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Abstract. The absorption coefficientµa, the scattering coef-
ficient µs, and the scattering anisotropy factorg of porcine
liver were studied in vitro using the integrating sphere tech-
nique and inverse Monte Carlo simulation in the wavelength
range450 to 700 nm. A reference preparation technique was
developed using a dermatome providing specimens of200 to
800µm thickness without pre-freezing the tissue. The optical
parameters as measured applying the reference preparation
were compared to those measured after cryo-homogenisation.
We found significant deviations of the scattering coefficient
and the anisotropy factor which were compensated when
the reduced scattering coefficientµ′s was calculated. We
also compared the effects of freezing reference specimens at
−20◦C and at77 K without homogenisation. For both freez-
ing protocols noticeable deviations were found in all three
optical parameters as well as inµ′s. The impact of tissue stor-
age at4 ◦C was measured in the range4 to 48 hpost mortem
and showed a clear reduction ofµa and a significant increase
of µs even after24 h of storage. Short-time storage of the
specimens in saline solution reduced all three optical param-
eters significantly. In conclusion, the tissue preparation must
be controlled in order to provide in vitro optical parameters
that sufficiently mimic the in vivo situation.

PACS: 42.10; 42.20; 78; 87

First applications of laser radiation in medicine were gov-
erned by the clinical and experimental experience of physi-
cians. However, within the last twenty years a better un-
derstanding of light distribution in turbid media has been
attained, providing a precise prediction of laser-tissue inter-
actions and the optimisation of clinical laser applications.
The underlying mechanism of light transport in absorbing
and scattering media was adapted from nuclear physics where
Chandrasekar calculated the fluence of neutrons through dif-
ferent materials [1]. Hence in most medical laser applications
light is regarded as a particle and not as a wave. The integro-
differential equation describing the stationary photon trans-

port is given by [2–4]

dL(r, s)
ds

= − (µa+µs)L(r, s)+ µs

4π

∫
4π

p(s, s′)L(r, s)dΩ′

+S(r, s) ,
(1)

whereL(r, s) in Wcm−2sr−1 denotes the radiance at position
r into directionsandS(r, s) in W cm−3 is the source term de-
scribing the injection of photons. Here,µa is the absorption
probability per pathlength,µs is the scattering probability per
pathlength, andp(s, s′) denotes the scattering phase func-
tion. Absorption takes place at chromophores, proteins, and
water. Scattering is a result of inhomogeneities of the re-
fractive index at membranes and lipids. The scattering phase
function characterises the angular distribution of scattering
events and is normalised according to∫
4π

p(s, s′)dΩ′ = 1 . (2)

An important question is the choice of a scattering phase
function that fits best to the investigated medium. In biomed-
ical optics the Henyey–Greenstein phase function [5] was
most often used because it corresponds well to goniophoto-
metric measurements of tissue such as skin or parenchyma-
tous organs [6–12]. The function was first applied in astro-
physics for the scattering of interstellar dust and is given by

p(s, s′)= 1− g2

4π(1+ g2−2gcosΘ)
3
2

, (3)

whereg is the free parameter which equals the mean cosine
of the scattering angleΘ, known as the anisotropy factor that
ranges from -1 (total back scattering) over 0 (isotropic scatter-
ing) to+1 (total forward scattering).

g= 〈 cosΘ
〉= 2π∫

0

dΦ

π∫
0

p(s, s′) cosΘ sinΘdΘ (4)
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The use of some analytical models for the calculation of the
fluence does not require the separate consideration ofµs and
g, especially if absorption is small compared to scattering and
the fluence is regarded far from boundaries and sources. In
this diffusion regime, anisotropic scattering can be simplified
to the isotropic case by applying the similarity relation [13]:

