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Abstract. Photodynamic therapy �PDT� is an alternative to radical sur-
gical resection for T1a or nonresectable carcinomas of the gastroe-
sophageal junction. Besides the concentration of the photosensitizer,
the light distribution in tissue is responsible for tumor destruction. For
this reason, knowledge about the behavior of light in healthy and
dysplastic tissue is of great interest for careful irradiation scheduling.
The aim of this study is to determine the optical parameters �OP� of
healthy and carcinomatous tissue of the gastroesophageal junction in
vitro to provide reproducible parameters for optimal dosimetry when
applying PDT. A total of 36 tissue samples �adenocarcinoma tissue
�n=21�, squamous cell tissue �n=15�� are obtained from patients
with carcinomas of the gastroesophageal junction. The optical param-
eters are measured in 10-nm steps using new integrating sphere spec-
trometers in the PDT-relevant wavelength range of 300 to 1140 nm
and evaluated by inverse Monte-Carlo simulation. Additional exami-
nations are done in healthy tissue from the surgical safety margin. In
the wavelength range of frequently applied photosensitizers at 330,
630, and 650 nm, the absorption coefficient in tumor tissue �adeno-
carcinoma 1.22, 0.16, and 0.15 mm−1; squamous cell carcinoma
1.48, 0.13, and 0.11 mm−1� is significantly lower than in healthy tis-
sue �stomach 3.34, 0.26, and 0.20 mm−1; esophagus 2.47, 0.21, and
0.18 mm−1�. The scattering coefficient of all tissues decreases con-
tinuously with increasing wavelength �adenocarcinoma 22.8, 12.99,
and 12.52 mm−1; squamous cell carcinoma 19.44, 9.35, and
8.98 mm−1; stomach 20.55, 13.96, and 13.94 mm−1; esophagus
20.34, 12.56, and 12.22 mm−1. All tissues show an anisotropy factor
between 0.80 and 0.94 over the entire spectrum. The maximum op-
tical penetration depth for all tissues is achieved in the range of
800 to 1100 nm. At the wavelength range of 330, 630, and 650 nm,
the optical penetration depth is significantly higher in carcinoma tis-
sue �adenocarcinoma 0.27, 1.54, and 1.66 mm; squamous cell carci-
noma 0.23, 1.71, and 1.84 mm� than in healthy tissue �stomach 0.16,
1.10, and 1.26 mm; esophagus 0.17, 1.47, and 1.65 mm; p�0.05�.
Above 1000 nm, a higher absorption coefficient of tumor tissue re-
sults in a lower optical penetration depth than in healthy tissue �p
�0.05�. The higher absorption and scattering of the tumor tissue in
the wavelength range of available photosensitizer is associated with a
low optical penetration depth. This necessitates higher energy doses
and long application times or repeated applications to effectively treat
large tumor volumes. Photosensitizers optimized for larger wave-
length range need to be developed to increase the efficacy of PDT.
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1 Introduction

There has been an increasing incidence of carcinomas of the
gastroesophageal junction in the Western industrialized coun-
Address all correspondence to Joerg-Peter Ritz, Tel.: +49.30.8445–2543.
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tries in recent years. Radical esophageal resection is the only
potentially curative therapeutic option currently available.1,2

