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Abstract In terms of physics, the skin can be regarded as
an optically turbid medium in which the light is mainly
scattered by the collagen fibers, mitochondria and cell
nuclei, whereas the absorption is determined by the content
of reduced hemoglobin, oxyhemoglobin, bilirubin, and
melanin. When the measuring geometry and the illumina-
tion spectrum are known, the optical characteristics of the
skin can be approximately described by the diffusion and
absorption coefficients. These values define the diffusion
and absorption probability per unit distance traveled for
each wavelength. Based on these parameters, a mathema-
tical skin model was developed with the help of Monte
Carlo simulations. By implementing the absorption coef-
ficient of carbon monoxide hemoglobin (CO-Hb) into the
skin model, the authors wanted to investigate whether this
method is suitable to determine the CO-Hb concentration
from spectral reflectance curves of livores. The investiga-
tions performed on 28 deaths from CO poisoning so far
showed that this is generally possible. In almost all cases,
the actual CO-Hb values could be estimated correctly by
using the Monte Carlo simulations.

Keywords Monte Carlo simulation - Livores - Carbon
monoxide hemoglobin - Reflectance spectrometry

Introduction

Repeated attempts have been made to characterize post-
mortem phenomena of corpse skin by means of optical
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methods [4-7, 9—11, 21, 24, 25, 31-35, 44-46, 48, 51, 52].
Special attention was devoted to providing an objective way
to determine the chronological order of the occurrence of
livores and their intensity and displaceability [24, 25, 32,
45, 46, 51, 52]. The color quality of livores was less often
investigated [9, 32, 45].

Under low ambient temperatures, livor mortis may adopt
a bright red, pink, or cherry red color due to the resaturation
of hemoglobin with oxygen. The most important differen-
tial diagnosis in the presence of pink hypostasis is carbon
monoxide (CO) poisoning. Safe diagnosis of CO intoxica-
tion based on the subjective impression of the color alone is
seldom possible within the scope of the postmortem exami-
nation, in particular if the CO-hemoglobin (CO-Hb) values
are relatively low. Previous investigations have shown that
it is not possible to distinguish between exposure to a cold
environment and CO poisoning if the color of livor mortis is
objectively determined by colorimetric methods [9]. How-
ever, these investigations also proved that at high con-
centrations of CO-Hb there is a characteristic shift of the
reflectance maxima and flattening of the spectral reflec-
tance curves, which allows a distinction in these cases [9].

Generally one may assume that there is also a functional
relationship between the spectral reflectance of the skin
and its optical properties or components. The question was
whether it is possible to develop a mathematical skin model
simulating the optical behavior of the skin and to estimate
the CO-Hb concentration from the reflectance spectra of
hypostasis with this model.

Optical properties of human skin

The human skin represents a very complex organ with a
three-layered structure consisting of the stratum corneum,
stratum germinativum, and dermis. The thin stratum cor-
neum causes regular reflectance at the tissue—air transition.
This regular reflectance is due to the refractive index mis-
match of the stratum corneum (n,,~1.55) and air (n,;,=1.0).
In the visible light range, skin reflects between 4 and 7% of
the incident beam, nearly independent of wavelength and
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Fig. 1 Extinction spectra of the main absorbers of human skin in
the visible wave range [1, 40, 47]

skin type [1]. The stratum germinativum and dermis are
composed of many organelles and substructures that influ-
ence the transport of light. However, the main scattering
processes are elastic scattering processes by collagen fibers
and mitochondria. In a good approximation, the collagen
fibers and mitochondria can be described by a spherical
scatterer with a diameter d between 0.1 and 0.8 pm and a
refractive index n¢ of 1.4. The surrounding medium has a
refractive index ng, of 1.36 [13, 41, 55]. In the visible range
of light, the absorption processes are mainly due to hemo-
globin and melanin [1]. The respective extinction spectra
are shown in Fig. 1. In a first approximation the human skin
can be modeled as a turbid, absorbing, semi-infinite medi-
um composed of homogeneously distributed scatterers and
absorbers.

