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Abstract. The outcome of light-based therapeutic approaches depends on light propagation in biological tis-
sues, which is governed by their optical properties. The objective of this study was to quantify optical properties
of brain tissue in vivo and postmortem and assess changes due to tissue handling postmortem. The study was
carried out on eight female New Zealand white rabbits. The local fluence rate was measured in the VIS/NIR
range in the brain in vivo, just postmortem, and after six weeks’ storage of the head at −20°C or in 10% form-
aldehyde solution. Only minimal changes in the effective attenuation coefficient μeff were observed for two meth-
ods of sacrifice, exsanguination or injection of KCl. Under all tissue conditions, μeff decreased with increasing
wavelengths. After long-term storage for six weeks at −20°C, μeff decreased, on average, by 15 to 25% at all
wavelengths, while it increased by 5 to 15% at all wavelengths after storage in formaldehyde. We demonstrated
that μeff was not very sensitive to the method of animal sacrifice, that tissue freezing significantly altered tissue
optical properties, and that formalin fixation might affect the tissue’s optical properties. © 2015 Society of Photo-Optical

Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JBO.20.2.025006]
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1 Introduction
Numerous models exist to predict the photon transport in bio-
logical tissues, yet their accuracy ultimately depends on how
well the optical properties of the tissues are known.1 Since their
determination in vivo is complicated, they are often determined
postmortem and ex vivo and then applied for in vivo applications
accordingly. Nevertheless, tissue preparation and storing tech-
niques may frequently alter these properties, e.g., after dissec-
tion when tissue is processed and prepared for measurement by
soaking in saline solution leading to partial removal of hemo-
globin.2,3 Other alterations may result from tissue drying,4 e.g.,
during lengthy preparation or measurement procedures. Further-
more, tissue heating, e.g., for easier removal of the epidermis, is
known to affect the optical properties.5–7 Histological process-
ing, such as freezing3,8 and fixation,9,10 for sample preparation or
cutting and storing could also alter optical properties. When
using nonhuman tissue for comparative studies, the method
of animal sacrifice may also have an impact on the optical prop-
erties, e.g., by removal of hemoglobin when exsanguinating the
animal.

The objective of the present study was to quantify for the first
time how the effective light attenuation in brain tissue changes
between the in vivo and postmortem status, and how it could
be affected by histological tissue processing and the animal sac-
rifice itself. These results shall give considerable insight on how

postmortem optical coefficients found in literature and measured
on tissue, obtained after fixation or even from the abattoir, can
be properly interpreted and used for in vivo situations.
Unfortunately, very little is known about the changes in the
optical coefficients of postmortem tissue. In previous studies,
storage effects were investigated on tissue derived from
liver,3,11 jejunum,8 myocardium,9 dermis,12,13 and aorta.4,8 To
our knowledge, there are hitherto no comparable studies on
brain tissue.

In this study, a rabbit model was chosen. The rabbit brain is
sufficiently large for this kind of measurement and it can be
easily accessed with the measurement probes. We assumed that
changes in the optical properties due to the above-mentioned
tissue treatment should be representative of human brain tissue,
since tissue optical properties of rodent brain are comparable to
those of human encephalon.14–16 The light distribution was mea-
sured at three different wavelengths in the VIS/NIR spectrum by
the use of optical fiber based light diffusers and isotropic probes.
Measurements were performed in vivo, postmortem after animal
sacrifice by exsanguination or KCl injection, and after long-term
tissue storage for six weeks in either formalin or frozen at
−20°C. The optical coefficients, effective attenuation, absorp-
tion and reduced scattering were derived by fitting the experi-
mental data. Finally, the influence of the experimental
constraints on the measured data was interpreted by Monte
Carlo simulations.17–19

*Address all correspondence to: Georges Wagnières, E-mail: georges
.wagnieres@epfl.ch 1083-3668/2015/$25.00 © 2015 SPIE

Journal of Biomedical Optics 025006-1 February 2015 • Vol. 20(2)

Journal of Biomedical Optics 20(2), 025006 (February 2015)

http://dx.doi.org/10.1117/1.JBO.20.2.025006
http://dx.doi.org/10.1117/1.JBO.20.2.025006
http://dx.doi.org/10.1117/1.JBO.20.2.025006
http://dx.doi.org/10.1117/1.JBO.20.2.025006
http://dx.doi.org/10.1117/1.JBO.20.2.025006
http://dx.doi.org/10.1117/1.JBO.20.2.025006
mailto:georges.wagnieres@epfl.ch
mailto:georges.wagnieres@epfl.ch
mailto:georges.wagnieres@epfl.ch


2 Materials and Methods

2.1 Animal and Tissue Handling

All animal studies were approved by the Animal Care and
Experimentation Committee of the Canton of Bern, Switzerland,
and followed the Swiss national guidelines for the performance
of animal experiments. We examined eight female New Zealand
white rabbits at least 15 weeks old and weighing 3.5 to 4 kg
(Charles River Laboratories GmbH, Sulzfeld, Germany). They
were housed in the core animal facilities of the University of
Bern with a 12/12 h light/dark cycle at 22°C and with food and
water ad libitum.