Despite constant progress in surgical management, radical re-
section is still associated with a high morbidity and mortality
1083-3668/2007/12�1�/014025/8/$25.00 © 2007 SPIE
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rate.3 An alternative therapeutic strategy is photodynamic
therapy �PDT�,4–9 a nonthermal technique in which the inter-
action between a photosensitizer and light of a specific wave-
length leads to phototoxic cell destruction in tissue.10,11 Be-
sides the concentration of the photosensitizer, the diffusion of
light in tissue is responsible for the extent of tumor
destruction.12 To prevent complications such as perforations
and stenoses, several factors must be taken into account dur-
ing clinical application. Apart from the concentration of the
photosensitizer and the choice of the time interval between
the application and the irradiation, other important parameters
for the successful use of PDT are the duration of exposure and
the light dose. Knowledge about the behavior of light in the
specific tissue is imperative, since the therapeutic effect de-
pends primarily on the amount of light absorbed.13,14 In this
connection, the penetration depth of light is dependent on the
optical tissue parameters �absorption coefficient �a, scattering
coefficient �s, anisotropy factor g, and penetration depth d�.
The clinical application of PDT has thus far been based on
purely empirical values for the light dose and exposure time.
Knowledge about the behavior of light in healthy and dysplas-
tic tissue is of great interest for careful scheduling of irradia-
tion. The current literature offers little information about the
optical tissue properties. Data are available for stomach or
carcinoma of the esophagus, but not especially about the gas-
troesophageal junction. Thus, the aim of this study was to
determine the optical properties of healthy and carcinomatous
human tissue of the gastroesophageal junction to provide re-
producible parameters for optimal dosimetry in PDT. In this
context, we examined a wavelength range of 300 to 1400 nm
to determine the differences between healthy and tumorous
tissue and those in the effective area of currently used photo-
sensitizers �hypericin, 5-aminolaevulinic acid �5-ALA� and
porfimer sodium�.

2 Materials and Methods
2.1 Tissue Samples
A total of 36 tissue samples were obtained from patients un-
dergoing surgical resection for cancer of the gastroesophageal
junction. These samples came from squamous cell cancer tis-
sue �n=15� as well as adenocarcinoma tissue of the gastroe-
sophageal junction �n=21�. In addition, healthy tissue �stom-
ach and esophagus� was removed from a safety margin of at
least 10 cm from the tumor. The histopathological workup of
preparations was performed by our pathological institute as
standardized tumor staining �HE�. To measure optical param-
eters, tissue samples were cut from the optical parameter �OP�
specimens with a scalpel. Samples taken from healthy stom-
ach or esophagus tissue measured at least 2�2 cm and cov-
ered the entire mucosal depth. Samples taken from carcinoma
tissue of the gastroesophageal junction were cut from the
solid parts �macroscopically necrosis-free� and measured ap-
proximately 1�1�1 cm. The samples were transported in
an ice-cooled container, shock frozen in liquid nitrogen, and
subsequently homogenized in a mortar cooled down to 77 K.
The homogenate was then placed in the sample space of cy-
lindrical quartz cuvettes �Hellma, Mühlheim, Germany� with
a defined thickness of 200 �m. The interior space of the cu-
vettes was completely filled with the homogenate, which pre-

vented the formation of air bubbles. The average transporta-
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tion time from removal to further processing was 20 min. The
histological findings in the surgical specimens were examined
and documented to differentiate the carcinomas �squamous
cell and adenocarcinoma�.

2.2 Optical Parameter Measurements
Optical parameters were determined by a new integrating
sphere spectrometer �Lambda 900 UV/VIS/NIR, Perkin-
Elmer, Norwalk, Connecticut� in an indirect measurement
procedure.15

The spectrometer contained an optical system and an inte-
grating sphere �200 mm diam� with a transmission port
�15 mm diam� and a remission port �15 mm diam� to position
sample holders or reflection standards.

Monochromatic light of any wavelength was generated
with a preset deuterium lamp �wavelength range
300 to 400 nm� and a Wolfram halogen lamp �wavelength
400 to 1140 nm�, and conducted into the sample space via
spherical mirrors and monochromators. Alternation between
lamps, monochromators, and photodetectors was automatic. A
chopped beamsplitter provided permanent calibration of the
optical system through an additional port and a permanent
reference standard. The beam diameter at the transmission and
remission port was xx cm and xx cm, respectively.

The spectralon coating on the inside of the integrating
sphere �type PELA 1000� permitted overall uniform reflection
of the infalling light. Detectors inside the measuring sphere
�NIR area: thermostatic high-performance PBS cells; UV/
VIS: Hamamatsu R-955 photomultiplier� recorded the infall-
ing light.