µ′s= µs(1− g) , (5)

whereµ′s denotes the reduced scattering coefficient.
In summary, the optical parameters of biological tissue are
given by the absorption coefficientµa, the scattering coeffi-
cientµs, and the anisotropy factorg, using a selected scatter-
ing phase function. There exist a number of possible strate-
gies for their evaluation. In principle, a classification into
direct andindirect methods is possible [14–16]. Direct tech-
niques are based on the assumption of Beer’s law: light is
attenuated exponentially at its propagation in tissue and there
is no dependence on mathematical models of transport the-
ory. Measurements of unscattered (collimated) transmission
belong to this group but can only provide the total attenuation
coefficient

µt = µa+µs . (6)

In contrast, indirect methods also measure the diffuse ra-
diation emerging from the tissue sample into the backward
and/or forward hemispheres. The method that is most fre-
quently applied in vitro to determine the complete set of op-
tical parameters of turbid media (such as biological tissue) is
the integrating-sphere technique [17–25]. With collimated il-
lumination, measurement of the diffuse reflectance(Rd), the
total transmittance(Tt), the collimated (mostly unscattered)
transmittance(Tc), and the thickness of a specimen permits
the complete determination of its optical parameters (Fig. 1).
Nevertheless, it is an experimental challenge to obtain high-
precision results with this technique because a number of
difficulties have to be considered:
A. Typical attenuation coefficients of soft tissue cover the

range10 mm−1 to 50 mm−1 at visible wavelengths [15].
Consequently, the specimen thickness should be in the
range500µm down to 100µm in order to sample at
least a few ballistic photons at theTc detector. How-
ever, thin samples suffer from a minor diffuse reflectance
that may considerably be less than1%, especially if ab-
sorption is high compared to scattering. This effect com-
bines with the use of integrating spheres which again
reduce the amount of light measured at the detectors.
Although the intensity of the radiation field inside the
integrating sphere is increased due to multiple reflec-
tions (a typical value is a factor of∼ 30 for a 150-mm

Fig. 1. Schematic diagram of an integrating-sphere experiment

diameter with a reflection factor of98% and a1% sur-
face fraction of non-reflecting holes), the detector sur-
face of approximately5 mm diameter makes up only
1/3000 of the sphere surface. As a consequence the
diffuse radiation emerging from the specimens is addi-
tionally attenuated by two orders of magnitude so that
a dynamic detection range of at least 6 orders of mag-
nitude is required. It should be noted that highly re-
flecting baffles or detectors with a small field of view
are used in order to avoid the direct illumination of the
detectors.

B. Previous investigations were carried out with a double-
sphere system, measuring reflectance and transmission
simultaneously [22–25]. This procedure is fast but bears
a significant interaction of the two radiation fields, yield-
ing a virtual increase in the measured quantities. Pickering
et al. developed an algorithm that allows for a compen-
sation of this effect, but one requires precise knowledge
about the sphere-wall reflectance [20, 21]. On the other
hand, the mean wall reflectance is difficult to measure and
unstable due to dust and partial contamination. Hence,
the compensation is only a poor approximation for spe-
cimens with a small optical thickness. A minor problem
with double-sphere systems is the necessity to correct the
measurements according to the integrating-sphere equa-
tions because the reflection standard must be replaced
by the sample when changing from calibration to meas-
urement. The corrections also require knowledge about
the sphere-wall reflectance, only being available with
a relatively large error. To overcome these difficulties
a single-sphere arrangement can be applied as described
in Sect. 1.1.

C. A problem arises from theTc measurement because
a total separation between ballistic and scattered pho-
tons is not possible. The diffuse transmission of a sample
always produces an offset at theTc detector that only de-
pends on the detected solid angle. In theory, the solid
angle can be reduced by increasing the distance be-
tween detector and specimen or by the use of a smaller
aperture in front of theTc detector. In practice this is
limited by the beam quality which is often established
by a monochromator in order to easily scan over large
wavelength ranges. With a typical beam divergence of
0.2 rad about0.4% of the diffuse transmission hits the
Tc detector. Taking into consideration that the diffuse
transmission is the most dominant value of all three meas-
ured quantities, it is evident that more than50% of the
Tc readings can be affected by scattered photons. The
only way to handle this problem is the use of evaluation
models that allow compensation of the described phe-
nomenon.

