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coNclusioN, discussioN aNd outlook
concluding remarks

To date, no current techniques are available for crime investigators to determine 
the age of the bloodstain. All techniques alienated in chapter 1 as well as reflectance 
spectroscopy discussed in this thesis are still in experimental phase. In this thesis, we 
have improved age determination with reflectance spectroscopy by exploring the use of 
spectral analysis of a bloodstain over a large spectral window (450 -800 nm) and to use 
multi-component fitting algorithm to determine amount of hemoglobin derivatives 
as a function of the age of the bloodstain. Furthermore, analyzing the bloodstain’s 
reflectance spectra in terms of hemoglobin derivatives reveals the transition of HbO2 
to met-Hb and HC. The fractions of these hemoglobin derivatives as a function of age 
show the kinetics. These reflectance spectroscopy measurements and analysis are a first 
exploration of the chemical reaction of hemoglobin oxidation in a bloodstain 

In chapter 1, all current techniques are summarized. It shows that techniques based 
on red blood cells, such as oxygen electrodes and reflectance spectroscopy are sensitive 
for short term ageing. Techniques based on white blood cells, RNA analysis are more 
sensitive for long term ageing. Therefore, most techniques described in chapter 1 are 
complementary to each other. Figure 1 shows the comparison of age determination 
techniques, including reflectance spectroscopy measurement results shown in chapter 2. 

Inaccuracy on age determination is an important parameter of age determination 
techniques, especially when applying the technique to an actual crime case. Figure 
1 shows that reflectance spectroscopy has the lowest inaccuracy, based on standard 
deviation reported on ageing measurements. Figure 1 does incorporate environmental 
factors, since data points of all four techniques are based on stable laboratory 
environments. The origin of the inaccuracy in age determination of reflectance 
spectroscopy as described in chapter 2 is twofold: First, spectroscopic analysis in chapter 
2 is based on Kubelka Munk and is only qualitative. While providing excellent fits for 

Conclusion, discussion and outlook 

Concluding remarks 

To date, no current techniques are available for crime investigators to determine the age of the 
bloodstain. All techniques alienated in chapter 1 as well as reflectance spectroscopy discussed 
in this thesis are still in experimental phase. In this thesis, we have improved age determination 
with reflectance spectroscopy by exploring the use of spectral analysis of a bloodstain over a 
large spectral window (450 -800 nm) and to use multi-component fitting algorithm to determine 
amount of hemoglobin derivatives as a function of the age of the bloodstain. Furthermore, 
analyzing the bloodstain’s reflectance spectra in terms of hemoglobin derivatives reveals the 
transition of HbO2 to met-Hb and HC. The fractions of these hemoglobin derivatives as a 
function of age show the kinetics. These reflectance spectroscopy measurements and analysis 
are a first exploration of the chemical reaction of hemoglobin oxidation in a bloodstain 

In chapter 1, all current techniques are summarized. It shows that techniques based on red 
blood cells, such as oxygen electrodes and reflectance spectroscopy are sensitive for short term 
ageing. Techniques based on white blood cells, RNA analysis are more sensitive for long term 
ageing. Therefore, most techniques described in chapter 1 are complementary to each other. 
Figure 1 shows the comparison of age determination techniques, including reflectance 
spectroscopy measurement results shown in chapter 2.

Figure 1 Inaccuracy of age determination as a function of the actual age, 
determined for four techniques: AFM, black squares, data from [19]; RNA, red 
circles, data from [36]; reflectance spectroscopy, blue triangles, data from chapter 
2; and EPR, green triangles, data from [58].

Inaccuracy on age determination is an important parameter of age determination techniques, 
especially when applying the technique to an actual crime case. Figure 1 shows that reflectance 
spectroscopy has the lowest inaccuracy, based on standard deviation reported on ageing 

Figure 1. Inaccuracy of age determination as a function of the actual age, determined for four 
techniques: AFM, black squares, data from [19]; RNA, red circles, data from [36]; reflectance 
spectroscopy, blue triangles, data from chapter 2; and EPR, green triangles, data from [58].
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bloodstains, we could not relate the Kubelka Munk parameters K and S to the optical 
properties ma and ms’ when measuring the reflectance spectrum of tissue phantoms 
with well controlled optical properties. This mismatch between K and S on one side 
and ma and ms’ on the other hampers a quantitative analysis. Therefore we explored 
different light transport models. The second origin of inaccuracy is measurement error. 
The measurement protocol of monitoring forty bloodstains simultaneously required 
displacement of the probe. Therefore, the inaccuracy on age estimation can be reduced 
when analyzing with a quantitative analysis and when measuring with fixed probe.

Chapter 2 shows the results of analyzing ageing bloodstains for the period of 0-60 
days. I have continued monitoring the reflectance spectra of these bloodstains up until 
today, 600 days after deposition; in total more than 2000 reflectance measurements. 
The results of the fractions of the hemoglobin derivatives as a function of age is shown 
in figure 2. After 500 days, the fraction of HbO2 is 0.09, met-Hb is 0.01 and HC is 0.90. 
Especially the fraction of met-Hb as a function of age is remarkable. During the first 20 
days, the fraction increases linearly, after 20 days the amount decreases exponentially. 

We have not yet found an appropriate model to explain the fraction of met-Hb as 
function of age.

Chapter 3 shows the possibility to use multi-component analysis of bloodstain 
to discriminate between blood and non-blood samples. The correlation coefficient 
between the reflectance spectrum and the multi-component fit is an excellent parameter 
to distinguish blood (high correlation) from non-blood (low correlation).

Chapter 4 shows that a quantitative analysis of non-contact recorded reflectance 
spectra is possible when developing an empirical photon path length model. This 
model allows relating the measured reflectance to the absorption coefficient. This 
model requires knowledge of the reduced scattering coefficient of the phantom, or in 

measurements. Figure 1 does incorporate environmental factors, since data points of all four 
techniques are based on stable laboratory environments. The origin of the inaccuracy in age 
determination of reflectance spectroscopy as described in chapter 2 is twofold: First, 
spectroscopic analysis in chapter 2 is based on Kubelka Munk and is only qualitative. While 
providing excellent fits for bloodstains, we could not relate the Kubelka Munk parameters K and 
S to the optical properties µa and µs’ when measuring the reflectance spectrum of tissue 
phantoms with well controlled optical properties. This mismatch between K and S on one side 
and µa and µs’ on the other hampers a quantitative analysis. Therefore we explored different 
light transport models. The second origin of inaccuracy is measurement error. The 
measurement protocol of monitoring forty bloodstains simultaneously required displacement of 
the probe. Therefore, the inaccuracy on age estimation can be reduced when analyzing with a
quantitative analysis and when measuring with fixed probe.

Chapter 2 shows the results of analyzing ageing bloodstains for the period of 0-60 days. I have 
continued monitoring the reflectance spectra of these bloodstains up until today, 500 days after 
deposition; in total more than 2000 reflectance measurements. The results of the fractions of the 
hemoglobin derivatives as a function of age is shown in figure 2. After 500 days, the fraction of 
HbO2 is 0.09, met-Hb is 0.01 and HC is 0.90. Especially the fraction of met-Hb as a function of 
age is remarkable. During the first 20 days, the fraction increases linearly, after 20 days the 
amount decreases exponentially. 
We have not yet found an appropriate model to explain the fraction of met-Hb as function of 
age.