Three measurements were done for each sample and wave-
length. To measure total transmission �Tt�, the sample cu-
vettes were attached to the transmission port. The remission
port was closed with a spectralon-coated standard, and the
total light intensity penetrating the tissue was recorded. After
that, the standard was removed from the remission port and a
significant portion of the diffuse transmission �Td� was re-
corded because unscattered photons were able to escape
through the open port.

To measure the diffuse remission �Rd�, the sample cuvette
holder was positioned at the remission port, and a significant
portion of the diffuse retrograde scattering was registered.

It is important to note that both Rd and Td exhibit an in-
herent systematic error because photons scattered at small
angles were able to leave the remission port, while diffusely
backscattered photons could eventually leave the transmission
port without being detected. However, these systematic errors
were taken into consideration during the calculation of the
optical parameters.

The absorption coefficient �a, scattering coefficient �s,
and anisotropy factor g were subsequently determined from
the macroscopic parameters Rd, Tc, and Tt by an inverse
Monte Carlo simulation. Because the Monto-Carlo simulation
is a forward calculation, it was necessary to “estimate” a set
of optical tissue parameters as starting values for the iterative
fitting algorithm. We applied the Kubelka-Munk theory,
which provided quite a good first guess, hence keeping the
number of required iterations limited.16

The forward Monte-Carlo simulation provided a calculated

set of measuring data. Comparing these simulated data with
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the measured data yielded information about the quality of the
parameters applied. In the case of significant differences, the
actual optical parameters were varied according to the fitting
algorithm and a new forward simulation was started. The ac-
tual optical parameters were accepted as sample properties if
the measured and calculated parameters for Rd, Tc, and Tt
were within a 0.5% limit of error.

The simulation took into account the exact geometrical and
optical conditions of the experimental design �sample geom-
etry, sphere parameters, refractive index steps, diameter of
diaphragm, radiation divergence, etc.�. By doing so, the simu-
lated systematic error of Rd and Td, including scattered pho-
tons traveling in a lateral direction of the sample and hence
being not detected in the integrating sphere �side losses�, led
to the necessary correction of the tissue parameters during the
Monte-Carlo calculation process as a prerequisite to obtain
precise optical parameters at a wavelength with a low absorp-
tion coefficient. The optical penetration depth was given in
millimeters and calculated by the following equation:

d = � 1

3�a��a + �s�1 − g���1/2

,

where �a is the absorption coefficient; �s is the scatter coef-
ficient; and g is the anisotropy factor.

2.3 Statistics
Optical properties were given as mean values and standard
deviation based on the descriptive analysis. Nonparametric
tests were performed because of the small number of samples.
Friedman’s test for more than two paired samples was used to
compare the optical tissue parameters of different wave-
lengths. Different tissues �healthy/tumorous� were compared
by Wilcoxon’s test for unpaired samples. Interindividual fluc-
tuations of optical properties in one type of tissue were shown
as person-related standard deviation and variation coefficient.
The statistical significance level was set at p�0.05 and cal-
culated by SPSS software �version 10.0; SPSS Incorporated,
Chicago, Illinois�.

3 Results
3.1 Optical Parameters of Healthy Stomach and

Adenocarcinoma Tissue
Evaluation of the data showed marked variations between the
parameters. The values of the absorption coefficient �a for
healthy tissue were between 0.01 and 13 mm−1 in the survey
spectrum. The results for carcinomatous adenocarcinoma tis-
sue were significantly lower at values between 0.02 and
3.84 mm−1 �Fig. 1�.

After reaching a maximum value of 23.13 mm−1 at
300 nm, the scattering coefficient �s for stomach tissue
dropped continuously to a minimum value of 7.56 mm−1 at
1140 nm. Scattering coefficient values for adenocarcinomas
were between 23.08 and 9.26 mm−1 �Fig. 2�.