For anesthesia, animals received a premedication of
35 mg∕kg ketamine and 10 mg∕kg xylazine, followed by iso-
flurane 2 to 5% and fentanyl 50 μg∕kg∕h during the whole
course of the measurements. Euthanasia was carried out for
four animals by bleeding from the femoral artery followed by
injection of concentrated 2 mmol∕ml KCl solution to stop
the heart from beating, and for the remaining four animals by
direct injection of KCl. After the in vivo and postmortem mea-
surements, the rabbit heads were sawed off and kept either fro-
zen at −20°C or in neutral-buffered 10% formaldehyde solution
(Hospital Pharmacy, Inselspital, Bern, Switzerland).

X-ray images of the catheter locations in the skull were doc-
umented with a portable x-ray system (Philips, BV Pulsera R1.2,
Eindhoven, The Netherlands).

2.2 Experimental Setup for Light Delivery and In
Situ Measurements of the Fluence Rate

Light was delivered through a dedicated cylindrical diffuser of
20 mm length and 1 mm diameter (RD20, Medlight SA,
Ecublens, Switzerland), whose power output was calibrated
with an integrating sphere (LMS-200, 20 in. diameter,
Labsphere Inc., New Hampshire) before and after experiments.
The diffuser was connected to laser diodes emitting at
635 nm (Ceralas PDT, 635∕4W∕400 μm, CeramOptec GmbH,
Bonn, Germany), 671 nm (RLTMRL-671-1W), or 808 nm
(RLTMDL-808-5W, Roithner Lasertechnik GmbH, Vienna,
Austria). The power output of each laser was calibrated with a
frontal light diffuser (FD1,Medlight SA) and powermeter (detec-
tor 818P-010-12, driver 1918-R, SpectraPhysics Newport,
California) prior to measurements.

Four catheters (iCAT-2.0-200, OD 2.0 mm, Medlight SA) per
animal were placed transcranially and fluoroscopically via burr-
holes into defined locations in the brain [see Fig. 1(b)]. They
were left in place during and after euthanasia to avoid changes
in catheter positions. Catheter locations were defined by a solid
guiding plate with a 3 × 3 cm2 matrix of evenly spaced holes
(6 mm hole–hole distance). Catheter positions were chosen to
fit to the shape of the rabbit brain ensuring different catheter-
to-catheter distances (four to five different distances in the
range of ∼6 to 15 mm). The same burr-holes and matrix posi-
tions were used for the measurements after long-term storage of

Fig. 1 Experimental setup. (a) and (b) schematic showing the arrangement of catheters inserted in the
brain containing either light diffuser or isotropic probes. (c) presents an x-ray image taken from the sag-
ittal plane of the rabbit brain. Catheters labeled in red containing either light diffuser or isotropic probe
were inserted in the brain such that maximal six relative distances were covered.
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the skulls. The guiding plate was fixed to the operation table
above the head of the rabbit such that catheter alignment was
ensured by two points, the burr-holes in the skull and the holes
in the plate. Isotropic probes with a diameter of 0.85 mm (IP85,
Medlight SA) were used for the measurement of the local flu-
ence rate. Their response was measured with a calibrated FD1 at
all wavelengths before and after the experiment.

A light diffuser or isotropic probe was inserted in the cath-
eter’s lumen to assess the light transmission between the differ-
ent catheter locations. The light diffuser spanned the full
transverse axis of the rabbit brain, leading to symmetric irradi-
ation of the surrounding tissue in the transverse plane. The
fluence rate was measured simultaneously at each probe location
with a calibrated multichannel photometer (OP710-IN, Opto-
Test Corporation, Camarillo, California). Measurements were
carried out for a minimum of five different positions in the cath-
eters, i.e., in the transverse plane of the brain, typically spaced at
intervals of 3 mm, to avoid biased signals due to local inhomo-
geneities in the tissue, such as blood vessels. During this meas-
urement, the light diffuser remained in place. The influence of
the catheter on the fluence rate measurement, i.e., light attenu-
ation and wave guide effects, was determined by illuminating
the isotropic probes with and without the catheter in the integrat-
ing sphere or directly by a frontal light diffuser. The changes in
the measured fluence rate due to the presence of a catheter were
<5% and, therefore, negligible.