Light transport in turbid media

If a collimated incident pencil beam is directed at the sur-
face of the turbid medium, part of the light is reflected at
the air—medium interface due to the refractive index mis-
match. The photons, which pass through the surface and
enter the turbid medium, undergo many scattering process-
es in their path. In every scattering process, the photon
changes its direction randomly, and thus the light transport
represents a stochastic process, i.e., a random walk. This
process can be described by three probabilities: (1) the
probability for a scattering process per length scale, which
is given by the scattering coefficient u; (2) the probability
for an absorption process per length scale, which is given
by the absorption coefficient x,; and (3) the phase function
p(cos ), which describes the probability for the cosine of
the scattering angle 6 for a single scattering process. To
achieve a simple, workable model, the phase function p
(cos ) is often parameterized based on the anisotropy
factor g which represents the first momentum of the phase
function. These optical parameters depend on the wave-
length of the incident light, the size and refractive index of
the particles and concentration of the absorber in the me-
dium. Therefore, the modeling of the light transport in

turbid absorbing media can be divided into two parts: (1)
the description of the light transport based on the optical
parameters [, iy, and g and (2) the modeling of these
optical parameters based on microscopic parameters such
as size and density of the scattering particles and absorber
concentrations.

Light transport in turbid media can be described by the
Boltzmann transport equation [22, 50]. However, because
of its complexity this integral equation is not very suitable
for data analysis of reflectance spectra. A very useful sim-
plification of the Boltzmann transport equation is the dif-
fusion approximation [22, 50]. This approach for the
description of light transport in turbid media has the
disadvantage of not being valid near strong light sources
and for a large amount of absorption. Thus, unfortunately
the diffusion approximation is not very well suited for mod-
eling the reflectance spectrum of human skin around an
incident light beam [2, 53]. An alternative approach for the
description of light transport in turbid absorbing media is
given by Monte Carlo simulations, which are not restricted
to large distances from strong sources and a small amount of
absorption [26, 54]. Thus, we have used such Monte Carlo
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Fig. 2 Monte Carlo simulation of photon migration in turbid ab-
sorbing media. The graphic illustrates the interactions between the
photon package and the turbid medium: scattering, absorption, reflec-
tion, and transmission at the surface. If the photon package is trans-
mitted, e.g., at a distance » from the incident pencil beam, the current
size of the photon package contributes to the reflectance of the sur-
face. Thus, the reflectance of the concerning circlet Rejycie(#)=277d,R
() with radius » and thickness d, (depending on the discretization of r)
is increased by the value of the photon package size. The resulting
reflectance of the circlets around the incident pencil beam divided by
27 is shown above the surface of the medium



simulations to establish a numerical model for the measured
reflectance spectrum based on the optical parameters i, (i,
and g.

Monte Carlo simulation

The Monte Carlo simulation is a widely used method for the
analysis of very complex or stochastic systems. To estimate
the diffuse reflectance R(us, (2, g) at the skin surface, the
underlying stochastic process within the skin, i.e., the ran-
dom walk of the photons, is realized very often. The prin-
ciples of Monte Carlo simulations for the description of
light transport in turbid media are described in detail in the
literature [26, 54]. For our investigations, we adapted a
Monte Carlo algorithm by Wang et al. [54]. The algorithm is
described briefly in the following (Fig. 2).

First, a so-called photon package is initialized. It is
much more efficient and comfortable to simulate many
photons at once in such a photon package than to simulate
single photon paths. Thus, a photon package with a weight
of w=I is placed at the origin of a coordinate system on the
surface of the turbid medium with a certain direction s’
(often, this direction s is chosen to be normal to the surface
of the medium, but other directions can also be initialized
easily). Then, this photon package is moved in direction s’
with a step size of As. The step size is calculated by means
of a uniformly distributed random number, in the following
denoted as (€(0,1), according to

In&

As = — R
Hs + Ka

so that it represents a random number with a probability
density of

P(AS) = (s + pa)e™ HeTras,

ny cos 0+ny cos &'
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which gives the probability of a photon—medium interaction
per path length. The random number ¢ has to be determined
for each random variable As, ¢, and 6 in every iteration
step.