Both healthy stomach and adenocarcinoma tissue showed
strong forward scattering over the entire light spectrum, i.e.,
the anisotropy factor g ranged from 0.7 to 0.9.

The optical penetration depth d was highest from
0.072 to 7.42 mm in healthy stomach tissue and 0.11 and

6.49 mm in adenocarcinomas, with a maximum value of

Journal of Biomedical Optics 014025-
7.42 mm at 1060 nm �healthy stomach tissue� and 6.49 mm
at 1090 nm �adenocarcinoma� �Fig. 3�. The optical penetra-
tion depth in carcinoma tissue was higher, up to 1000 nm, and
lower, from 1010 nm, than in healthy tissue.

3.2 Optical Parameters of Healthy Esophagus and
Squamous Cell Carcinoma Tissue

The absorption coefficient �a ranged from
0.02 to 11.19 mm−1 for human esophagus tissue, and from
0.01 to 5.44 mm−1 for squamous cell carcinoma �Fig. 4�.
Here, the values were significantly lower for squamous cell
carcinoma than for healthy esophagus tissue.

The scatter coefficient �s dropped continuously from
22.32 mm−1 at 300 nm to 5.94 mm−1 at 1140 nm �healthy
esophagus tissue�. The scatter coefficient for squamous cell
carcinomas ranged from 23.08 mm−1 at 300 nm to
4.07 mm−1 at 1140 nm �Fig. 5�.

In healthy esophagus tissue and squamous cell carcinomas,
the anisotropy factor likewise ranged between 0.7 and 0.9,
corresponding to strong forward scattering.

The optical penetration depth d ranged from
0.05 to 9.63 mm in healthy esophagus tissue �maximum of

Fig. 1 Absorption coefficient �a in the survey spectrum for stomach
and adenocarcinoma tissue.

Fig. 2 Scattering coefficient �s in the survey spectrum for stomach

and adenocarcinoma tissue.
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9.63 mm at 1130 nm�, and from 0.09 to 8.29 mm in squa-
mous cell carcinoma �maximum of 8.29 mm at 1110� �Fig. 6�.
Here, the optical penetration depth was higher in squamous
cell carcinoma than in healthy tissue at a wavelength of up to
780 nm and usually lower above 780 nm.

3.3 Optical Properties of Healthy Stomach Tissue
Versus Adenocarcinoma Tissue at 330, 630,
and 650 nm

Table 1 shows the mean values for the optical properties of
human stomach and adenocarcinoma tissue at wavelengths of
330, 630, and 650 nm. The wavelengths correspond to the
effective ranges of the currently used photosensitizers hyperi-
cin, 5-ALA, and photofrin. Applying higher wavelengths re-
duced the absorption coefficient of both tissues. Direct com-
parison of the tissues showed significantly lower absorption
coefficients for adenocarcinoma tissue than for stomach tissue
in the selected wavelengths.

The scattering coefficient of both stomach and adenocarci-
noma tissue dropped with increasing wavelengths. The differ-
ences between 330 and 630 nm and between 330 and 650 nm

Fig. 3 Optical penetration depth d in the survey spectrum for stomach
and adenocarcinoma tissue.

Fig. 4 Absorption coefficient �a in the survey spectrum for esoph-

ageal and squamous cell carcinoma tissue.
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were significant. There were no statistical differences between
630 and 650 nm. A comparison of stomach and adenocarci-
noma tissue at each wavelength yielded no significant differ-
ences between the scattering coefficient values.

Comparing the wavelengths revealed a significantly higher
anisotropy factor of stomach tissue at 630 and 650 nm than at
330 nm, but not between 630 and 650 nm. In adenocarcino-
mas, the anisotropy factor only reached statistical relevance at
wavelengths between 330 and 630 or 650.

The optical penetration depth in both stomach and adeno-
carcinoma tissue increased with increasing wavelengths. The
differences in both tissues were significant, between 330 and
630 or 650, but not between 630 and 650 nm. The penetration
depth was significantly higher in adenocarcinoma tissue than
in stomach tissue at the three wavelengths.