D. A further problem appears with scattered photons trav-
elling to the side boundaries of the specimen. Because
the radial dimension of the specimen is limited by the
sphere port diameter or the cuvette geometry (or the clin-
ically available tissue volume), a significant amount of
photons may travel to the sides being neither detected in
transmission nor in reflectance. Consequently, the ratio
between spot size and sample diameter should be as small
as possible in order to minimise this effect. Neverthe-
less, typical configurations show side losses of up to
15% in the near infrared where scattering clearly domi-
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nates over absorption. As a consequence the side losses
can only be compensated for by sophisticated evaluation
models.

E. An important point of consideration is the handling of
the regular reflection at the cuvette glass or the speci-
men itself. By tilting the sample about8◦ relative to the
optical axis, all regular reflexes can either be measured
as offset on the diffuse reflectance or leave the integrat-
ing sphere through an additional hole. However, since
the regular reflection makes up about3% in the visi-
ble wavelength range, a precise control appears to be
necessary.

Extraction of the optical parameters from the described
measurements is a complex task as there is no exact analytical
solution for the transport equation (1) available. A frequently
utilised approach is the Kubelka–Munk theory [26] or the
more sophisticated diffusion approximation of the transport
equation [2, 13, 27, 28]. But these one-dimensional models
suffer from boundary conditions (infinite sample extension,
absorption must be small compared to scattering) which can
not be realised in practical measurements [29]. Besides, all
of the above-mentioned systematic error sources (diffuse pho-
tons atTc, side-travelling photons in the specimen, regular
reflection at the cuvette) can not be considered in these ana-
lytical approaches. Consequently, numerical models are pre-
ferred to calculate optical parameters from integrating-sphere
measurements. These are the adding-doubling method [3, 4,
9] and the Monte Carlo simulation [30, 31], whereby the for-
mer, as a one-dimensional model, also assumes infinite lateral
sample extension and neglects most of the systematic errors.
In summary, the Monte Carlo simulation is the method of
choice, providing the consideration of every aspect of the
experimental set-up. The method will be described in detail
in Sect. 1.3.

Concluding the previous paragraphs, reliable measure-
ments of the optical parameters of turbid materials are pos-
sible at the present time under in vitro conditions. However,
it is evident that the optical parameters measured in vitro
should mimic the in vivo situation as accurately as possible
because these data are used clinically for treatment planning.
This requires the use of a sophisticated preparation technique
in order to provide constant sample thickness without signifi-
cant changes of the tissue structure. As a consequence, the
tissue preparation must preserve the optical parameters but is
often suspected to have an effect on their evaluation. To our
knowledge no investigations have been published which ap-
ply a high-precision experimental set-up in order to system-
atically evaluate the effects of tissue preparation and preser-
vation. Therefore, the aim of this study was to compare the
impact of different preparation techniques on the determin-
ation of absorption, scattering, and anisotropy of soft-tissue
specimens.

1 Experimental set-up and methods

1.1 Measurement of reflectance and transmittance

The optical parameters were determined by the integrating-
sphere technique, measuring the diffuse reflectanceRd,
the total transmittanceTt, and the collimated transmission

Tc of various tissue samples (Fig. 1). We applied an ex-
perimental set-up with a single-sphere (150-mm diameter,
Spectraflectcoating, Labsphere Inc., USA), measuringRd
and Tt subsequently without interactions. For calibration
purposes a reflection standard (Labsphere Inc., USA) was
mounted into one of the sphere ports and the sample was po-
sitioned at another port. The sphere was then rotated by90◦
to change illumination between standard and sample. By this
procedure no compensation for a varying sphere efficiency
was needed. If necessary, the sphere was displaced along
the optical axis in order to position the sample in the focal
plane of the illuminating light. The procedure for the meas-
urement of all three quantities is shown in Fig. 2. As a special
feature we also used integrating spheres with a30-mm aper-
ture (100-mm diameter,BaSO4 coating) for bothTc and
reference intensity measurement. For this reason no focus-
ing lenses were necessary independent of the divergent light
beam.