Fig. 2. Fraction of HbO2 (black), met-Hb (red) and HC (blue) in a bloodstain as 
function of age up to 600 days.Figure 2. Fraction of HbO2 (black), met-Hb (red) and HC (blue) in a bloodstain as function of 

age up to 600 days.
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cases of a bloodstain its host material e.g. cotton. At the end of chapter 4, we show that 
the empirical model is applicable on cotton, and reveals the high reduced scattering 
coefficient of cotton, ms’ > 20 mm-1. At the beginning of chapter 5, it is shown that 
the scattering of bloodstain on cotton is similar to the scattering of cotton itself. This 
observation with optical coherence tomography allows application of the empirical 
model as described in chapter 4 on bloodstains. This observation eliminates the 
necessity to measure the scattering properties of dried bloodstains itself; this would 
not have been straight forward. Namely, the reduced scattering coefficient, ms’, is 
product of the scattering coefficient ms and 1-g, with g being the scattering anisotropy 
parameter. Both parameters, ms and g, are difficult to measure for red blood cells, 
because of the high anisotropy value of red blood cells. To illustrate the difficulty: 
Mie calculations, in combination with Kramers Kronig analysis at 600 nm show that 
for fully oxygenated red blood cells ms = 391 mm-1 and g = 0.995, consequently ms’ = 20 
mm-1 [140]. On the other hand, do integrating sphere measurements, in combination 
with inverse Monte Carlo analysis at 600 nm, show that ms = 70 mm-1 and g = 0.997, 
consequently the reduced scattering is an order of magnitude smaller, ms’ = 2 mm-1 

[141]. These observations, both with complicated analysis show  disagreement, yet 
this only about red blood cells in a solution. Scattering of red blood cells in a dried 
stain is even harder to measure. Luckily, the scattering of cotton is dominant over 
scattering of the bloodstain.

Figure 7 in chapter 4 also shows that the chromophores in an aqueous solution 
redistribute when a stain on cotton is formed.  The chromophores dense around the center 
of the stain, creating a peripheral zone at the edge of the stain without chromophores, 
see inset of figure 7, chapter 4. This chromatographic effect seems less prominent in 
bloodstains and therefore we did not have to account for this chromatographic effect 
in bloodstains. Figure 3 of chapter 5, confirms that the empirical path length model 
is applicable on bloodstains on cotton, without having to account of redistribution of 
chromophores. This chapter also reveals the biphasic oxidation of oxy-hemoglobin. It 
shows that the fraction of HbO2 is temperature dependent, but humidity independent. 
The influence of temperature of ageing on bloodstains may introduce an additional 
inaccuracy in age estimation when the temperature under which the bloodstain was 
stored is not exactly known. This inaccuracy due to lack of knowledge on temperature 
adds up to the inaccuracy in age determination as shown in figure 1, since inaccuracy 
due to uncertainty in temperature is not taken into account in this figure. 

The observed insensitiveness of ageing HbO2 on humidity makes the fraction of 
HbO2 the most suited candidate for age determination when the humidity is unknown. 
The fraction of HbO2 as a function of age decreases faster at higher temperatures. 
Figure 3 shows the fraction of HbO2 as a function of age for T=18 oC and T = 22 
oC. These functions are based on long term measurements shown in figure 2 and the 
ageing parameters from as function of temperature, as measured in chapter 5. For T 
= 22 oC, these parameters were measured. For T = 18 oC, these parameters had to be 
interpolated at 18 oC from measurements at -20, 4, 22, 29, and 37 oC. The horizontal 
dashed line shows a hypothetical measurement of HbO2 fraction of 0.25 in a bloodstain. 
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The minimal differences in temperature between 18 oC and 22 oC have quite an impact 
on age estimation: the estimated age is between 58 days for 22 oC and 128 days for 
18 oC. Yet the actual age estimation is even worse, since the inaccuracy of biological 
variation and measurement error is not taken in account in this figure.

Figure 3 shows that long term age estimation with reflectance spectroscopy 
will remain difficult. Because of the nature of the oxidation of bloodstains, a small 
uncertainty in temperature already introduces a large uncertainty in age estimation. 
Figure 1 showed that the inaccuracy increases with age. This inaccuracy is bases on 
measurements presented in chapter 2. Chapter 5 shows a reduction in measurement 
error on determination of hemoglobin derivatives as a function of age, (chapter  2 
figure  6 versus chapter 5 figure 5). This reduction is measurement error and 
improvement of fitting procedure will reduce the inaccuracy of age estimation. This 
reduction of measurement error is vital for increasing the forensic relevance of this 
technique. Focus of future research should therefore be in reducing the measurement 
error and fully exploring environmental factors on age estimation.

Chapter 6 shows that the reflectance spectrum as a function of absorption is completely 
determined by the photon path length distribution at zero absorption. The probe specific 
photon path length distribution is determined by Monte Carlo Simulations. Finally, 
Chapter 7 describes the phantom measurement from chapter 4 in terms of the diffusion 
approximation of light. Three approaches are explored for the diffusion theory, two with 
physical model parameters and one with empirical determined, fitted parameters. An 
excellent agreement is observed between phantom measurements and the diffusion 
approximation, also at large absorption coefficients. This observation is remarkable since 
diffusion approximation should not be valid, neither for short photon paths nor for large 
absorption values. These observations indicate possible larger validity of the diffusion 
approximation, yet conceive conclusion on this matter require further investigation of 
this theory on go beyond the scope of this thesis.

Fig. 3. Fraction of HbO2 as a function of age for T= 18 oC (blue) and T = 22oC (red). The dashed line 
shows measured HbO2 fraction in a case report. The estimated age is between 58 days for 22 oC
and 128 days for 18 oC.

The observed insensitiveness of ageing HbO2 on humidity makes the fraction of HbO2 the most 
suited candidate for age determination when the humidity is unknown. The fraction of HbO2 as a 
function of age decreases faster at higher temperatures. Figure 3 shows the fraction of HbO2 as 
a function of age for T=18 oC and T = 22 oC. These functions are based on long term 
measurements shown in figure 2 and the ageing parameters from as function of temperature, as 
measured in chapter 5. For T = 22 oC, these parameters were measured. For T = 18 oC, these 
parameters had to be interpolated at 18 oC from measurements at -20, 4, 22, 29, and 37 oC. 
The horizontal dashed line shows a hypothetical measurement of HbO2 fraction of 0.25 in a 
bloodstain. The minimal differences in ageing between 18 oC and 22 oC have quite an impact on 
age estimation: the estimated age is between 58 days for 22 oC and 128 days for 18 oC. Yet the 
actual age estimation is even worse, since the inaccuracy of biological variation and 
measurement error is not taken in account in this figure.