Measurements were repeated by rotating light diffuser and
isotropic probes through all different catheters [Figs. 1(a) and
1(b)] in order to improve statistics, minimize effects of local
tissue inhomogeneities, and reduce the influence of boundary
effects due to the finite brain size on the measured data. During
reallocation of diffuser and probes, the laser was switched off to
prevent unnecessary heating of the brain tissue around the light
diffuser. In only one single case an accelerated heartbeat of the
animal was noticed during measurements at 635 nm. It is not
clear whether this effect was stimulated by the light itself, by
heat from the absorbed light, or a combination of both
mechanisms.

The fluence rate was measured in the living animal, after
euthanasia, and six weeks after long-term storing of the animal’s
head fixed by either formaldehyde or freezing. Thawing of the
frozen tissue samples was assured by placing them into a fridge
at 4°C ∼12 h prior to measurements. The measurements were
carried out in all rabbits at 635, 671, and 808 nm for all tissue
conditions, except for one rabbit where there was no measure-
ment at 671 nm for the in vivo and postmortem conditions. A
second animal died before in vivo measurements could be
performed.

The influence of blood on the postmortem light propagation
was assessed by comparing results from a control population of
four rabbits euthanized with an injection of KCl and a study
population of four rabbits where the blood was drained out dur-
ing euthanasia. It is noteworthy that only 40 to 50% of the total
amount of blood could be exsanguinated. For estimating storage
effects on the tissue optical properties, two rabbit heads of each
group, i.e., euthanized by KCl or exsanguination, were slowly
frozen to −20°C. The remaining two rabbit heads of each group
were fixed in formalin. In order to assure optimal comparability
of experimental results with the data reported in the literature,
both long-term storage techniques were chosen to be as similar
as possible to the methods applied previously to human tissues
and cadavers.

2.3 Data Processing

2.3.1 Diffusion model for a cylindrical diffuser

An analytical model based on the diffusion approximation was
used to describe the propagation of light in the rabbit brain. The
steady-state expression for photon diffusion in a tissue is given
by20

ðΔ − μ2effÞϕðrÞ ¼ −qðrÞ∕D; (1)

with ϕðrÞ being the fluence rate (mW∕cm2), μeff ¼ f3μa½μa þ
μsð1 − gÞ�g1∕2 the effective attenuation coefficient (cm−1), D ¼
μa∕μ2eff the optical diffusivity (cm), and q the diffusive photon
density (mW∕cm3). The absorption and scattering coefficients,
μa (cm−1) and μs (cm−1), express the probability for a photon to
be absorbed or scattered on a given path length. In the diffusion
regime, the anisotropic scattering is usually simplified to the iso-
tropic case by defining the reduced scattering coefficient μ 0

s ¼
μsð1 − gÞ (cm−1), where g is the scattering anisotropy described
by the Henyey-Greenstein phase function.21 The solution of
Eq. (1) for the fluence rate of an infinitely long cylindrical
light diffuser in the cylindrically symmetric case22 is given by

ϕðrÞ ¼ P∕2πa
DμeffK1ðμeff aÞ

K0ðμeff rÞ; (2)

where P is the optical power per unit length (mW∕cm) of the
light diffuser with radius a (cm). K0 and K1 are the modified
Bessel K functions of the zero and first order, respectively. The
distance from the diffuser axis is expressed as r (cm).

The relative distances of the isotropic probe positions with
respect to the diffuser axis, r, were determined from x-ray
images taken after catheter insertion into the brain and prior
to the measurements. After the long-term storage of the rabbit
head, a second set of x-ray images was taken after reinsertion of
the catheters. The metallic catheter tips and stylets were used to
identify the catheter positions on the images from the sagittal
and axial planes. Stylet diameter, catheter tips, and the hole dis-
tances in the matrix holding the catheters were measured on the
x-ray images and an average value was used to determine the
transformation from image pixels to real space. The average res-
olution of the images was 0.2 to 0.25 mm∕pixel, which yields
an uncertainty in absolute positions of ∼1 mm when taking a
usual value of 3 to 4 pixels as the uncertainty of the manual
readout. The two three-dimensional geometries of the catheter
positions, i.e., during the measurements in vivo / postmortem
and after long-time storage, were reconstructed for each animal.