Figure 3 shows the experimental set-up. A mercury high-
pressure short-arc lamp served as light source (100 W,
2×106 cd/cm2, Osram, Germany). The lamp was connected
to a monochromator (f = 200 mm, AMKO, Germany) pro-
viding a resolution of8 nm (FWHM) and measurements in
the wavelength range450–700 nm. The circular monochro-
mator exit (diameter1 mm) was focused into the sample
plane by a spherical mirror, providing a spot size of diam-
eter 4 mm. The distance between sample andTc sphere
was 430 mm, the beam diameter at the aperture of theTc
sphere was25 mm. The beam was modulated with220 Hz
using a mirrored chopper blade whereby the reflected frac-
tion was used for intensity normalisation. Silicon photo-
diodes with integrated pre-amplifiers served as detectors
(09-SiU04-C, AMKO, Germany), each connected to a sepa-
rate lock-in amplifier (ITHACO 3981, US). Control of the
experiment and guidance through the measurement procedure
were entirely computer-controlled.

Fig. 2. Scheme of the measuring procedure,left column: calibration config-
uration,right column: configuration for tissue measurements
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Fig. 3. Experimental set-up

1.2 Tissue preparation

We selected porcine liver as soft-tissue model for the com-
parison of various preparation techniques and storage proced-
ures. This choice was motivated by the fact that liver tissue
is a common model used for the evaluation of various ap-
plication protocols for laser-induced thermotherapy and for
comparison with theoretical models of light and heat distribu-
tion [32]. The livers were procured from the slaughterhouse
and prepared within4 hpost mortem.

In practice, the reproducible preparation of tissue sec-
tions at the required thickness (100–500µm) is a difficult
task. The standard procedure in histology is the use of micro-
tomes that allow sections to be cut from frozen specimens, but
their maximum thickness is limited to about40µm. There-
fore this technique was not applicable for optical parameter
evaluation.

An alternative technique that has been applied by some
authors especially for soft tissue is cryo-homogenisation [18,
22–25, 33]. Specimens of the fresh liver with a dimension
of approximately5 mmwere shock-frozen in liquid nitrogen
at 77 K. Then they were carefully homogenised in a pre-
cooled mortar. This resulted in tissue clusters with diam-
eters between20 and 200µm, being large compared with
typical cell dimensions of a few microns. This allows the
assumption that the original optical properties of the tissue
matrix were mainly preserved. The specimens were prepared
into cylindrical quartz cuvettes with a calibrated spacing of
200±5µm (Hellma, Germany) to provide measurements in
the integrating-sphere system. The diameter of the cuvette
sample chamber was 15 mm, hence it was large compared
to the spot diameter of the light source, keeping the num-
ber of side-travelling photons small. The cuvette was finally
fixed within a cylindrical holder which directly fitted into
the integrating-sphere aperture. The thickness of each sample
was determined before each measurement using a calibrated
micrometer screw.

Nevertheless, the previously described technique is sus-
pected to alter the optical properties by the damage of mem-
branes due to fast-building ice crystals and mechanical forces.
As a result, we have developed a new cutting technique that

could serve as a standard for the preservation of in vitro op-
tical parameters of soft tissue. The specimens were directly
cut from the fresh liver using a dermatome (Zimmer, USA).
This instrument is normally used in plastic surgery to remove
superficial layers of healthy skin for transplantation (Fig. 4).
A motor-driven knife with a length of100 mmoscillates hor-
izontally with about50 Hz. The dermatome was manually
moved over the fresh liver, providing layers with a constant
thickness that have been pre-set to200µm by adjusting the
distance between the knife and a spacer. A pre-requisite of
this method was the optimal fixation of the whole liver. For
this purpose a vacuum table was built that consisted of an
acrylic glass plate with boreholes of1 mmdiameter, equally
distributed with a mutual distance of5 mm. The plate cov-
ered a chamber that could be evacuated by a connected pump
(Fig. 5). The liver was put onto the plate, covering the bore-
holes. By establishing a vacuum of a few millibars the liver
was fixed to the table and the dermatome could easily be
moved over the organ without subsequent movement of the
tissue. The liver capsule was always removed by the same
technique before a layer was selected for measurements. Fi-
nally, a cylindrical specimen with a diameter of15 mmwas
stamped out of the layer, so that it could directly be prepared
into the200-µm quartz cuvettes as described above. From this
technique we assumed that the optical parameters were main-
tained as well as possible compared to the in vivo situation.