Figure 3 shows that long term age estimation with reflectance spectroscopy will remain difficult. 
Because of the nature of the oxidation of bloodstains, a small uncertainty in temperature already 
introduces a large uncertainty in age estimation. Figure 1 showed that the inaccuracy increases 
with age. This inaccuracy is bases on measurements presented in chapter 2. Chapter 5 shows 
a reduction in measurement error on determination of hemoglobin derivatives as a function of 
age, (chapter 2 figure 6 versus chapter 5 figure 5). This reduction is measurement error and 
improvement of fitting procedure will reduce the inaccuracy of age estimation. This reduction of 
measurement error is vital for increasing the forensic relevance of this technique. Focus of 
future research should therefore be in reducing the measurement error and fully exploring 
environmental factors on age estimation.

Chapter 6 shows that the reflectance spectrum as a function of absorption is completely 
determined by the photon path length distribution at zero absorption. The probe specific photon 
path length distribution is determined by Monte Carlo Simulations. Finally, Chapter 7 describes 
the phantom measurement from chapter 4 in terms of the diffusion approximation of light. Two 
approaches are explored for the diffusion theory, one with physical model parameters and one 
with empirical determined, fitted parameters. An excellent agreement is observed between 

Figure 3. Fraction of HbO2 as a function of age for T= 18 oC (blue) and T = 22oC (red). The 
dashed line shows measured HbO2 fraction in a case report. The estimated age is between 58 days 
for 22 oC and 128 days for 18 oC.
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gettiNg started
the next paragraphs describe personal experiences and scientific difficulties during my phd

Even after four years, it is not hard to remember my first approach in exploring the 
challenges in ageing bloodstains. Since the color change of an ageing bloodstain is so 
prominent visible, digital photography was a logical first step. The left parts of figure 
4 shows images of an ageing bloodstain.  A fresh bloodstain appears bright red and 
it gradually transits to brown. As described in chapter 1, already in 1907, scientists 
have related the color change with the age of the bloodstain [42]. However, no study 
has been performed addressing the quantification of color change. Quantifying color 
change is effortless when using a digital camera or webcam. I have studied the color 
change of a bloodstain on cotton with a Logitech webcam. The images recorded with 
this camera are stored as 8-bit RGB images. The color change of the bloodstain is most 
prominent in the red pixel value during the first 100 hours of ageing.  The red pixel 
value as function of age is shown in the top right panel of figure 4.

The red pixel value starts around 160 for a fresh bloodstain. It remains around this 
value during the first hour, thereafter the red pixel decreases in 100 hours to around 
80. This change in pixel value is visible as the bloodstain becomes darker. At the 
bottom of figure 4, the fraction of HbO2, in a bloodstain is shown. The HbO2 fraction is 
determined by multi-component fit of a different bloodstain than shown in the middle 
panel, but stored under similar circumstances. The fraction of HbO2 as a function of 
age in the bottom panel shows a remarkable resemblance with the red pixel value as 
function of age in the panel above; accordingly the correlation coefficient between the 
two graphs, r2 = 0.918. During the first hour the HbO2 fraction remains 1, which is 
attributed to the reductase proteins present in blood still being active to reduce the 

Getting Started
The next paragraphs describe personal experiences and scientific difficulties during my PhD.

Even after four years, it is not hard to remember my first approach in exploring the challenges in 
ageing bloodstains. Since the color change of an ageing bloodstain is so prominent visible, 
digital photography was a logical first step. The top part of figure 3 shows images of an ageing 
bloodstain.  A fresh bloodstain appears bright red and it gradually transits to brown. As 
described in chapter 1, already in 1907, scientists have related the color change with the age of 
the bloodstain [42]. However, no study has been performed addressing the quantification of 
color change. Quantifying color change is effortless when using a digital camera or webcam. I 
have studied the color change of a bloodstain on cotton with a Logitech webcam. The images 
recorded with this camera are stored as 8-bit RGB images. The color change of the bloodstain 
is most prominent in the red pixel value during the first 100 hours of ageing.  The red pixel value 
as function of age is shown in the middle panel of figure 3.

Fig. 3. Upper panel of changing color of a bloodstain. From left to right after 5 
minutes, 2 hours and 48 hours after deposition; middle panel shows the red pixel 
value of bloodstain recorded with a webcam; bottom panel shows the HbO2
fraction determined by multi-component fit.

Getting Started
The next paragraphs describe personal experiences and scientific difficulties during my PhD.

Even after four years, it is not hard to remember my first approach in exploring the challenges in 
ageing bloodstains. Since the color change of an ageing bloodstain is so prominent visible, 
digital photography was a logical first step. The top part of figure 3 shows images of an ageing 
bloodstain.  A fresh bloodstain appears bright red and it gradually transits to brown. As 
described in chapter 1, already in 1907, scientists have related the color change with the age of 
the bloodstain [42]. However, no study has been performed addressing the quantification of 
color change. Quantifying color change is effortless when using a digital camera or webcam. I 
have studied the color change of a bloodstain on cotton with a Logitech webcam. The images 
recorded with this camera are stored as 8-bit RGB images. The color change of the bloodstain 
is most prominent in the red pixel value during the first 100 hours of ageing.  The red pixel value 
as function of age is shown in the middle panel of figure 3.

Fig. 3. Upper panel of changing color of a bloodstain. From left to right after 5 
minutes, 2 hours and 48 hours after deposition; middle panel shows the red pixel 
value of bloodstain recorded with a webcam; bottom panel shows the HbO2
fraction determined by multi-component fit.

Figure 4. Top left panel of changing color of a 
bloodstain. From left to right after 5 minutes, 2 hours 
and 48 hours after deposition; top right panel shows 
the red pixel value of bloodstain recorded with a 
webcam; bottom right panel shows the HbO2 fraction 
determined by multi-component fit.
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formed met-Hb back to hemoglobin. After an hour, the reductase proteins become 
inactive and the oxidation of HbO2 into met-Hb and HC becomes irreversible. The 
use of webcam can be worthwhile monitoring an ageing bloodstain. Yet it is not very 
applicable for age determination, since the red pixel value also depends on the amount 
of light and position of the camera. Therefore, the use of a webcam did not receive 
follow-up.

The most important step during my PhD and in analyzing the reflectance spectra 
of a bloodstain was the recognition of the presence of hemichrome. It might have 
come across being obvious to include hemichrome in the analysis, while reading this 
thesis. Yet for more than two and a half year I have overlooked hemichrome and I 
was in good company. Many previous studies [5, 52, 57] ignore the presence of this 
chromophore and it was unknown by my supervisors and colleagues as well. It took 
until October 20 2009, before I fully realized the presence of hemichrome. Before this 
realization, I experienced lot of difficulties with the multi-component fitting algorithm 
of the reflectance of bloodstains. This analysis algorithm is only successful if 1) the light 
transport is modeled correctly and 2) all chromophores responsible for attenuation of 
the reflectance signal are included in the multi-component fit. Obviously, during the 
first two years, I did not meet the second requirement, explaining the origin of the 
fitting difficulties, while ignoring hemichrome.