The experimental data were fitted by Eq. (2) using MAT-
LAB®’s least-square Levenberg-Marquardt algorithm lsqnonlin
(R2013a, The MathWorks, Inc., Natick, Massachusetts). By
using the absolute calibration of the light source, the fluence
rate at the light diffuser surface was calculated from Eq. (2)
and imposed to the fit as a boundary condition. This constraint
was updated during each iteration by recomputing its value
based on the new set of fitted optical properties. This procedure
was validated by fitting sets of artificial data with predefined μa
and μ 0

s simulating the experimental conditions, i.e., typical dis-
tances to the source and data scattering (Gaussian distribution of
noise). The accuracy in μeff obtained by the fit was found to be
within �10%. For sets of μa and μ 0

s yielding μeff < 0.2 mm−1,
errors in the fitted μeff increased, consequently, up to 15%. In
general, μa was underestimated and μ 0

s overestimated, and the
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combination of small μa (∼0.01 mm−1) and large μ 0
s (∼5 mm−1)

leads to the largest uncertainties. Typical fit values of the optical
coefficients for rabbit brain were found to be μa ∼ 0.03 to
0.13 mm−1 and μ 0

s ∼ 0.5 to 1.4 mm−1 at various wavelengths,
hence in the range of highest fitting accuracy. The correlation
between the two fitting parameters ranged from 0.3 to 0.6
and usually decreased with increasing wavelength; therefore,
absolute values of absorption and reduced scattering coefficients
need to be considered with caution.

The diffusion model is valid if (1) the medium is very dif-
fusing, i.e., μa ≪ μ 0

s, the light distribution is studied (2) far
enough from the light distributor, typically at a distance longer
than the effective mean free path defined as ðμs þ μaÞ−1, and
(3) in a semi-infinite media. Despite the high correlation
between absorption and reduced scattering coefficient, the fit-
ting results indicated μ 0

s∕μa ∼ 10 satisfying the first condition.
The second condition was also valid, since measurements were
carried out at distances r >5 mm, whereas ðμ 0

s þ μaÞ−1 ∼
1∕μ 0

s ∼ 0.1 mm. On the contrary, measurements at distances r ≥
15 mm came close to the skull violating the third condition, so
that Monte Carlo simulations became necessary to investigate
possible boundary effects.

2.3.2 Determination of the validity domain of the analytical
model by Monte Carlo simulations

In some cases, fluence rate measurements showed deviations
from the common behavior of exponential decline (data not
shown here). These deviations were significantly higher values
of fluence rate at distances of r ≥ 15mm as expected, especially
at smaller wavelengths. Monte Carlo simulations were carried
out to compute the fluence rate at the brain/skull/air boundary
to explain this phenomena. The code mesh-based Monte Carlo
(MMC) (Ref. 23) was used to simulate the photon propagation
through a tetrahedral mesh generated by the iso2mesh-toolbox.24

A generic brain model was built out of ellipsoids represent-
ing the brain, cerebro-spinal fluid (CSF), and skull. Dimensions
of the rabbit brain were taken from the literature25 (semi-prin-
cipal axis was equal to 18.5 × 11 × 8 mm3). The thickness of
the CSF and skull layer enveloping the brain were approximated
from the x-ray images and set to 1 mm. Only the catheter con-
taining the light diffuser was modeled as an air-filled cavity with
a Lambertian emission profile (108 photons). Several simula-
tions were carried out for different light source positions simu-
lating the conditions of the experiments. During the simulations,
the cylindrical light diffuser was aligned parallel to the smallest
semiprincipal axis and (1) central in the ellipsoid, (2) lateral
from the ellipsoid center, i.e., left or right side of the skull,

and (3) posterior of the ellipsoid center, i.e., toward the jaw
or neck. Since, to our knowledge, no optical tissue parameters
are available for rabbit brain and skull, they were taken for
human tissue instead (see Table 1). The same coefficients
were used to cross-verify the analytical solution, Eq. (2),
with the results from Monte Carlo simulations.

3 Results

3.1 Fluence Rate Measurements and Interpretation
by Monte Carlo Simulations

The exponential decay of the fluence rate as a function of the
distance between the source and detector, as described by
Eq. (2), was reflected in the experimental data at all wave-
lengths. Furthermore, the light attenuation, and consequently
the effective attenuation coefficient, was highest at 635 nm
and became smaller at increasing wavelengths. These observa-
tions are represented in Fig. 2(a) by typical profiles of the mea-
sured fluence rate and their fit yielding μeff . However, at large
distances r between light source and detector, i.e., r > 10 mm,
measurements revealed a two to five times higher value for the
fluence rate than expected from theory. The effect was most
prominent at 635 nm and became less distinguishable at longer
wavelengths, which may result from a higher μ 0

s at shorter
wavelengths.