3.4 Optical Properties of Healthy Esophagus Versus
Squamous Cell Carcinoma Tissue at 330, 630,
and 650 nm

Table 2 gives the optical properties of human esophagus and
squamous cell carcinoma tissue at wavelengths of 330, 630,
and 650 nm.

Fig. 5 Scattering coefficient �s in the survey spectrum for esophageal
and squamous cell carcinoma tissue.

Fig. 6 Optical penetration depth d in the survey spectrum for esoph-

ageal and squamous cell carcinoma tissue.
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The absorption coefficient of the esophagus was signifi-
cantly smaller at 630 and 650 nm than at 330 nm, although
no significant difference was found between 630 and 650 nm.
The same was true for the squamous cell carcinoma. The
mean absorption coefficient of the squamous cell carcinoma
was significantly smaller than that of the esophagus.

The scattering coefficient of the esophagus differed signifi-
cantly between values at 330 and 630 nm and those at 330
and 650 nm. The difference between 630 and 650 nm was not
significant. This also applied to the values obtained for the
squamous cell carcinoma. Comparing the two tissues at each
wavelength showed that carcinoma tissue has a significantly
lower scattering coefficient than healthy esophagus at all three
wavelengths. The anisotropy factor for both the esophagus
and squamous cell carcinoma differed significantly between
330 and 630 nm and 330 and 650 nm, but not between 630
and 650 nm. No significant differences were found when
comparing the tissues.

The optical penetration depth was found to increase for
both tissues at higher wavelengths. Values varied significantly
between 330 and 630 or 650 nm for both the esophagus and

Table 1 OP of healthy stomach versus adenocarcinoma at 330, 630
signifies p�0.05 versus stomach at 330 nm; and + signifies p�0.05

330 nm

Stomach Adenocarcinoma

Absorption coefficient
�mm−1�

3.34±2.39 1.22±0.48* 0.2

Scattering coefficient
�mm−1�

20.55±3.71 22.8±3.39 13.

Anisotropy factor
�−1 to +1�

0.8±0.06 0.84±0.08 0.9

Penetration depth
�mm�

0.16±0.09 0.27±0.24* 1.

Table 2 OP of healthy esophagus versus squamous cell carcinoma
wavelength; # signifies p�0.05 versus esophagus at 330 nm; and + s

330 nm

Esophagus
Squamous

cell carcinoma E

Absorption
coefficient �mm−1�

2.47±1.11 1.48±0.63* 0.

Scattering
coefficient �mm−1�

20.34±2.03 19.44±13.58* 12

Anisotropy factor
�−1 to +1�

0.85±0.02 0.86±0.04 0.

Penetration depth
�mm�

0.17±0.06 0.23±0.05* 1.
Journal of Biomedical Optics 014025-
the squamous cell carcinoma. The penetration depth in esoph-
ageal tissue was significantly higher at all three selected
wavelengths.

4 Discussion
Photodynamic therapy is an established alternative procedure
for management of pT1 tumor stages and early esophageal
and gastric carcinomas, as well as for palliative therapy of
extensive esophageal carcinoma or inoperable cases.17–19

However, the clinical approach of PDT has thus far been
based solely on empirical data. There are only a few reports in
the literature on the optical tissue properties. Thus, knowledge
about the behavior of light in healthy and dysplastic tissue is
of great interest for careful irradiation scheduling. The aim of
this study was to initially determine all optical parameters
�absorption, scattering, anisotropy factor, and penetration
depth� in healthy and carcinomatous human tissue of the gas-
troesophageal junction to obtain reproducible parameters for
optimal dosimetry in PDT application. We examined the ques-
tion of whether differences exist between healthy and tumor-

50 nm. * signifies p�0.05 versus stomach at current wavelength; #
adenocarcinoma at 330 nm.