Figure 5 shows the difference between a multi-component fit without and with 
hemichrome included in the fit analysis. For more than two years the features in the 
residue between the multi-component fit and the reflectance of the bloodstain were 
attributed to an incorrect light transport model, or incorrect incorporation of the 
inhomogeneous distribution of the chromophores [74, 119, 142]. Many reflectance 
spectroscopy models have been explored to analyze the bloodstain measurements, but no 
model was successful in fitting a bloodstain reflectance without including hemichrome. 
The mismatch between fit and reflectance is visualized by the residue at the bottom of 
figure 5. Whereas the left panel shows quite a residue, the residue on the right panel 

The red pixel value starts around 160 for a fresh bloodstain. It remains around this value during 
the first hour, thereafter the red pixel decreases in 100 hours to around 80. This change in pixel 
value is visible as the bloodstain becomes darker. At the bottom of figure 3, the fraction of HbO2,
in a bloodstain is shown. The HbO2 fraction is determined by multi-component fit of a different 
bloodstain than shown in the middle panel, but stored under similar circumstances. The fraction 
of HbO2 as a function of age in the bottom panel shows a remarkable resemblance with the red 
pixel value as function of age in the middle panel; accordingly the correlation coefficient 
between the two graphs, r2 = 0.918. During the first hour the HbO2 fraction remains 1, which is 
attributed to the reductase proteins present in blood still being active to reduce the formed met-
Hb back to hemoglobin. After an hour, the reductase proteins become inactive and the oxidation 
of HbO2 into met-Hb and HC becomes irreversible. The use of webcam can be worthwhile 
monitoring an ageing bloodstain. Yet it is not very applicable for age determination, since the 
red pixel value also depends on the amount of light and position of the camera. Therefore, the 
use of a webcam did not receive follow-up.

The most important step during my PhD and in analyzing the reflectance spectra of a bloodstain 
was the recognition of the presence of hemichrome. It might have come across being obvious to 
include hemichrome in the analysis, while reading this thesis. Yet for more than two and a half 
year I have overlooked hemichrome and I was in good company. Many previous studies [5, 52, 
57] ignore the presence of this chromophore and it was unknown by my supervisors and 
colleagues as well. It took until October 20 2009, before I fully realized the presence of 
hemichrome. Before this realization, I experienced lot of difficulties with the multi-component 
fitting algorithm of the reflectance of bloodstains. This analysis algorithm is only successful if 1) 
the light transport is modeled correctly and 2) all chromophores responsible for attenuation of 
the reflectance signal are included in the multi-component fit. Obviously, during the first two 
years, I did not meet the second requirement, explaining the origin of the fitting difficulties, while 
ignoring hemichrome.

Fig. 4. Difference between a multi-component fit with only HbO2 and met-Hb (left 
panel) and a multi-component fit with HbO2, met-Hb and HC (right panel)

Figure 4 shows the difference between a multi-component fit without and with hemichrome 
included in the fit analysis. For more than two years the features in the residue between the 
multi-component fit and the reflectance of the bloodstain were attributed to an incorrect light 
transport model, or incorrect incorporation of the 

Figure 5. Difference between a multi-component fit with only HbO2 and met-Hb (left panel) and 
a multi-component fit with HbO2, met-Hb and HC (right panel).
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is almost completely flat. The outcome 
of the multi-component fit algorithm 
without hemichrome is: HbO2 = 0.34 and 
met-Hb = 0.66. While with including 
hemichrome in the analysis, the fractions 
are HbO2 = 0.27, met-Hb = 0.15 and HC 
= 0.58. Clearly, the absence of including 
hemichrome in the fitting algorithm causes 
overestimation of the presence of met-Hb. 
This overcompensation introduces an 
error, which makes the outcome of the 
fitting algorithm unreliable [75].

After exploring almost all available 
light transport models, and still not finding 
a fit without flat residue, I hypothesized 
the presence of an additional, unknown 
chromophore in the bloodstain. I observed that the mismatch between bloodstain and 
multi-component fit without HC is most prominent for very old (more than one year 
old) bloodstains.  Would it be possible to isolate the chromophores in an old bloodstain? 
Yes it is. By placing a two year bloodstain in a funnel and poring distilled water onto the 
bloodstain, I was able to solute the chromophore into an aqueous solution (see figure 6). 
The solvent was intercepted into a cuvette, to enable measuring the transmission of light. 
The determined absorption spectrum showed minimal similarities with the absorption 
spectrum of met-Hb, and the absorption peak around 630  nm, very typical for the 
absorption spectrum of met-Hb was not as dominant in the measured chromophore as it 
is in the absorption spectrum of met-Hb. Apparently, the measured spectrum was from a 
different, still for me unknown, chromophore. When I included the measured absorption 
spectrum into the multi-component fit of the reflectance spectrum of a bloodstain, I 
observed a major improvement of the fit quality and consequent reduction of residue. 

It took another few months, before I realized the additional, still unknown 
chromophore was called hemichrome. In the meantime, I called the newfound 
chromophore ‘XHb’. When analyzing the reflectance of a two year old bloodstain, the 
fit parameters showed no presence of HbO2 or met-Hb, but a full fraction of ‘XHb’. An 
observation, which was confirmed in later study and shown in figure 2, where after 
500 days almost no HbO2 and met-Hb are present as well. After an intense literature 
search, I encountered [23] and [32] to solve the mystery of XHb being hemichrome. In 
[23] the ageing process of bloodstains is described in terms of HbO2, met-Hb and HC; 
additionally [32] shows an absorption spectrum of HC. This HC absorption spectrum 
showed almost complete agreement with the absorption spectra I had obtained from 
the two year old bloodstain, with the funnel procedure. These three observations: 
improvement of fitting, similar spectra between an old bloodstain and hemichrome 
from [32], and confirmation from [23] of hemichrome being formed from HbO2 and 
met-Hb were key in solving the mystery of XHb being hemichrome.

Figure 6. Extraction of hemichrome out 
of two year old bloodstain.

inhomogeneous distribution of the chromophores [74, 
119, 142]. Many reflectance spectroscopy models have 
been explored to analyze the bloodstain measurements, 
but no model was successful in fitting a bloodstain 
reflectance without including hemichrome. The mismatch 
between fit and reflectance is visualized by the residue 
at the bottom of figure 4. Whereas the left panel shows 
quite a residue, the residue on the right panel is almost 
completely flat. The outcome of the multi-component fit 
algorithm without hemichrome is: HbO2 = 0.34 and met-
Hb = 0.66. While with including hemichrome in the 
analysis, the fractions are HbO2 = 0.27, met-Hb = 0.15 
and HC = 0.58. Clearly, the absence of including 
hemichrome in the fitting algorithm causes 
overestimation of the presence of met-Hb. This 
overcompensation introduces an error, which makes the 
outcome of the fitting algorithm unreliable [75].