Fig. 4. Dermatome (Zimmer, USA)

Fig. 5. Vacuum fixation table
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Besides the various preparation techniques we also com-
pared the effect of sample storage, often necessary under
clinical conditions. Therefore, specimens were cut with the
dermatome according to the reference technique and than
exposed either to77 K in liquid nitrogen or to−20◦C in
a freezer. Before measurement, the specimens were thawed at
room temperature and prepared into the quartz cuvettes as de-
scribed above. In a second series we compared fresh tissue
(4 h post mortem) with tissue that was stored24 h and48 h
at 4 ◦C. Here the cryo-homogenisation technique was used
because application of the dermatome was not possible. The
mechanical structure of the liver after24 hof storage did not
allow for precise cutting due to lysis processes. In addition, it
can be found in the literature that specimens are sometimes
stored in saline solution before the optical parameters are
measured [34–37]. This avoids drying effects during storage
and is also recommended if special tissue slicers are used for
tissue cutting (for example Krumdiek, USA). Therefore, the
cryo-homogenisation was also applied to specimens that were
first prepared with the dermatome and then stored in a saline
solution for a few minutes at room temperature before further
preparation. In all series the tissue specimens were stored in
a plastic bag that was evacuated and hermetically closed in
order to avoid drying effects.

Each investigation consisted of nine independent meas-
urements: three livers were taken from different animals and
three specimens were prepared from each liver in the same
way. In total, 63 spectra were measured, allowing the calcu-
lation of mean values and standard deviations.

1.3 Numerical evaluation

The optical parameters were determined applying a Monte
Carlo simulation, which as a statistical method calculates the
trajectories of a great number of photons (3×105 in our ex-
periments) and as a result presents the reflectance and trans-
mittance characteristics of a sample for a given set of op-
tical parameters and geometrical configuration. In order to
solve the opposite situation, i.e. to determine the unknown
optical parameters from the measured macroscopic values,
the Monte Carlo simulation was combined with a variation
technique [22–25] (Fig. 6). The measured data were simu-
lated taking an estimated set of start parametersµa, µs, g
from Kubelka–Munk theory [26] and applying the Henyey–
Greenstein scattering phase function (3). The simulated quan-
tities were compared with the real measurement. In case
of a significant deviation, all three parameters were var-
ied slightly and three new forward simulations were per-
formed. After this procedure a gradient matrix was built up,
allowing the calculation of new optical parameters which fit
better to the measured quantities. This procedure was re-
peated until the deviation between measured and calculated
values was within the error threshold (fixed to0.1%) so
that the associated set of optical parameters could be ac-
cepted. As well as a high degree of accuracy the method
offered a simple means of compensating systematic errors
such as radiation losses, scattered photons detected as col-
limated transmission, deviations from a Lambertian distri-
bution of the diffuse reflectance, and refractive index mis-
matches. We utilised a wavelength-dependent refractive index
for the quartz cuvettes ranging from1.466 at 450 nmdown

Fig. 6. Scheme of the inverse Monte Carlo simulation developed for the
evaluation of optical parameters from reflectance and transmittance meas-
urements

to 1.455 at 700 nm [38]. For the liver refractive index we
used a fixed value of1.37 as reported by Bolin et al. for
633 nm[39].