Then, the absorption along this path is considered by
reducing the size of the photon package w according to

(-255)
we—w []1— .
Ms + Ua

Now, the new direction of the photon package is cal-
culated. The scattering angle of the scattering process is
calculated by use of the phase function p(cos ), which is
approximated by the Henyey—Greenstein function [20, 49].
Thus, the realization of the cosine of the scattering angle can
be calculated according to

-2 \?
cosfh = i [1 +g - <1fgf2gc> ] g>0
21 g=0

The azimuth angle is uniformly distributed and can be
calculated by

¢ = 2m¢.

The step size As is calculated again and the photon
package is moved along the new direction specified by 6
and . When the photon package hits a boundary, the
Fresnel formula

2 2
v N /
1y cos 0 —ny 0056) (nz cosH—n, cosf)) :| 0<6 <8,

1
RFresnel (9) 2 |:<"z cos 0'+ny cos 6

1 0. <0 <m)2

is used to calculate the probability of a reflection at the
boundary. Here, n; and n, are the refractive indices of the
surroundings (e.g., air) and the medium (e.g., cytoplasm);
0" denotes the reflection angle of the photon package,
which is obtained by solving the law of refraction

n; sin @/ = n, sin @.
Again, a uniformly distributed random number (€(0,1)
is used in order to make the decision of reflection and

transmission at the boundary: for random numbers

¢ < Rpresnel (0>

reflection occurs. Otherwise, the photon package is trans-
mitted at the boundary. Then the size of the photon package
is added to the respective reflectance R(p) at the surface and
another photon package is launched. Here p denotes the
radial distance from the incident pencil beam. If reflection
occurs, the direction s of the photon package is changed
by inverting the sign of the z component of the direction 5.
Then, the photon package is moved for the remaining step
size and another scattering iteration starts. The run of a pho-
ton package ends if it is transmitted at the surface or it is
terminated by the “roulette method” [19]. This method ter-
minates the run of very small photon packages in an un-
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biased way. To generate Monte Carlo simulation for different
optical properties with the same or even comparable accu-
racy the heuristic formula for the number of photon pack-
ages N(ius, [ta) 18 very useful [27]:

s\ 4
N(Ms’ Ma) = <_d> x 10°.

Ms

One simulation for a certain set of optical parameters
requires, on an Intel Celeron, 1.7 GHz, up to 3 h, so the
whole simulation, consisting of up to 1,000 simulations
(depending on the discretization of s, 1, and g), takes
several weeks. However, these simulations for different
optical properties can be calculated parallely on different
PCs to speed up the effective simulation time. Further-
more, these simulations have to be calculated only once
while the experimental setup is not changed; thus, this
large effort occurs only once.

The Monte Carlo simulation described above leads to
realizations of the spatially resolved reflectance R(p)|ts, fta,
g) at a distance p from the incident pencil beam at the
surface of a diffuse medium based on the optical parameters
Is, 142, and g. To calculate the reflectance R,, measured at a
collection area around the incident pencil beam, the spatial
resolved reflectance R(p|us, fta, €) has to be integrated
numerically over the collection area with radius r:

2 re
R, (s, Ha, ) z/d¢/pdpR(p|Ms,Ma,g),
0 0

Finally, mapping of the measured reflectance R, (s, tas &)
on the optical parameters us> pa> and g is established. This
mapping is very smooth and can be interpolated easily, e.g.,
by means of spline function or neuronal nets, for further
processing. All the reflectance and the optical parameters
depend on wavelength. Thus, parameterization of the opti-
cal parameters is required.

The calculation of the reflectance R, (s, (4, g) de-
scribed above implies a cylindric symmetry or, in other
words, a perpendicular incident light beam. Nevertheless,
the Monte Carlo simulations can also be calculated for non-
perpendicular incident light beams and the emitted photon
packages from an arbitrary area can be counted. However,
such simulations have two disadvantages. First, the simu-
lation run time increases rapidly because many photon
packages are needed to yield a sufficient accuracy (two
dimensions instead of one). Second, this approach is less
flexible in terms of changing the diameter of the probe.
Using the approach described above, one can establish a
“database” of Monte Carlo simulation results and, for dif-
ferent probe diameters, the reflectance can be calculated
very easily and fast.