This behavior was quantified by simulating the fluence rate
at the boundary of the rabbit brain by the Monte Carlo method.
The simulated fluence rate at the midplane of the ellipsoid rep-
resenting the rabbit brain is shown in Fig. 2(b) together with the
fluence rate obtained from the analytical expression. There was
a good agreement between results from the Monte Carlo sim-
ulation for a semi-infinite cylinder and the analytical solution
from diffusion approximation. Results for the generic rabbit
brain, where the light diffuser was positioned either centered,
lateral, or posterior, were in agreement with the analytical sol-
ution for 1 ≤ r ≤ 10 mm. On the contrary, at r > 10 mm, local
deviations of the fluence rate from the analytical expression
became prominent. These were also noticeable in the experi-
mental data: they are a consequence of the brain boundaries
imposed by the semiprincipal axis of the ellipsoid. The usually
larger fluence rate at the brain boundary originates from back-
scattering of photons. First, the CSF with its small μeff is acting
as a light cavity leading to a higher photon flux at the brain/CSF
transition. Second, the refractive-index mismatch at the skull/air
transition is partially backscattering the photons. The fluence
rate beyond the skull/air transition drops quickly as there are
no photon scattering or absorption events.

Furthermore, we noted that the analytical expression over-
estimated the fluence rate at the diffuser surface by up to
15% compared to the simulations. However, this effect was neg-
ligible considering the large scatter in the experimental data and
the fact that the fluence rate at the diffuser surface, given as
boundary condition to the fitting procedure, was recomputed
during each iteration.

The boundary effects raised the necessity to filter the exper-
imental data for artifacts at large distances, r > 10 cm, prior to
fitting. A general trend was that these effects became more
prominent at smaller wavelengths, i.e., 635 and 671 nm. This
is due to the increased scattering at smaller wavelengths,
since μ 0

s ∝ λ−α with α > 0 as described by the Mie theory of
scattering.27 Despite the boundary effects, the good agreement
between the analytical approach and simulation, however,

Table 1 Optical properties used for simulating the boundary effects
via the Monte Carlo model. The properties for scalp/skull and cerebro-
spinal fluid (CSF) were taken from a reference for human tissue in the
near-infrared.26 Those for the brain were based on human pons7 at
808 nm reproducing best the measured μeff.

Tissue type μa ðcm−1Þ μ 0
s ðcm−1Þ μs ðcm−1Þ g n

Scalp and skull 0.19 8.58 78 0.89 1.37

CSF 0.04 2.97 27 0.89 1.37

Brain 0.60 6.40 80 0.92 1.37
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suggested Eq. (2) to be an appropriate choice for modeling the
data obtained in our experimental conditions.

3.2 Influence of Tissue Storing on the Optical
Coefficients

The measured effective light attenuation coefficient μeff for rab-
bit brain is presented in Fig. 3(a) for all experimental conditions
and in Fig. 3(b) for all tissue conditions, i.e., in vivo, post-
mortem, and after long-term storage at −20°C or formalin-fix-
ated. We compared the median of μeff , and not the mean,
because it is less sensitive to skewed distributions of the attenu-
ation values. Standard deviations were computed from the
median absolute deviation. The effective light attenuation coef-
ficients for all tissue conditions together with its uncertainties
are listed in Table 2.

The groups postmortem, frozen, and formalin-fixated, shown
in Fig. 3(b), contain data from animals euthanized in both ways,
i.e., either by exsanguination or injection of KCl, since little
changes in μeff were observed as function of the sacrifice
method. The data suggest that the effect of bleeding on μeff
was negligible in our series. Cerebral blood circulation may
have been sufficiently sustained prior to euthanasia, since 50
to 60% of the total blood volume remained in the animal during
the bleeding procedure. Furthermore, light absorption by oxy- or
deoxyhemoglobin was much larger at wavelengths <600 nm,
such that a lower blood volume than normal may influence
only little μeff at wavelengths >600 nm.

Under all predetermined tissue conditions applied, μeff
decreased as a function of the wavelength. This wavelength
dependency was attributed to a decreasing value of μ 0

s at increas-
ing wavelengths according to the Mie scattering theory as well
as to a decrease of μa, especially in deoxyhemoglobin. These
findings are in agreement with results reported for human
brain tissue.7

The relative changes in the effective attenuation coefficient,
δμeff ¼ ðμeff − μ�effÞ∕μ�eff , where μ�eff stands for the in vivo con-
dition, are shown in Fig. 3(c). We observed that the decrease in
μeff between in vivo and postmortem conditions was largest at
635 nm, which was up to 10%, whereas at higher wavelengths, it
was only 5%.

After storage of the rabbit heads at −20°C for six weeks,
μeff decreased, on average, by 15 to 25% at all wavelengths
[Fig. 3(c)]. Which coefficient was the crucial factor, however,
remained controversial. Although the absolute values of fitted
absorption and reduced scattering coefficient partly had a high
cross-correlation and, thus, did not represent a unique solution
of Eq. (2) to the experimental data, relative changes in these
parameters between different tissue conditions may indicate
which coefficient is most affected. These changes, when passing
from postmortem to frozen conditions, yield a decrease in μa by
∼30% at all wavelengths and a decrease of μ0s by ∼10% with the
smallest effect at 808 nm (see also Table 2).