630 nm 650 nm

h Adenocarcinoma Stomach Adenocarcinoma

15# 0.16±0.33*+ 0.2±0.01# 0.15±0.03*+

.07# 12.99±3.63+ 13–94±4.16# 12.52±3.65+

01# 0.94±0.01+ 0.94±0.01# 0.94±0.01+

3# 1.54±0.31*+ 1.26±0.38# 1.66±0.3*+

, 630, and 650 nm. * signifies p�0.05 versus esophagus at current
s p�0.05 versus squamous cell carcinoma at 330 nm.

630 nm 650 nm

gus
Squamous

cell carcinoma Esophagus
Squamous

cell carcinoma

36# 0.13±0.04*+ 0.18±0.3# 0.11±0.03*+

.23# 9.35±8.9* 12.22±2.23# 8.98±9.97*

01# 0.92±0.02+ 0.94±0.01# 0.92±0.02+

95# 1.71±0.31*+ 1.65±1.11# 1.84±0.31*+
, and 6
versus

Stomac

6±0.

96±4

4±0.

1±0.4
at 330
ignifie

sopha

21±0.

.56±2

94±0.

47±0.
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ous tissue and in the effective range of currently used photo-
sensitizers �hypericin, 5-aminolaevulinic acid �5-ALA�, and
porfimer sodium�. The measurements were performed by a
new integrating sphere spectrometer in an indirect measure-
ment procedure.15 The advantages of the new spectrometer
over a double Ulbricht’s sphere system were the automated
measurement and the resultant simplified, faster handling.
Measurement errors in spectrometer application occurred be-
cause a certain light component was lost by lateral diffusion
due to multiple scattering from the sample holder, and was
thus not registered by the light detector. The detectors also
had higher absorption than the spectralon coating of the
sphere’s inside surface. This loss of light caused a slight in-
crease in the absorption coefficient.20 Our analysis took into
account this error, which is estimated to be 1 to 2% in the
literature. An in-vitro study design was selected to determine
the optical properties as accurately as possible. The technique
of tissue sampling is considered a potential source of error.
The most unadulterated, i.e., freshest, sample without essen-
tial changes in the tissue properties is the quality criterion.
The freshly removed samples should not lose water or hemo-
globin, nor should they be exposed to nonphysiological oxi-
dation. Air bubbles enclosed in the tissue, inhomogeneity, and
uneven surface structures cause changes in the layer thickness
and thus alter the tissue properties.21 To ensure transferability
to the in-vivo situation, the tissue was snap frozen and homog-
enized immediately after removal from the surgical biopsy
specimen. It was subsequently placed in a cell of a given size
without the inclusion of air bubbles. According to the litera-
ture, the optical properties of native and cryohomogenized
tissue diverge by a maximum of 3%.22,23 In a previous study,
we demonstrated that the absorption level was not signifi-
cantly influenced after cryohomogenization �increase of 5.9%
in relation to the reference preparation�. Also, the calculated
reduced scattering factor �s� decreased not significantly by a
mean value of −3.4%. Hence, the changes in �s and g com-
pensated each other, and no cryohomogenization effect is ex-
pected from these data if the reduced set of optical properties
is used.22 Accordingly, Peters et al. found a maximum devia-
tion of 3% in comparison to the nonhomogenized tissue
sections.23

As a rule, biological tissue consists mainly of water. The
absorption properties of water are therefore of decisive impor-
tance for light-tissue interactions. In addition, there are vari-
ous pigments. The most important example of these so-called
chromophores is hemoglobin.

Hemoglobin and cytochrome oxidases are generally
known to be the most important absorbers in the short infrared
wavelength range. Thus, they exert a decisive influence on the
optical parameters, especially on absorption. In this study,
blood was not removed from the samples. However, the opti-
cal parameters of blood and water have to be considered for
in-vivo irradiation planning. So, further experiments should be
performed to study the influence of blood and water residuals
on the absorption coefficients.