Modeling of the optical parameters g, ft,, and g

The scattering coefficient p, denotes the probability of a
scattering event per unit length. Thus, it can be written as

Ms()\) = NCscat(d, )")7

where N denotes the particle concentration, i.e., the number
of particles per unit volume, and Cy,, is the scattering cross
section. For polydispersed particles with particle size
distribution %(d) Eq. (2) reads

dmux

us(r) = h(d)Csear(d, A)dd

dm in

Assuming spherical particles, the scattering cross sec-
tion Cg, and the anisotropy factor g(d,\) can be obtained
using the Mie theory in dependence of particle size and
wavelength [55]. For given extinction spectra £(\) of M
absorber in the medium the absorption coefficient can be
written as

M
/'La(ca )‘) =In10 Zci 81'()‘)7
i=1

where ¢; denotes the concentration of the ith absorber. The
factor In 10 arises from the conversion from extinction to
absorption probability per length scale. For the investiga-
tions presented in this article, oxy- (O,-Hb) and desoxy-
hemoglobin (Hb), carbon monoxide hemoglobin (CO-Hb),
eumelanin, and pheomelanin are considered as main
absorbers (Fig. 1).

Combining Eq. 1 with Egs. 3 and 4, the “direct problem,”
i.e., the mapping of the measured reflectance in dependence
of the particle size distribution %(d) of the scatterer and the
absorber concentrations ¢; of O,-Hb, Hb, and CO-Hb and
the skin pigments eumelanin and pheomelanin, is estab-
lished. The desired parameters 4(d) and ¢; can now be
estimated by inversion of the direct problem.

Inverse problem

In this article we focus on the estimation of the CO-Hb
concentration in livores. There is no need of a high
resolution of the particle size distribution of the light
scattering in human skin. Therefore, the direct problem can
be inverted by means of a least squares fit as described
below. Otherwise, if one is interested in a highly resolved
particle size distribution, special mathematical methods,
e.g., regularization methods, are required to estimate the
particle distribution [20, 49].



To estimate the concentration of oxy-, desoxy-, and
carbon monoxide hemoglobin (cyy, co,ub, Cconp, respec-
tively)—and the particle size distribution 4(d) in a low
resolution d;,..., dy, N=8, and the eumelanin c., and
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pheomelanin cpp.,—from a measured reflectance spectrum
R°(%;), i=1,...,M the inverse problem was solved by
minimizing the discrepancy

by means of a Levenberg—Marquardt algorithm [42]. M
denotes the number of measured data points of the reflec-
tance spectrum.

Depending on the discretization, various difficulties by
the minimization occur. As mentioned above, for a highly
resolved particle size distribution the inverse problem
becomes ill posed and a regularization method has to be
used (e.g., Tikhonov—Philips regularization, singular value
decomposition) [20, 49]. For low resolutions of the
particle size distribution the inverse problem turns into a
well-posed inverse problem and standard fitting routines
(e.g., Newton, Levenberg—Marquardt, Powell) can be used.
If the particle size d and the number / of the particles with
size d are to be estimated, large correlations between
particle size d and number of particles 42 complicates the
minimization. To overcome this difficulty and to avoid
sticking to a local minimum different starting values for d
and /4 have to be chosen. In addition, the concentration of
eumelanin and pheomelanin show correlations if the de-
sired range of wavelength is very small, e.g., 500-600 nm.
However, these correlations do not influence the estimation
of the concentration of oxy-, desoxy-, and carbon monoxide
hemoglobin.

Materials and methods
Study material

Spectrophotometric studies of hypostasis were performed
on 32 Caucasian bodies undergoing forensic autopsy for
suspected carbon monoxide poisoning. The study included
20 men and 12 women, ages 2 to 88 years (mean, 44 years).
The postmortem interval was up to 4 days; the bodies were
stored at 4-6°C until examination. No external signs of
putrefaction were visible. Burned bodies were excluded
from the study. CO-Hb levels were determined by spectro-
photometric analysis of heart blood [15] obtained during
autopsy and ranged between 2 and 79%.