The effective attenuation coefficient after formalin fixation is
shown in Fig. 3(b) and its relative changes in Fig. 3(c). Our mea-
surements showed an increase in μeff by 5 to 15% after having
stored the rabbit heads in formaldehyde for six weeks. The rel-
ative changes in the optical coefficients indicate that μa
increased by ∼15% and μ 0

s by ∼5% at all wavelengths.

4 Discussion

4.1 Tissue Freezing

Tissue freezing is an elegant method to store and transport tissue
samples, but was shown to significantly alter tissue optical prop-
erties.3,8,13 So far, there are only a few studies investigating these
effects, and a summary of their results together with ours can be
found in Table 3. In general, it is reported that tissue freezing,
either at −20°C or 77 K, reduces the effective attenuation coef-
ficient. However, it remains unclear from these results which
coefficient, absorption or reduced scattering, is more affected
by the freezing procedure.

On a microscopic level, we expected freezing to cause
changes in the tissue structure. Depending on the freezing
and thawing procedure as well as on the final freezing temper-
ature, intra- and extracellular ice formation can occur. Intracel-
lular ice crystals may induce mechanical stress on cell walls
provoking partial cell damage, which may lead to a certain
homogenization of the tissue and, hence, reduction of scattering.
After thawing, cell wall ruptures can provoke blood drain and
oxidation of deoxyhemoglobin, reducing light absorption in the

Fig. 2 Measured and simulated fluence rate normalized to the fluence rate at the diffuser surface.
(a) shows the in vivo normalized measured data fitted by the analytical expression. The fit was con-
strained by setting the fluence rate at the diffuser surface to the value computed by Eq. (2) for injected
laser light power measured prior to the experiment. (b) shows the normalized fluence rate simulated by
MMC. The dashed blue line is the fluence rate obtained from Eq. (2) whereas the solid colored lines are
the fluence rates in different geometries: a semi-infinite cylinder with the finite light diffuser along the
cylinder axis or the generic brain with the light diffuser in one of the semiprincipal axis, lateral or posterior
to it.
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range of 600 to 800 nm.28 In our experiments, this effect may
have been further amplified by the fact that the brain was left in
the cranial cavity the entire study. The volumic expansion of the
brain tissue during slow freezing was constrained by the skull,
thus increasing mechanical stress on the cells. Extracellular ice
formation may have changed solute concentrations, which can
lead to cellular dehydration provoking protein denaturation,29

which may also have affected tissue optical properties.4

It remains unclear what the partially controversial results
reported in the literature (Table 3) can be attributed to.

However, overall scattering and absorption are likely to decrease
when slowly freezing bulky tissue to −20°C, which is also
reflected in our observations and those made with different
tissues.

4.2 Tissue Fixation in Formalin

Formalin fixation is a preparation method widely used for
handling tissue specimens, especially for long-term storage.
However, very little is known about its effect on tissue optical

Fig. 3 The effective attenuation coefficient μeff as function of the wavelength is shown in (a) for all exper-
imental conditions and in (b) for all tissue conditions, i.e., a reduced set of data from (a). Magenta markers
represent μeff obtained from each animal; dashed lines connecting the evolution of μeff for each animal
during the euthanasia and tissue storing procedure. The relative change in μeff, ðμeff − μ�effÞ∕μ�eff, where μ�eff
is the in vivo value, is shown in (c) and was computed for all conditions from the averaged μeff.

Table 2 Effective attenuation, μeff, absorption, μa, and reduced scattering, μ 0
s , coefficients measured at 635, 671, and 808 nm for different con-

ditions (in vivo, postmortem, frozen, and formalin). Uncertainties are given in parentheses.

Condition Animals

μeff ðcm−1Þ μa ðcm−1Þ μ 0
s ðcm−1Þ

635 nm 671 nm 808 nm 635 nm 671 nm 808 nm 635 nm 671 nm 808 nm

In vivo 7 6.7 (0.9) 5.2 (0.7) 3.3 (0.6) 1.1 (0.2) 0.8 (0.2) 0.5 (0.1) 12.8 (1.0) 10.7 (0.9) 6.2 (0.5)

Postmortem 8 6.0 (0.3) 5.1 (0.3) 3.2 (0.6) 0.9 (0.1) 0.8 (0.1) 0.5 (0.1) 12.0 (0.3) 10.5 (0.4) 6.1 (0.5)

