studies considered as a good evidémcehat
expectation. On the other hand, using a focusethbeith an
inverse adding doubling algorithm (IAD) is condugito
experimental errors and using a tissue sample witiall
dimensions in comparison to sample port of intéeggasphere
guantitatively affects the optical characterizatioh tissue
coefficients.

Conclusions

In summary, reduced scattering and absorption ictexfts for
bovine white and grey matters that stored in form&lave
been investigated. Reduced scattering profile shaams
exponential decrease over a wavelength range ssigbriar
investigations extracted from in vivo measurements.
Quantitative degradation could be produced by an#&in
fixation that might cause a hemoglobin to be abbesides a
tissue dehydration. These might decrease overaluces
scattering coefficient over the presented spectrbmt, the
scattering profile was expected to remain so, enlike
previous work. That prior work predicted the use a&f
formaldehyde could change both a reduced scattgninfile
and its values. On the other hand, the absencembylobin
has a marked influence on absorption coefficiehatTmay be
verified by the absence of noticeable hemoglobisogfttion
peaks and considerable resemblance to melanin aatdr w
absorption trends. Briefly, formalin fixation couldause a
considerable change of absorption coefficient profather
than reduced scattering and reduce the opticalfficieefts in
comparison to those of fresh tissues. Apparentgkisg a
reference values for optical properties of tissuefiparamount
importance to deepen our understanding of liglstits
interaction, which in turn plays a critical role ilaser
applications in medicine and biology.
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