After exploring almost all available light transport 
models, and still not finding a fit without flat residue, I hypothesized the presence of an 
additional, unknown chromophore in the bloodstain. I observed that the mismatch between 
bloodstain and multi-component fit without HC is most prominent for very old (more than one 
year old) bloodstains.  Would it be possible to isolate the chromophores in an old bloodstain? 
Yes it is. By placing a two year bloodstain in a funnel and poring distilled water onto the 
bloodstain, I was able to solute the chromophore into an aqueous solution (see figure 5). The 
solvent was intercepted into a cuvette, to enable measuring the transmission. The determined 
absorption spectrum showed minimal similarities with the absorption spectrum of met-Hb, and 
the absorption peak around 630 nm, very typical for the absorption spectrum of met-Hb was not 
as dominant in the measured chromophore as it is in the absorption spectrum of met-Hb. 
Apparently, the measured spectrum was from a different, still for me unknown, chromophore. 
When I included the measured absorption spectrum into the multi-component fit of the 
reflectance spectrum of a bloodstain, I observed a major improvement of the fit quality and 
consequent reduction of residue. 

It took another few months, before I realized the additional, still unknown chromophore was 
called hemichrome. In the meantime, I called the newfound chromophore ‘XHb’. When 
analyzing the reflectance of a two year old bloodstain, the fit parameters showed no presence of 
HbO2 or met-Hb, but a full fraction of ‘XHb’. An observation, which was confirmed in later study 
and shown in figure 2, where after 500 days almost no HbO2 and met-Hb are present as well. 
After an intense literature search, I encountered [23] and [32] to solve the mystery of XHb being 
hemichrome. In [23] the ageing process of bloodstains is described in terms of HbO2, met-Hb 
and HC; additionally [32] shows an absorption spectrum of HC. This HC absorption spectrum 
showed almost complete agreement with the absorption spectra I had obtained from the two 
year old bloodstain, with the funnel procedure. These three observations: improvement of fitting, 
similar spectra between an old bloodstain and hemichrome from [32], and confirmation from [23]
of hemichrome being formed from HbO2 and met-Hb were key in solving the mystery of XHb 
being hemichrome.

One final remark on the residue on the right panel of figure 4: The multi-component fit of HbO2,
met-Hb and HC has an almost flat residue. Yet around 574 nm a small feature is visible. This 
feature is present is almost all bloodstain fits of more than a few days old. This feature is at 574 

Fig. 5. Extraction of hemichrome out 
of two year old bloodstain.
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One final remark on the residue on the right panel of figure 5: The multi-component 
fit of HbO2, met-Hb and HC has an almost flat residue. Yet around 574 nm a small 
feature is visible. This feature is present is almost all bloodstain fits of more than a 
few days old. This feature is at 574 nm, which is a local absorption peak of HbO2. 
One of the assumptions in the multi-component fit algorithm is that the absorption 
spectra of HbO2, met-Hb and HC do not change during the ageing process.  Possibly, 
this assumption is not completely true, and the presence of residue between multi-
component fit and bloodstain reflectance can be attributed to a change in the absorption 
spectrum of HbO2.

reflectaNce spectroscopy
the next paragraphs reflect my personal opinion on reflectance spectroscopy as a clinical measurement 
technique.

Optical techniques promise non-invasive measurement of clinically relevant quantities 
such as oxygenation and metabolite (e.g. glucose) levels. Techniques as fluorescence, 
Raman spectroscopy, in particularly reflectance spectroscopy rely heavily on multi-
component fitting procedures to infer these from the measured spectra. Amelink et al. 
[75] show that imperfections in the fit model introduce unpredictable, large bias in the 
fitted parameters. This bias is part of a larger set of pitfalls in reflectance spectroscopy. 
It is important to understand these pitfalls, since the focus of reflectance spectroscopy 
is shifting from a more fundamental, optical approach to a more clinical. Reading the 
reflectance spectroscopy literature, one gets the impression of a modern day Tower of 
Babel, see figure 7, where everyone builds his own model, instead of harvesting from 
each other. This current state of affairs makes it difficult to compare work and has kept 
us from making more progress. In order to meet the expectations, I see three main 
challenges:

1) Hemoglobin spectra and Packaging Factors
The current situation is that almost every group has developed its own complicated or 
simplified model for light transport in tissue to describe their own specific experiment. 
I do not want to argue the quality of any of these models, but it is evident that this 
situation hampers interdepartmental corporation and clinical effort. There have been 
some distinguished attempts over the last two decades, like MEDPHOT [143] to 
propose protocols and more standardization, however most efforts have vanished. It 
appears that more unity in the form of an applicable standard light model is practically 
impossible, I do want to stress for more unity on two points: the hemoglobin spectra 
and packaging factors.

First point is the hemoglobin spectra, the absorption spectrum of hemolyzed 
hemoglobin has often been measured and its spectrum is used in fitting algorithms to 
obtain oxygen saturation. These input spectra from Zijlstra [31], Prahl [144] and Friebel 
[141] differ from each other. Choosing an available hemoglobin data set influences the 
outcome of the analysis [145], the absorption spectra of Zijlstra et al  show superior 
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results in this study. Alike with the various models, people tend to choose that 
spectrum, or a combination of these spectra, that explains their experiment the best. 
This is also the case with packaging factors of hemoglobin. Hemoglobin is not spread 
homogeneous in tissue, but packed in red blood cells, which are on their turn packed 
in vessels. This heterogeneity of hemoglobin affects the optical path length [142]. Some 
theories only account for RBC-packaging [74], some only for vessel packaging [119] 
and some ignore this effect at all.

I would recommend use absorption spectra of Zijlstra et al. for HbO2 and met-Hb 
as published in whole blood absorption coefficients. Zijlstra provided the absorption 
spectra in molar extinction coefficients. Multiplying the data from Zijlstra with the 
typical amount of hemoglobin in blood produces the absorption coefficients for whole 
blood, as appreciated in table 1. Here spectra in the wavelength region from 450 
nm to 800 nm are tabulated of HbO2 and met-Hb from [31] and HC are from [32]. 
Translating the molar extinction coefficients to whole blood absorption coefficients 
has advantages for the multi-component fitting algorithm. By using the whole blood 
absorption coefficient, the sum of the fit parameters cumulates to the blood volume 
fraction, as is shown in chapter 4 and 5.

The chromophores in table 1 are specific for age determination of bloodstains. For 
clinical purposes, deoxy-hemoglobin and bilirubin, should be added, depending on the 

Figure 7. Cartoonist impression of communication among scientists in the field of reflectance 
spectroscopy.
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nature of the clinical study. Regarding the packaging factor, I would recommend the 
use of the Verkruysse’s  approach [119]. The ‘Verkruysse’ correction factor Ceff in Eq (1) 
can be used simultaneously for hemoglobin packaging in red blood cells and vessels, 
since the effect of packaging of hemoglobin in vessels is dominant over packaging in 
red blood cells. The packaging depends on the absorption coefficient, ma, and the vessel 
or red blood cell diameter, D, and is a correction on the actual absorption coefficient.

however most efforts have vanished. It appears that more unity in the form of an applicable 
standard light model is practically impossible, I do want to stress for more unity on two points: 
the hemoglobin spectra and packaging factors.
First point is the hemoglobin spectra, the absorption spectrum of hemolyzed hemoglobin has 
often been measured and its spectrum is used in fitting algorithms to obtain oxygen saturation. 
These input spectra from Zijlstra [31], Prahl [144] and Friebel [141] differ from each other. 
Choosing an available hemoglobin data set influences the outcome of the analysis [145], the 
absorption spectra of Zijlstra et al show superior results in this study. Alike with the various 
models, people tend to choose that spectrum, or a combination of these spectra, that explains 
their experiment the best. This is also the case with packaging factors of hemoglobin. 
Hemoglobin is not spread homogeneous in tissue, but packed in red blood vessels, which are 
on their turn packed in vessels. This heterogeneity of hemoglobin affects the optical path length 
[142]. Some theories only account for RBC-packaging [74], some only for vessel packaging 
[119] and some ignore this effect at all.