2 Results and discussion

2.1 Preparation with the dermatome

The optical parameters of porcine liver tissue as measured
with the reference preparation technique (dermatome) are
shown in Fig. 7. The absorption covered one order of mag-
nitude, decreasing from3.2±0.2 mm−1 at 450 nm down
to 0.25±0.03 mm−1 at 700 nm. The calculated mean stan-
dard deviation of±8.2% represents the statistical error due
to repeated preparation and measurement of specimens of
the same organ. At550 nm a dominant peak with1.9±
0.2 mm−1 was found which can be related to the strong ab-
sorption of deoxygenated haemoglobin [40]. Since there are
only a few data for porcine liver published in the literature,
comparison is difficult. At630 nmwe found aµa of 0.49±
0.04 mm−1, whereas Wilson et al. reported0.27 mm−1 at the
same wavelength using interstitial detectors and diffusion the-
ory [41]. Arnfield et al. reported an absorption coefficient
of 0.23 mm−1, also applying interstitial detectors [42]. We
found aµa of 0.37 mm−1 in previous investigations, using
double-integrating sphere equipment [25]. The differences
are most certainly the result of the different techniques, re-
garding preparation, measurement, and evaluation.

The scattering coefficientµs slightly decreased with
wavelength, showing a maximum of about19 mm−1 at
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Fig. 7. Optical parameters of fresh porcine liver prepared with the der-
matome technique

450 nmand a minimum of16 mm−1 at 700 nm. The mean
standard deviation forµs was±3.3%. The decrease ofµs
with increasing wavelength was typical for biological tissue
and is related to the theory of Mie scattering. The anisotropy
factor g continuously increased from0.90 at 450 nmup to
0.95 at 700 nmwith a mean standard deviation of±0.6%.
This behaviour can also be predicted by Mie theory and is
found for many tissue types.

The reduced scattering coefficientµ′s was calculated ac-
cording to (5) from the measured data ofµs and g. The
reduced scattering decreased from2 mm−1 at 450 nmdown
to about0.8 mm−1 at 700 nmwith a mean standard devia-
tion of±9.9%. At 630 nmµ′s was0.93±0.1 mm−1, whereas
Wilson et al. found1.7 mm−1 [41] and Arnfield reported
1.0 mm−1 [42]. Our own data were0.64 mm−1 in previous
investigations [25].

It can be seen by comparison with previously published
data that the in vitro evaluation of optical parameters is
difficult and the obtained results depend on many factors.
Moreover, inter-individual variation of the optical parameters
are expected [43], complicating the reproducible evaluation.
Nevertheless, the measurement of native specimens which
were cut with an oscillating knife are expected to produce
most precise in vitro results.

2.2 Preparation with cryo-homogenisation

Figure 8 shows the relative deviation of the optical param-
eters when cryo-homogenisation was applied instead of the
dermatome. On average, the absorption level was+5.9%
higher after cryo-homogenisation in relation to the reference
preparation. However, the differences inµa between both
preparation techniques lay within the standard deviation of
the reference method, consequently they were not regarded as
significant. This constant absorption level seems to be evident
because no absorbers were removed from the tissue fraction
by the cryo-homogenisation itself.

Fig. 8. Relative differences between the optical parameters of fresh porcine
liver compared to the reference preparation (dermatome),crosses: cryo-
homogenisation,dotted lines: ± SD for the reference measurements

On the other hand, the scattering coefficientµs was
lowered significantly by−26% on average. The difference
in µs showed a moderate increase with increasing wave-
lengths. At the same time, the anisotropy factorg after cryo-
homogenisation slightly decreased by−2.3% on average.
Here, no wavelength dependence was found. This dramatic
change in the scattering properties was expected to be a result
of partial damage to membranes and organelles. An addi-
tional possibility is the fusion of lipid droplets contained
within the cell matrix.

Finally, the calculated reduced scatteringµ′s decreased by
a mean value of−3.4%. This decline was not significant
compared to the standard deviation of the reference measure-
ment. Hence the changes inµs andg compensated each other
and no effect due to cryo-homogenisation is expected from
our data if the reduced set of optical properties is used (for ex-
ample in diffusion theory). By comparison, Peters et al. eval-
uated the effect of homogenisation using human breast tissue
by measuring the diffuse reflectance and transmittance [18].
They found a maximum deviation of3% in comparison to the
non-homogenised tissue sections, this being consistent with
our measurements. The reported difference was comparable
to the deviation between different samples of the same tissue.