Frozen 4 5.3 (1.1) 4.0 (1.0) 2.8 (0.6) 0.8 (0.2) 0.5 (0.2) 0.4 (0.1) 11.2 (1.3) 9.2 (1.3) 5.7 (0.6)

Formalin 4 7.7 (0.3) 5.5 (0.6) 3.7 (0.2) 1.3 (0.1) 0.9 (0.1) 0.6 (0.1) 14.0 (0.3) 11.0 (0.7) 6.5 (0.1)
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properties. In previous studies, an increase in optical scattering
was observed after fixation, which is related to the cross-linking
of proteins during tissue fixation creating a more scattering
media, while absorption mainly remains unaltered.9,10,30 To
our knowledge, there is no study where optical properties
were directly measured before and after tissue fixation, but
only under conditions of tissue coagulation4,7 or direct dehydra-
tion.11 These results are presented in Table 3.

Formaldehyde acts as a cross-linking agent at the molecular
level by linking together soluble and structural proteins,31,32

resulting in (1) tissue shrinkage by dehydration and (2) altera-
tions in tissue structural properties. Tissue shrinkage decreases
the diameter of cells and aggregates responsible for scattering.
Following Mie’s scattering theory, μs is proportional to the
square of the scattering centers’ diameters, which should lead
to a decrease in the scattering coefficient and anisotropy factor
in the case of tissue shrinkage. For small diameter changes, how-
ever, μ 0

s remains approximately constant, since μs and g decrease
at the same time.

It remains unclear how changes in tissue structural properties
induced by formalin fixation concretely affect light scattering.
Furthermore, the dehydration of cells during the fixation process
is also likely to change the refractive index. While it is ∼1.38 for
fresh tissue,33,34 the refractive index of dehydrated cells
increases to 1.50 to 1.55.35 Even a small difference in the refrac-
tive index may yield a larger reduced scattering coefficient,
since μ 0

s ∝ ðn − 1Þ2 or larger.27 Accordingly, values of reduced
scattering coefficients are likely to increase by 70% when n
increases from 1.38 to 1.50.

Tissue dehydration and shrinkage resulting from the fixation
process also lead to an increased concentration of chromo-
phores. Thus, the observed increase in the absorption coefficient
may be a result of denser packing of cells due to shrinkage of the
tissue samples while the number of chromophores remains

constant.4 Hsiung et al.30 investigated changes of the optical
properties of hamster cheek pouch at 800 nm when preserving
it in a 10% neutral-buffered formalin solution. Besides tissue
shrinkage, they found both increasing and decreasing scattering
signals depending on the tissue type and an increase in the over-
all contrast between tissue architectural features during the fix-
ation process over 18 h. Aung et al.10 investigated the refractive
index and scattering properties in tissues of prostate cancer. The
comparison of reduced scattering coefficients obtained from fix-
ated and frozen samples leads to opposite results: in nuclear
regions, μ 0

s was found to be higher in fixated than in frozen tis-
sue, whereas the opposite was concluded for the samples from
non-nuclear regions. These different results may be due to large
uncertainties in their determination of g. Gnanadesigan et al.36

investigated the effect of temperature and fixation on the optical
properties of atherosclerotic tissue with the help of optical
coherence tomography. Their results suggest that tissue fixation
and temperature do not introduce changes in the attenuation
coefficient of coronary arteries, yet they observed increased
image intensity after fixation indicating a larger reduced scatter-
ing coefficient. As a consequence of an approximately constant
μeff , their results would mean that μa decreased during the fix-
ation process. Gabrecht et al.37 showed blue-violet excited auto-
fluorescence of normal and cancerous human bronchial tissue to
be increased after formaldehyde fixation, which is an indication
for a lowered absorption. However, the only difference in the
spectra was localized in the absorption range of hemoglobin
around 530 to 560 nm. It was shown elsewhere38 that hemoglo-
bin’s absorption decreases significantly and blood vessels
become invisible in OCT30 following the formaldehyde fixation
process.

In summary, the knowledge of the effects of formaldehyde
fixation on tissue optical properties is very scarce. There are
indications that the overall scattering increases due to protein

Table 3 A summary of literature values about the relative changes in effective attenuation, μeff, absorption, μa, and reduced scattering, μ 0
s , after

tissue treatment, i.e., freezing or formalin-fixation. Relative changes are given as averaged values of the respective optical parameter within the
wavelength range or at the distinct wavelengths, λ.