I would recommend use absorption spectra of Zijlstra et al. for HbO2 and met-Hb as 
published in molar extinction coefficients. Multiplying the data from Zijlstra with the typical 
amount of hemoglobin in blood produces the absorption coefficients for whole blood, as 
appreciated in table 1. Here spectra in the wavelength region from 450 nm to 800 nm are 
tabulated of HbO2 and met-Hb from [31] and HC are from [32]. Translating the molar extinction 
coefficients to whole blood absorption coefficients has advantages for the multi-component 
fitting algorithm. By using the whole blood absorption coefficient, the sum of the fit parameters 
cumulates to the blood volume fraction, as is shown in chapter 4 and 5.
The chromophores in table 1 are specific for age determination of bloodstains. For clinical 
purposes, deoxy-hemoglobin and bilirubin, should be added, depending on the nature of the 
clinical study. Regarding the packaging factor, I would recommend the use of the Verkruysse’s  
approach [119]. The ‘Verkruysse’ correction factor Ceff in Eq (1) can be used simultaneously for 
hemoglobin packaging in red blood cells and vessels, since the effect of packaging of 
hemoglobin in vessels is dominant over packaging in red blood cells. The packaging depends 
on the absorption coefficient, µa, and the vessel or red blood cell diameter, and is a correction 
on the actual absorption coefficient.

D
DC

a

a
eff µ

µ )exp(1 −−
= (1) (1)

2) Fitting Quality
Multi-component fitting algorithms are commonly used to extract chromophore 
concentrations from measurement results. If the model fits the experimental data 
correct, one can extract physical or physiological quantities from the fit. The focus 
of fitting in spectroscopy is more on extracting physiological quantities than on the 
explaining the nature of the experiment. The step to check whether the model describes 
the data good enough is crucial, in order to rely on the physiological quantities in the 
form of fit parameters. A pitfall with fitting algorithms is that no matter the quality 
of your model, the algorithm will always produces the best possible fit. It remains 
arbitrary to qualify the goodness of fit, and to value the forthcoming fit parameters. 
Numbers, such as oxygen saturation are nearly impossible to verify, which makes it 
difficult to judge the outcome of reflectance spectroscopy, as far as saturation concerns. 
Additional problem is the calculation of the error margins. The genuine point Amelink 
et. al. make is that the statistical analysis of error margins can extremely underestimate 
the error margin [75]. Statistical analysis, such as confidence intervals, assumes a 
perfect model to describe the data. Imperfections in the model cannot be neglected, 
but remain difficult to translate to error margins in fit parameters.

I would recommend restraint use of multi-component fit analyses, yet setting 
limits remains difficult.  However, two requirements can assist: one being a minimum 
correlation coefficient r2 between data and fit. An empirical found minimum correlation 
between data and model is 0.98. This is an arbitrary limit to exclude the worst fits; it 
only works in one direction. If the correlation is higher than 0.98 does not mean the 
model is correct, since any nth order polynomial will be able to fit the experimental 
data. Second requirement is the residue, defined being the difference between data and 
fit. A good fit enhances a pure noisy residue, without any features. Hence, features in 
the residue suggest imperfections in the model, which can induce overcompensation of 
one of the fit parameters. If the residue nonetheless show any features, the fit parameters 
should be considered with great reservation.

3) Tissue Phantoms
The third a final challenge is the production of tissue like phantoms. Phantoms, 
mimicking the optical properties of tissues, have to be used to characterize biomedical 
optics systems and to validate their associated theories. Pogue and Patterson listed the 
12 properties of an ideal tissue phantom [146]. Some of these properties have higher 
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Table 1. Tabulated absorption spectra of main chromophores in bloodstains, HbO2, met-HC and HC. 
All translated to absorption coefficient values for whole blood with Hct of 0.46.

l ma ma ma l ma ma ma l ma ma ma

nm mm-1 mm-1 mm-1 nm mm-1 mm-1 mm-1 nm mm-1 mm-1 mm-1

HbO2 met-Hb HC HbO2 met-Hb HC HbO2 met-Hb HC
450 32.23 23.04 36.38 568 21.01 9.427 13.08 686 0.206 0.595 1.676
451 31.05 22.57 35.31 569 22.13 9.428 12.97 687 0.206 0.585 1.654
452 29.8 22.16 34.24 570 23.37 9.429 12.86 688 0.206 0.576 1.632
453 28.67 21.79 33.47 571 24.73 9.429 12.7 689 0.206 0.567 1.61
454 27.6 21.46 32.69 572 26.1 9.429 12.55 690 0.206 0.56 1.589
455 26.58 21.15 31.95 573 27.44 9.43 12.38 691 0.206 0.553 1.552
456 25.62 20.87 31.21 574 28.72 9.431 12.21 692 0.206 0.548 1.516
457 24.75 20.63 30.59 575 29.74 9.425 12.1 693 0.206 0.543 1.487
458 23.92 20.4 29.97 576 30.5 9.415 12 694 0.206 0.538 1.457
459 23.11 20.18 29.43 577 30.63 9.397 11.81 695 0.207 0.535 1.436
460 22.34 19.98 28.9 578 30.69 9.373 11.62 696 0.208 0.531 1.414
461 21.65 19.8 28.3 579 29.93 9.34 11.51 697 0.208 0.528 1.385
462 21 19.64 27.7 580 28.82 9.297 11.41 698 0.208 0.525 1.355
463 20.36 19.47 27.11 581 27.17 9.239 11.2 699 0.209 0.523 1.334
464 19.75 19.31 26.53 582 25.19 9.171 10.99 700 0.21 0.522 1.312
465 19.19 19.19 25.9 583 22.89 9.091 10.89 701 0.211 0.521 1.29
466 18.67 19.07 25.28 584 20.56 9.003 10.79 702 0.212 0.52 1.268
467 18.15 18.95 24.69 585 18.22 8.907 10.66 703 0.212 0.517 1.246
468 17.67 18.83 24.1 586 15.89 8.804 10.53 704 0.212 0.515 1.224
469 17.22 18.76 23.57 587 13.74 8.697 10.39 705 0.214 0.515 1.202
470 16.8 18.7 23.04 588 11.78 8.587 10.26 706 0.216 0.515 1.181
471 16.38 18.65 22.54 589 10.05 8.476 10.08 707 0.217 0.515 1.159
472 15.99 18.59 22.04 590 8.529 8.364 9.896 708 0.218 0.515 1.137
473 15.62 18.6 21.72 591 7.236 8.258 9.765 709 0.219 0.514 1.115
474 15.27 18.61 21.4 592 6.128 8.155 9.634 710 0.22 0.513 1.093
475 14.93 18.63 21.04 593 5.208 8.056 9.517 711 0.222 0.514 1.071
476 14.61 18.66 20.68 594 4.433 7.962 9.4 712 0.224 0.515 1.049
477 14.3 18.73 20.34 595 3.801 7.88 9.255 713 0.225 0.516 1.035
478 14 18.81 19.99 596 3.27 7.805 9.109 714 0.226 0.517 1.02
479 13.72 18.89 19.63 597 2.834 7.736 9.043 715 0.228 0.518 1.006
480 13.45 18.99 19.27 598 2.469 7.675 8.978 716 0.23 0.52 0.991
481 13.2 19.13 18.94 599 2.173 7.627 8.854 717 0.231 0.52 0.969
482 12.96 19.27 18.61 600 1.922 7.589 8.73 718 0.232 0.52 0.947
483 12.73 19.4 18.36 601 1.714 7.558 8.555 719 0.234 0.521 0.933
484 12.51 19.53 18.12 602 1.534 7.534 8.38 720 0.236 0.522 0.918
485 12.33 19.7 17.91 603 1.379 7.517 8.293 721 0.238 0.524 0.896
486 12.15 19.86 17.7 604 1.249 7.504 8.205 722 0.24 0.527 0.874
487 11.96 20.01 17.48 605 1.16 7.504 8.052 723 0.242 0.528 0.86
488 11.78 20.15 17.26 606 1.078 7.504 7.899 724 0.244 0.529 0.845
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l ma ma ma l ma ma ma l ma ma ma