Investigation method

Measurements were performed with a diode array spec-
trophotometer MCS 400 (Carl-Zeiss-Jena GmbH, Jena,
Germany) with a halogen bulb as light source (standard
illuminant D65). The measuring head allowed recording of
the directed surface reflection of a 5-mm-wide measuring
spot (measuring geometry 45°/45°). Compressed barium

Fig. 3 Spectral reflectance ;25
curves of cherry red postmortem
lividity in CO poisoning (top
curve) and after exposure to low 0.2
ambient temperatures (bottom ‘
curve) in the spectral range of [T
500-600 nm T
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sulfate was used as white standard according to DIN 5033.
The measurements were controlled and evaluated with the
help of a personal computer.

On each body, five separate measurements of postmor-
tem lividity in the posterior lateral region of the thorax
were performed, and the median was determined based on
the spectral reflectance curves.

Estimation of carbon monoxide
hemoglobin concentration

The Monte Carlo-based calibration model was estimated
for a semi-infinite half space with a refractive index n, of
1.36 [13, 41, 55]. The reflectance R, (/5. ba, &) Was
calculated according to Eq. 1 for a detector radius 7, of 0.5
cm. The effective particle size distribution A(d) of the
scatterer (collagen fibers and mitochondria) was calculated
from d=0.1 to 0.8 um with a discretization Ad of 0.1 pum
(Fig. 2). The extinction spectra of Hb, O,-Hb, and CO-Hb

Table 1 Results of the CO-Hb No.

measurements in heart blood

(spectrophotometric analysis) CO-Hb CO-Hb+SD

and the CO-Hb estimations by (%) (%)

the Monte Carlo-based skin

model 1 52 59+£1.0
2 53 60+3.2
3 53 52+7.0
4 67 51+3.2
5 60 58+1.5
6 42 65+2.8
7 30 7+1.7
8 59 50+11.6
9 70 67+1.8
10 32 17+2.7
11 29 2143.6
12 2 0+1.7
13 56 54+6.3
14 52 45+1.8
15 20 16£5.0
16 65 64+5.5
17 22 21+£4.0
18 4 8+3.4
19 52 22+1.9
20 51 40+3.3
21 23 16+£2.4
22 29 15£2.7
23 19 34+3.5
24 1 0£1.0
25 74 55+2.8
26 79 61£1.0
27 56 51+1.8
28 50 4542.1
29 53 48+2.0
30 1 3+3.7

Standard deviations were calcu- 31 50 52+1.0

lated under the assumption of 55 63432

the Gaussian error propagation
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Fig. 4 Comparison of the CO-Hb values measured in the blood (x
axis) and the CO-Hb values estimated by means of Monte Carlo
simulations (+SD) in postmortem lividity. The broken lines mark the
area of +25% of the measured value

and the skin pigments eumelanin and pheomelanin were
taken into account for the modeling of the absorption
coefficient. The desired parameters were estimated by a
least squares fit of the measured reflectance spectrum in a
range of 500 to 600 nm, in which the extinction spectrum
of CO-Hb and O,-Hb differ most (Fig. 3). The standard
deviations were calculated under the assumption of the
Gaussian error propagation.

Calibration of the Monte Carlo-based skin model and
estimation of the CO-Hb concentrations were performed
with a newly programmed software packet consisting of
three programs, TMinv, TMinvReg, and BLT-TMinv, which
are based on Tcl/Tk, using Linux Workstations. As de-
scribed above, one simulation for a certain set of optical
parameters required up to 3 h. The whole calibration con-
sisting of up to 1,000 single simulations was performed
parallely on different PCs and took about 7 days.

Results

The estimations of the CO-Hb concentrations obtained with
the Monte Carlo-based skin model and the actual values are
indicated in Table 1. The values estimated with the help of
the skin model tended to be lower than the actual values.
With higher CO-Hb concentrations in the blood, the estima-
tions were closer to the actual values, whereas with lower
concentrations deviations of greater than 25% of the actual
value were also seen (Fig. 4).