The dependence of the optical parameters on the wave-
length must also be mentioned as another important factor.
Except for the anisotropy factor, the optical properties vary
widely, especially in the range of visible, ultraviolet, and in-

24,25
frared light. Earlier publications on tissue properties were
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limited to individual wavelength values.3,7,20,23,25 These were
mainly in the laser application �1064 nm� and PDT �630 nm�
range. Apart from measuring the tumor diameter, Maier et al.
determined the extinction coefficient and the penetration
depth of esophageal carcinoma tissue at 630 nm in vivo.18

There are no reports in the literature on the optical properties
of stomach tissue. Our study assessed all optical parameters in
healthy and cancerous esophageal and gastric tissue in the
wavelength range of 300 to 1140 nm.

The absorption coefficient �a showed marked differences
for both tissues over the course of the measured wavelength
spectrum. The highest values were found in the lower wave-
length range. The maximum was 13 mm−1 for the stomach
and 11.19 mm−1 for the esophagus at a wavelength of
430 nm. After lowering the values, there was a second peak at
550 nm with 1.76 mm−1 for the stomach and 1.26 mm−1 for
the esophagus. All values were under 0.1 mm−1 at wave-
lengths above 750 nm. There was another increase in the ab-
sorption coefficient from 1140 nm, which can be explained
by the absorption of water in this range. The maximums at
430 and 550 nm are attributed to the absorption of light by
deoxyhemoglobin.24 Yaroslavsky et al. found markedly lower
values for �a when measuring optical parameters in human
brain tissue after washing out the hemoglobin. They thus ob-
tained an absorption coefficient in the range of
0.7 to 0.4 mm−1.26 Anderson, Parrish, and Parrish described
absorption of 0.26 mm−1 at 456 nm for skin tissue.27 This
very low value can clearly be attributed to the lower amount
of hemoglobin. In agreement with this, Gottschalk found ab-
sorption coefficients between 1.4 and 3 mm−1 at a wavelength
of 450 nm for healthy gastric and esophageal tissue.21 All
absorption coefficient data were under 0.1 mm−1 between 740
and 1140 nm. In 1981, Parrish defined this phenomenon as
the “optical window of biological tissue.”28

Over the entire spectrum, the scattering coefficient �s
showed a continuous decrease from 22.32 mm−1 �esophagus�
and 23.13 mm−1 �stomach� to 7.56 and 5.49 mm−1 at the be-
ginning of the measurement range. Simpson et al. speak of a
decreasing scattering coefficient with increasing wavelengths
for all biological tissue.26 In agreement with the present study,
scattering was described in various tissues as fluctuating only
slightly compared to the absorption coefficient. At a wave-
length of 456 nm, Gottschalk found a scattering coefficient of
10.9 to 26 mm−1 for stomach tissue. This was 15.6 mm−1 in
our study.

The anisotropy factor g for the two tissues showed hardly
any variation over the entire spectrum of measured tissue.
Nearly all results were in the range of 0.9. A value of 1.0
corresponds to complete forward scattering. Thus, the scatter-
ing direction for the measured tissue is almost forward. In
Yaroslavsky, the anisotropy factor for gray and white matter
was between 0.81 and 0.96.26 At a wavelength of 630 nm, he
determined a mean anisotropy factor between 0.9 and 0.95.
The value of 0.94 measured in our study showed clear agree-
ment.

The impact of the absorption coefficients on the param-
eters can be determined from the course of the optical pen-
etration depth d over the measurement range. Due to the high
absorption in the lower wavelength range, the penetration

depth is less than 1 mm up to 600 nm. The two negative
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peaks of the curve result from the high light absorption caused
by hemoglobin in the tissue. The values are almost the re-
versed image of the decrease in the absorption coefficients
between 700 and 1140 nm. The highest penetration depth was
9.63 mm at 1110 nm for the esophagus, and 7.42 mm at
1060 nm for the stomach. Germer obtained almost identical
data for the penetration depth in human liver tissue �7.49 mm
at 1070 nm�.29

The optical properties of carcinoma tissue showed clear
parallels to those of healthy tissue in the survey spectrum. In
the qualitative comparison, the absorption coefficient also
demonstrated a decreasing course above 580 nm, just like
healthy tissue. The values of the scatter coefficient and aniso-
tropy factor hardly changed in either tissue.