2.3 Effect of tissue freezing

Figure 9 demonstrates how freezing of the specimens changed
the optical parameters. Shock-freezing at77 K resulted in
a slight decrease ofµa without a distinct wavelength de-
pendence. The mean reduction was−4.5%, which is not
significant. Slow freezing at−20◦C showed the same be-
haviour but with a more prominent shape. Hereµa decreased
significantly by −14.4%. This decrease in the absorption
coefficient after freezing was unexpected because the concen-
tration of absorbers did not change. A possible explanation
might be damage to the erythrocytes, especially at slow
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Fig. 9. Relative differences between the optical parameters of fresh porcine
liver compared to the reference preparation (dermatome),crosses: slow
freezing at−20◦C, triangles: shock-freezing at77 K, dotted lines: ± SD
for the reference measurements

freezing rates, leading to a distribution of free haemoglobin.
Cilesiz et al. compared absorption coefficients of aorta be-
fore and after freezing and found a decrease inµa of −5% to
−11% in the range300 to 800 nm[44]. This was consistent
with our measurements.

Shock-freezing led to a significant reduction of the scat-
tering coefficient with a mean decline of−21.7%. The scat-
tering difference showed a clear wavelength dependence with
an increasing difference towards longer wavelengths. The
anisotropy factorg decreased on average by−1.8%. Finally,
the reduced scattering coefficient was lowered by−5.0%,
which was not significant compared to the standard deviation.
The same behaviour forµs, g, andµ′s was also detected after
cryo-homogenisation and has already been discussed. With
freezing at−20◦C the scattering coefficient decreased by
−42.8% on average and the measurement of the anisotropy
factorg led to a mean reduction of−3.0%, showing no sig-
nificant wavelength dependence. The reduced scattering co-
efficient was lowered by−19.0% on average with a slight
tendency to increasing wavelength. Thus, the effect of freez-
ing on the scattering behaviour is more distinct at−20◦C
compared to liquid nitrogen. Peters et al. also compared the
effect of freezing at−20◦C on reflectance and transmittance
and found a difference of5% for wavelengths below600 nm
and a difference of2% above600 nm[18].

2.4 Effect of tissue storing

Significant changes in the absorption coefficient were found
when comparing different storage protocols as shown in
Fig. 10. Here the cryo-homogenisation served as reference
method because of the difficulty in cutting ‘old’ liver sam-
ples with the dermatome. The mean standard deviation inµa
was±3.5% for the cryo-homogenisation of fresh specimens
and considerably smaller than that for the dermatome prep-
aration. This was a result of natural inhomogenities of the

Fig. 10.Relative differences between the optical parameters of porcine liver
in comparison to the immediate native measurement (cryo-homogenisation),
triangles: storage for24 hat 4 ◦C, crosses: storage for48 hat 4 ◦C, circles:
short preservation in saline solution,dotted lines: ± SD for the immediate
native measurement

liver which were conserved when applying the dermatome
cutting. On the other hand, tissue homogenisation reduced
these inhomogeneities to extensions smaller than our spot
size (4 mmdiameter) so that the measured standard deviation
for repeated measurement was clearly reduced.

Even24 hof storage at4 ◦C resulted in a significant mean
decrease in the absorption coefficient of−9.5%. After 48 h
of storage the investigated effect was even more pronounced
with a mean reduction of−16.4%. From these measurements
one can expect that the liver absorption decreases slightly
with increasing post mortem ‘age’. The underlying mechan-
ism is not understood yet and is probably caused by the trans-
formation of potential absorbers due to processes of lysis.
Here haemoglobin plays a major part which can be deduced
from the shape of the absorption difference that had a max-
imum near haemoglobin absorption bands (around550 nm
and towards420 nm).