Discussion

In the past, spectral reflectance analyses on corpse skin were
seldom performed mostly because of data processing



problems. Evaluating spectra over a whole spectral range
involves a considerable amount of computational effort. For
this reason, studies were often limited to isolated wave-
lengths, wherein characteristic changes could be observed.
On the other hand, this limitation to isolated wavelengths
leads both to a loss of information and to the reduction of the
information on a whole spectrum to a few figures, as is the
case with colorimetry [9]. More complex mathematical
evaluation methods to analyze reflectance spectra have
been used in legal medicine only in the more recent past,
especially to classify the age of hematomas in living persons
and to identify blood traces [28, 29, 43]. To evaluate the
spectra, these studies used the method of & nearest
neighbors and neuronal networks. Complex mathematical
models were also developed for other purposes in legal
medicine, such as the calculation of the cooling of a human
body [36-38].

Characterization of a substance with the help of'its optical
properties is a customary analytical method, especially in
chemistry and material research. Up to now, however, there
is hardly any established optical method to identify or
characterize a substance in the skin or to measure the con-
centration of an agent in the skin apart from a small number
of specific procedures such as pulse oximetry. Only occa-
sionally, the concentration of a substance in tissue was
successfully determined by measuring the surface reflec-
tion, e.g., in the diagnosis of neonatal jaundice [3], for the
determination of the glucose concentration in the blood
[17], the content of hemoglobin in skin vessels [56], or the
oxygen partial pressure in the tissue [14, 16, 18, 30, 39]. In
contrast to many other methods, the Monte Carlo-based
model proposed in this article was developed not only for
classification, but also for quantitative estimation of the
respective biomedical parameter, i.e., the CO saturation of
hemoglobin.

Analysis and quantification of hemoglobin and its var-
iants can gain great importance in medicolegal casework
[8, 23], especially in fire victims where the detection of
carbon monoxide hemoglobin is crucial for the diagnoses
of the cause of death and the vitality [12].

Determination of the CO-Hb concentration in corpse
blood is one of the routine tests in forensic toxicology, for
which proven methods (spectrophotometry, GC/MS) were
established long ago. From a toxicological viewpoint, there
is no need to develop a new technique. The purpose of this
study was not to establish another analytical method but to
validate the Monte Carlo-based skin model presented. Al-
though this model is a preliminary one, a good correlation
between the estimated values and the values measured in the
corpse blood by means of spectrophotometry was achieved
in general. Considering the great similarity of the extinction
spectra of CO-Hb and O,-Hb [47], this correlation is
remarkable. With the Monte Carlo-based model we were
able to decide clearly on the basis of the investigated re-
flectance spectra whether the pink color of livor mortis was
due to the content of CO-Hb or of O,-Hb. In contrast to the
model-free analysis [9], this was possible not only in CO-
Hb concentrations exceeding 50%. Furthermore, it was
possible to calculate the CO-Hb concentration in the blood
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in the postmortem lividity, although with some minor var-
iations to the actual values measured in the corpse blood.

The deviations between the estimated and the actual val-
ues may be attributable both to inaccuracies in the model
and to individual differences in the study material (skin
pigmentation, intensity of hypostasis depending on blood
content in the vessels). A further adjustment of the model is
necessary. The problem is how to validate the model pa-
rameters, which are difficult or even impossible to deter-
mine by means of an alternative measuring method in the
individual case. For example, the concentration of melanin
in the investigated skin area cannot be measured objec-
tively. In addition, it has to be taken into account that the
scattering and absorption behavior of the skin may be dif-
ferent due to postmortem changes (shift of fluid in the
tissue, autolysis, and putrefaction). Up to now the skin
model is based on parameters referring to human skin in
vivo. The next question to be investigated is how the optical
behavior of the skin changes postmortem. Meanwhile an
application has been filed with the German Patent and
Trademark Office for the method to determine the optical
properties of optically turbid media by means of integral
reflectance spectroscopy.
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