nm mm-1 mm-1 mm-1 nm mm-1 mm-1 mm-1 nm mm-1 mm-1 mm-1

HbO2 met-Hb HC HbO2 met-Hb HC HbO2 met-Hb HC
489 11.63 20.32 17.1 607 0.997 7.512 7.783 725 0.245 0.531 0.831
490 11.48 20.5 16.94 608 0.92 7.523 7.666 726 0.246 0.534 0.816
491 11.34 20.63 16.81 609 0.854 7.548 7.542 727 0.248 0.536 0.794
492 11.19 20.76 16.68 610 0.794 7.579 7.418 728 0.25 0.538 0.772
493 11.07 20.9 16.49 611 0.74 7.615 7.316 729 0.252 0.541 0.765
494 10.95 21.04 16.31 612 0.692 7.659 7.214 730 0.254 0.543 0.758
495 10.83 21.12 16.15 613 0.649 7.72 7.127 731 0.256 0.546 0.743
496 10.71 21.21 15.98 614 0.61 7.79 7.039 732 0.258 0.548 0.729
497 10.61 21.29 15.83 615 0.575 7.865 6.945 733 0.26 0.55 0.714
498 10.51 21.37 15.69 616 0.542 7.946 6.85 734 0.262 0.553 0.7
499 10.41 21.39 15.57 617 0.512 8.046 6.733 735 0.264 0.556 0.692
500 10.31 21.41 15.45 618 0.484 8.15 6.617 736 0.266 0.56 0.685
501 10.22 21.4 15.31 619 0.459 8.256 6.507 737 0.268 0.563 0.67
502 10.14 21.39 15.17 620 0.436 8.365 6.398 738 0.27 0.567 0.656
503 10.05 21.32 15.11 621 0.414 8.473 6.289 739 0.272 0.571 0.649
504 9.969 21.24 15.04 622 0.394 8.583 6.18 740 0.274 0.576 0.641
505 9.907 21.15 14.99 623 0.377 8.696 6.121 741 0.276 0.58 0.634
506 9.854 21.04 14.94 624 0.36 8.808 6.063 742 0.278 0.583 0.627
507 9.805 20.88 14.92 625 0.344 8.893 5.917 743 0.28 0.587 0.612
508 9.766 20.72 14.9 626 0.328 8.971 5.771 744 0.282 0.59 0.598
509 9.76 20.56 14.94 627 0.313 9.045 5.662 745 0.284 0.594 0.59
510 9.758 20.4 14.98 628 0.3 9.111 5.553 746 0.286 0.597 0.583
511 9.792 20.18 15.02 629 0.289 9.153 5.414 747 0.288 0.602 0.576
512 9.844 19.97 15.07 630 0.278 9.181 5.276 748 0.29 0.607 0.568
513 9.948 19.76 15.11 631 0.268 9.177 5.232 749 0.303 0.61 0.561
514 10.09 19.56 15.16 632 0.258 9.17 5.188 750 0.315 0.614 0.554
515 10.26 19.32 15.22 633 0.249 9.126 5.065 751 0.308 0.618 0.539
516 10.47 19.09 15.27 634 0.24 9.064 4.941 752 0.3 0.623 0.525
517 10.76 18.87 15.32 635 0.234 8.974 4.831 753 0.302 0.628 0.517
518 11.1 18.65 15.37 636 0.228 8.857 4.722 754 0.304 0.633 0.51
519 11.5 18.41 15.51 637 0.222 8.701 4.627 755 0.306 0.638 0.51
520 11.96 18.18 15.65 638 0.216 8.511 4.533 756 0.308 0.644 0.51
521 12.52 17.97 15.65 639 0.212 8.288 4.438 757 0.311 0.649 0.496
522 13.16 17.75 15.65 640 0.208 8.032 4.343 758 0.314 0.654 0.481
523 13.86 17.54 15.73 641 0.205 7.741 4.234 759 0.316 0.66 0.474
524 14.64 17.32 15.8 642 0.202 7.423 4.125 760 0.318 0.665 0.466
525 15.52 17.14 15.87 643 0.2 7.084 4.03 761 0.32 0.67 0.459
526 16.47 16.96 15.94 644 0.198 6.727 3.935 762 0.322 0.675 0.452
527 17.46 16.79 15.99 645 0.198 6.351 3.862 763 0.324 0.68 0.452
528 18.5 16.62 16.03 646 0.198 5.975 3.789 764 0.326 0.687 0.452
529 19.6 16.47 16.1 647 0.197 5.613 3.709 765 0.329 0.694 0.445
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l ma ma ma l ma ma ma l ma ma ma