The optical penetration depth increased significantly with
longer wavelengths. There were no significant quantitative
differences between the optical penetration depth of healthy
and cancerous tissue.

The qualitative change in the optical parameters can be
explained by the hemoglobin component in the tissue. Like
Gottschalk and Roggan, we can also confirm an effect on the
parameters above 900 nm due to the water content of each
tissue.

Significant differences were found in the quantitative com-
parison of absolute values. The values for the absorption and
scattering coefficients were 52.3 and 9.4% higher in stomach
tissue than in adenocarcinoma tissue. The optical properties of
the squamous cell carcinoma had a significantly lower absorp-
tion and scatter coefficient in the quantitative comparison with
healthy esophagus. This may be due to the lower content of
chromophores, cell nuclei and membranes in tumor tissue.30

In contrast, the recorded data showed no quantitative dif-
ference between tumorous and healthy tissue for the aniso-
tropy factor.

The optical penetration depth d was significantly higher in
adenocarcinoma tissue than in stomach tissue up to 1000 nm.
The difference from healthy tissue was 0.36 mm using a
550-nm wavelength. The differences of 0.44 and 0.40 at 630
and 650 nm were also significant. This corresponds to a
45.9% times higher mean penetration depth in carcinoma tis-
sue. Using 300 nm, the penetration depth was 0.059 mm
higher in squamous cell carcinoma tissue than in healthy tis-
sue. The difference in the wavelengths at 630 and 650 nm
was 0.24 and 0.196 mm. This corresponds to a 20.67% times
higher mean penetration depth in carcinoma tissue than in the
esophagus.

Several authors have described a higher penetration depth
in tumor tissue.20,24,25 Maier et al. reported a penetration depth
of 2.68 to 3.21 mm for 630 nm, depending on the tumor
thickness. However, no distinction was made here between
adenocarcinoma and squamous cell carcinoma.18 The interin-
dividual differences in the tumor tissue may be explained by
tissue structures varying according to the differentiation
grade. Histological grading of the tumors was not included in
our study. Denaturated proteins within the tumor necroses
may also cause changes in the optical properties.

Further studies should be performed using the available
data to examine the effect of the photosensitizers on the opti-
cal tissue properties. It would be of great interest in this con-

nection to determine the optical parameters of tissues in the
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presence of photosensitizers. Such investigations would have
to be performed in animal models. The present study deals
with in-vitro measurement of samples from surgical prepara-
tions, but a photosensitizer cannot be previously applied in
patients for ethical reasons.

Up to now, there have been hardly any reports on the tissue
properties of the human esophagus and stomach. Measure-
ments over a broad light spectrum have not been previously
published for esophageal tissue. This is the first study to de-
termine the penetration depth, absorption, and scattering for a
given tissue.

Our data can be used as the basis for exact dosimetry to
ensure effective and safe photodynamic therapy. In summary,
it may be said that the measuring procedure with the spec-
trometer described in our study is an efficient and fast in-vitro
method for determining optical parameters of healthy and
dysplastic tissue. In view of the high penetration depth at the
end of the light spectrum, PDT should be carried out in this
range whenever possible. Thus, a photosensitizer with an op-
timal effect in the high wavelength range would be desirable
for clinical use to ensure adequate tumor destruction, ideally
by a single application. The sensitizers frequently used today
have an effective range between 300 and 650 nm. In this
range, light does not penetrate deeper than a few millimeters,
achieving only superficial destruction of the tumor tissue and
requiring high energy doses or repeated ablation treatments.
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