24 hof storage led to a significant mean increase inµs of
+52.7% with an increasing tendency towards longer wave-
lengths. This had to be compared to the mean standard devi-
ation of±5.9%, so the increase was highly significant. After
48 h of storage the investigated effects onµs did not show
a further ageing process since the increase in the scattering
coefficient was stable at+47.1% on average. The anisotropy
factor g remained nearly unchanged after24 h as well as
after 48 h. Its deviation was within the standard deviation of
±0.6% of the reference measurement. The calculated reduced
scattering coefficientµ′s showed a dominant growth which
was+43.3% on average after24 hand+49.3% on average
after 48 h of storage. This resulted from a strong change in
the scattering coefficient combined with a constant anisotropy
factor. As for the absorption coefficient, the scattering devi-
ation with increasing storage time can only be explained by
transformation processes taking place at the tissue matrix.

The most dramatic changes were found when the sam-
ples were kept for five minutes in saline solution before
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homogenisation and measurement. Here the absorption co-
efficient decreased drastically by−46.2% on average. The
amount of reduction was directly proportional to the absolute
value of the absorption coefficient and was expected to be the
result of washing out chromophores, mainly haemoglobin.
This can be deduced from the fact that the difference was larg-
est in wavelength regions with strong haemoglobin absorp-
tion, whereas the changes were clearly smaller in regions with
little haemoglobin absorption. The scattering coefficient also
decreased significantly by−27.9% on average. Investigation
of the anisotropy factor led to a mean decrease of−4.7%.
Both effects seemed to compensate each other when the re-
duced scattering coefficient was calculated from the data of
µs andg, so that a slight variation ofµ′s was not significant for
most of the investigated wavelengths. However, changes in
the scattering behaviour could be the result of slightly chang-
ing refractive indices in the tissue matrix, being effected by
the exchange of ions through the saline solution.

3 Conclusion and summary

The use of a dermatome to make reproducible specimens of
biological soft tissue with thicknesses in the range200 to
800µm can serve as a reference procedure that does not re-
quire freezing or any kind of storage before the measurement.
A reliable evaluation of in vitro optical parameters is possible
in combination with the integrating-sphere technique and an
inverse Monte Carlo simulation which takes systematic error
sources into consideration. Even for the same type of tissue
the published data of optical parameters cover a wide range.
This is due to various preparation techniques, experimen-
tal set-ups, and models of evaluation. Hence, the aim of the
presented study was to investigate the effect of different prep-
aration techniques and storage procedures under controlled
experimental conditions.

No significant differences forµa andµ′s were found when
comparing the reference preparation with the frequently ap-
plied cryo-homogenisation. Nevertheless, separate investiga-
tion ofµs andg revealed differences in the scattering proper-
ties that could be compensated if the reduced scattering was
calculated. However, for most clinical applications, know-
ledge about the reduced set of optical parameters is sufficient
for treatment planning so that values measured after cryo-
homogenisation can be applied without restrictions.

It can also be concluded from our measurements that the
freezing procedure itself changes the optical parameters, es-
pecially the scattering properties. The effect is more distinct
after slow freezing at−20◦C but can also be seen after shock-
freezing in liquid nitrogen. These changes are also compen-
sated for when the reduced scattering coefficient is calculated.

The most substantial variation of all optical parameters
was found after storage of the specimens. The changes were
already significant24 hpost mortem at4 ◦C and only changed
slightly within the next24 h. Consequently it must be con-
cluded that the investigated specimens should be as fresh as
possible when the optical parameters are to be measured.
Short-time storage of specimens in saline solution must be
avoided before measurement because the absorption coef-
ficient changes considerably due to the loss of absorbers,
mainly haemoglobin. On the other hand, it is assumed that
varying haemoglobin concentrations are the main reason for

the wide range of optical parameters measured for the same
type of tissue but from different individuals. Consequently,
a defined removal of the haemoglobin content might become
an interesting procedure in order to increase the reproducibil-
ity of optical parameter measurements. To use such parame-
ters for clinical purposes the optical parameters of blood have
to be measured separately [45] and must be combined with
the blood-free parameters of the interesting tissue by account-
ing for the actual in vivo blood content. In summary, it is most
important to control the preparation conditions in order to de-
termine reliable optical parameters for biological soft tissue.
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