nm mm-1 mm-1 mm-1 nm mm-1 mm-1 mm-1 nm mm-1 mm-1 mm-1

HbO2 met-Hb HC HbO2 met-Hb HC HbO2 met-Hb HC
530 20.7 16.33 16.16 648 0.196 5.266 3.629 766 0.332 0.701 0.437
531 21.78 16.19 16.15 649 0.196 4.949 3.542 767 0.334 0.705 0.43
532 22.84 16.05 16.14 650 0.196 4.635 3.454 768 0.336 0.71 0.423
533 23.85 15.94 16.14 651 0.197 4.32 3.381 769 0.339 0.718 0.415
534 24.8 15.82 16.14 652 0.198 4.008 3.308 770 0.342 0.726 0.408
535 25.66 15.68 16.07 653 0.198 3.729 3.243 771 0.344 0.732 0.408
536 26.44 15.55 15.99 654 0.198 3.452 3.177 772 0.346 0.738 0.408
537 27.16 15.41 15.92 655 0.197 3.168 3.082 773 0.348 0.744 0.401
538 27.8 15.28 15.86 656 0.196 2.891 2.988 774 0.35 0.75 0.394
539 28.27 15.1 15.76 657 0.196 2.713 2.944 775 0.353 0.757 0.386
540 28.64 14.92 15.67 658 0.196 2.547 2.9 776 0.356 0.764 0.379
541 28.87 14.72 15.58 659 0.198 2.384 2.842 777 0.358 0.771 0.379
542 29.03 14.51 15.49 660 0.2 2.222 2.784 778 0.36 0.778 0.379
543 28.89 14.26 15.38 661 0.201 2.06 2.704 779 0.363 0.787 0.372
544 28.67 13.99 15.27 662 0.202 1.901 2.623 780 0.366 0.795 0.364
545 28.24 13.71 15.2 663 0.202 1.755 2.594 781 0.368 0.803 0.364
546 27.66 13.42 15.13 664 0.202 1.623 2.565 782 0.37 0.811 0.364
547 26.87 13.11 14.99 665 0.202 1.506 2.514 783 0.373 0.818 0.357
548 25.98 12.79 14.85 666 0.202 1.402 2.463 784 0.376 0.825 0.35
549 25 12.46 14.74 667 0.203 1.312 2.405 785 0.378 0.832 0.35
550 24.02 12.14 14.63 668 0.204 1.23 2.346 786 0.38 0.84 0.35
551 23.03 11.82 14.54 669 0.204 1.151 2.31 787 0.383 0.848 0.342
552 22.04 11.51 14.46 670 0.204 1.079 2.274 788 0.386 0.856 0.335
553 21.15 11.22 14.38 671 0.204 1.017 2.23 789 0.389 0.864 0.328
554 20.34 10.96 14.31 672 0.204 0.962 2.186 790 0.392 0.872 0.321
555 19.61 10.71 14.22 673 0.205 0.913 2.142 791 0.394 0.879 0.321
556 18.97 10.48 14.14 674 0.206 0.87 2.099 792 0.396 0.887 0.321
557 18.45 10.28 14.09 675 0.206 0.832 2.062 793 0.399 0.896 0.313
558 18.03 10.11 14.05 676 0.206 0.797 2.026 794 0.402 0.905 0.306
559 17.74 9.951 13.93 677 0.206 0.765 1.989 795 0.404 0.914 0.306
560 17.54 9.82 13.82 678 0.206 0.736 1.953 796 0.406 0.922 0.306
561 17.54 9.715 13.76 679 0.206 0.71 1.909 797 0.409 0.929 0.306
562 17.54 9.627 13.7 680 0.206 0.687 1.866 798 0.412 0.936 0.306
563 17.77 9.56 13.58 681 0.206 0.668 1.829 799 0.414 0.945 0.299
564 18.09 9.507 13.45 682 0.206 0.651 1.793 800 0.416 0.954 0.291
565 18.59 9.475 13.38 683 0.206 0.635 1.771
566 19.23 9.45 13.31 684 0.206 0.621 1.749
567 20.04 9.437 13.19 685 0.206 0.607 1.712
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priority than others, depending on the specific application. To validate the assessment 
of chromophore concentration in tissue with reflectance, a phantom must have 
multiple controllable chromophores and must preferably be multi-layered, mimicking 
the structure of skin [112]. A single chromophore is insufficient, because many errors 
arise from overcompensation chromophore concentration in an imperfect fitting 
model. Making such phantoms is a true challenge itself, but necessary to be able to rely 
on the outcome of fit parameters in tissue.

In summary, these three points illustrate challenges in analyzing reflectance 
spectroscopic measurements. Multi-component fit analysis of reflectance spectra seems 
an improvement compared to analyzing single wavelengths [3, 147], especially when 
more than two chromophores are unknown. However ignoring the discussed challenges 
in multi-component fitting may provide inexplicable physiological results [148, 149]. 
Such results rather indicate insufficient analysis of the reflectance measurements than 
new insight in clinical issues. To prevent for future inexplicable physiological results 
requires breaching the current ‘Babylonian Confusion’ in the field of reflectance 
spectroscopy. A unified spoken language of reflectance spectroscopy with unification 
of absorption spectra, reflectance model and requirement of phantom validation is 
necessary to advance this technique to new clinical and forensic applications.

foreNsic outlook
This thesis has shown the potential of spectroscopic age determination of bloodstains. 
Reflectance spectroscopy is suited very well for age determination on the crime scene. 
Ideally a reflectance spectroscopy setup would become part of the standard technologies 
of forensic investigators equipment. Reflectance measurement can become a routine for 
crime scene investigators when encountering bloodstains on a crime scene. This would 
not only reduce work load of forensic laboratory, it also assists in reducing inaccuracy, 
since the inaccuracy increases with the age of the bloodstain.

For the acceptance of reflectance spectroscopy as a standard forensic technology, it 
is important to explore other potential technique to determine the age of the bloodstain. 
New opportunities in age determination of bloodstains may occur following after a 
technical or biomedical invention. The potential for bloodstain age determination 
based on changes in the state of hemoglobin was already discussed by Leers in 1910 
[43], yet hundred years later this still has not been realized into daily forensic practice. 
Technological improvements though have enabled major steps towards forensic 
implementation. Spectroscopic measurements in the late 1950s were recorded with a 
tunable monochromator and a photodiode [150], recording the reflectance spectrum 
of a single bloodstain over the total visible part of the spectrum would take more than 
an hour. Nowadays, commercially available portable spectrometers can do this in less 
than one second. The requirement for technical and biomedical improvement hampers 
prediction on future technologies addressing the age determination of bloodstains. 
A possible candidate is degradation of proteins and enzymes. This has already been 
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investigated by Rajamannar and Tsutsumi et al [39, 40], but has not been followed up. Yet, 
recent developments in cancer protein research open up a variety of opportunities. The 
techniques that enable microarray tumor classification [151] and prediction of tumor 
progression based on gene expression [152] can potentially be modified and applied 
to measure the ageing state of bloodstains. Another potential future age determination 
technique is Raman Spectroscopy. This non-invasive biomedical technique has already 
been explored for bloodstain identification [153, 154] and handheld Raman devices are 
commercially available. Raman spectroscopy is known to produce complicated spectra 
for every individual biological sample that is studied, including hemoglobin [153]. 
Often, changes in Raman spectra are analyzed by principal component analysis, yet the 
real challenge is to relate changes in Raman spectra in ageing bloodstains to changes 
in hemoglobin derivatives. The latter will allow comparing reaction kinetics measured 
with Raman to reaction kinetics as discussed in this thesis or measured with oxygen 
electrodes [57]. 

Regardless of the advances made during the last years, the influence of temperature 
and exposure to sunlight cannot be ignored. For reflectance spectroscopy to become 
standard equipment, future research should focus on mapping all environmental 
factors and focus on first ten days of ageing, when oxidation is still rapid. Only then, 
reflectance spectroscopy can become a useful technique to deliver results which will be 
truly forensically relevant and to be acceptable for court testimony.