Literature Tissue Treatment λ (nm) δμa (%) δμ 0
s (%) δμeff (%)

Salomatina13 Mouse ear (in vivo) Frozen-thawed (−25°C) 600 to 850 −25 −20 −25

Roggan3 Porcine liver (in vitro) Slow-frozen (−20°C) 600 to 710 −10 −20 −15

Shock-frozen (77 K) ∼0 −5 −3

Chan8 Rat jejunum (in vitro) Shock-frozen (77 K) 600 to 800 −55 −10 −30

Zhu11 Porcine liver (in vitro) Frozen and dehydrated (−20∕20°C) 633 þ30 þ390 þ100

Frozen and dehydrated (−20∕37°C) þ150 þ10 þ110

Yaroslavsky7 Human brain, white matter (in vitro) Coagulated (saline bath, 80°C) 600 to 800 þ250 −30 þ35

Human brain, gray matter (in vitro) þ400 þ90 þ280

Çilesiz4 Human aorta (in vitro) Coagulated (water bath, 100°C) 630, 1065 þ40 þ7 þ25

Wood9 Porcine myocardium (in vitro) Formalin-fixated 635 ∼0 (þ40)a (þ20)

This study Rabbit brain (in vivo) Slow-frozen (−20°C) 635 to 810 −30 −10 −20

Formalin-fixated þ15 þ5 þ10

aOnly δμs was investigated in this study. δμ 0
s was computed from δμs by assuming g ¼ 0.9 ¼ const:
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linking, tissue dehydration, and shrinkage. Tissue shrinkage
itself may also increase the density of chromophores leading
to higher absorption if chromophores remain intact during
and after formaldehyde treatment. Light absorption of hemoglo-
bin derived from porphyrin rings is lowered by formaldehyde,
but mainly at wavelengths <600 nm. On the contrary, coagula-
tion of human brain tissue increases the absorption coefficient to
a larger extent than the reduced scattering, which was also
observed in our study.

4.3 Effects of Structural Changes in the Brain on
the Optical Coefficient After Long-Term Storage

The repositioning of the catheters in the rabbit brain for the
measurement after long-term storage may introduce an addi-
tional uncertainty in the absolute values of the optical coeffi-
cients obtained from data fitting and, hence, their relative
changes after tissue storage. Although care was taken to reintro-
duce the catheters in the same positions as were originally used
in the measurements prior to long-term storage, there were small
differences (a few millimeters) in the catheter trajectories
between prior and poststorage measurements. The recomputa-
tion of the catheter coordinates from sets of x-ray images
obtained poststorage was supposed to yield, within the accuracy
of the method itself, correct relative distances between the light
source and detector. Nevertheless, an altered trajectory also
implies a possible change of the surrounding tissue and, there-
fore, a change in local optical coefficients and fluence rate.

It remains unclear to what extent this effect may bias the
results, since no histological processing of the tissue was per-
formed. However, multiple measurements along the catheter tra-
jectories should reduce the impact of the local tissue
inhomogeneities and optical properties on the results. Further-
more, the effects of the structural changes in the surrounding
tissue may also be one possible explanation of the changes in
μeff from a single animal between prior and poststorage mea-
surements [see magenta dots in Figs. 3(a) and 3(b)].

5 Conclusions
Light-based treatments of diseases depend, among other things,
on how and to what extent the light is distributed in biological
material. Thus, knowledge of the optical properties of tissues is
crucial, as is knowledge of how tissue preparation and storing
processes impact them. The objective of the present study was to
quantify how light attenuation in brain tissue changes between
in vivo and postmortem rabbit heads, and how it could be
affected by histological tissue processing or by the animal sac-
rifice and subsequent tissue storage.

We demonstrated that μeff is not very sensitive to the method
of animal sacrifice (exsanguination or injection of KCl). We also
showed that μeff decreases as wavelengths increase. When pass-
ing from in vivo to postmortem conditions, the decrease in μeff
was largest at 635 nm (up to 10%), whereas at longer wave-
lengths, it was only 5%. Tissue freezing was confirmed to sig-
nificantly alter tissue optical properties: μeff decreased on
average by 15 to 25% at all wavelengths after storage of the
rabbit heads at −20°C for six weeks, with δμeff becoming
smaller with increasing wavelength. On formalin-fixated sam-
ples, our measurements showed an increase in μeff by 5 to
15% after having stored the rabbit heads in formaldehyde for
six weeks, but it remained unclear how changes in tissue struc-
tural properties induced by formalin fixation concretely affected
light scattering.

We demonstrated a convincing fit between optical coeffi-
cients μa and μ 0

s , absorption and reduced scattering on one
hand, and experimental results on the other hand. We could,
however, not precisely identify which optical coefficient was
the crucial factor determining changes in μeff in our various
experiments, although we observed that overall scattering and
absorption decreased when slowly freezing brain tissue to
−20°C and that they might increase when fixating it in formalin.
Finally, we interpreted the influence of the experimental con-
straints on the measured data by Monte Carlo simulations.
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