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Abstract. The fibrillar collagen network in tumor and normal tissues
is different due to remodeling of the extracellular matrix during the
malignant process. Collagen type I fibers have the crystalline and non-
centrosymmetric properties required for generating the second-
harmonic signal. The content and structure of collagen were studied
by imaging the second-harmonic generation �SHG� signal in frozen
sections from three tumor tissues, osteosarcoma, breast carcinoma,
and melanoma, and were compared with corresponding normal tis-
sues, bone/femur, breast, and dermis/skin. The collagen density was
measured as the percentage of pixels containing SHG signal in tissue
images, and material parameters such as the second-order nonlinear
optical susceptibility given by the d22 coefficient and an empirical
anisotropy parameter were used to characterize the collagen struc-
ture. Generally, normal tissues had much more collagen than tumor
tissues. In tumor tissues, a cap of collagen was seen at the periphery,
and further into the tumors, the distribution of collagen was sparse
and heterogeneous. The difference in structure was reflected in the
two times higher d22 coefficient and lower anisotropy values in nor-
mal tissues compared with tumor tissues. Together, the differences in
the collagen content, distribution, and structure show that collagen
signature is a promising diagnostic marker. © 2008 Society of Photo-Optical
Instrumentation Engineers. �DOI: 10.1117/1.2983664�

Keywords: second-harmonic generation �SHG�; lasers in medicine; optical
constants; polarization; microscopy.
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Introduction

ollagen forms the structural network of the extracellular ma-
rix �ECM� in tissue and is the most abundant protein in ver-
ebrates. Fibrillar collagen type I consists of a triple helical

acromolecule that self-assembles into fibrils and fibers. The
olecular organization, amount, and distribution of fibrillar

ollagen type I are important for the structural and mechanical
roperties of tissue and play an important role in wound heal-
ng and aging and in diseases such as cancer, atherosclerosis,
nd diabetes.1–4

Collagen fiber type I has the crystalline and noncentrosym-
etric properties required for generating the second-harmonic

ignal.5–8 Second-harmonic generation �SHG� is an optically
onlinear coherent process where the emitted light has exactly
alf the wavelength of the two incident photons.9,10 The en-
rgy is thus conserved, and no absorption occurs. This makes
HG a powerful tool for detecting and visualizing the 3-D
ollagen network without any exogenous labeling, and no
hotodamage takes place. Indeed, SHG combined with two-
hoton microscopy has been used to study collagen type I,
oth in tissue sections11 and intravitally,12,13 and may be used

ddress all correspondence to Catharina de Lange Davies, The Norwegian Uni-
ersity of Science and Technology, Dept. of Physics, Høgskoleringen 5, 7491
rondheim, Norway; Tel: 47 7359 3688; Fax: 47 7359 7710; E-mail:
atharina.davies@ntnu.no
ournal of Biomedical Optics 054050-
for noninvasive tissue characterization and high-resolution
imaging. Nonoptical techniques such as x-ray, magnetic reso-
nance imaging �MRI�, ultrasound, and optical techniques such
as optical coherence tomography �OCT� are also noninvasive
and are used for 3-D imaging of tissue. However, in these
cases, the resolution is not sufficient to visualize cellular
structures and collagen fibers.

Histopathology in combination with light microscopy has
been a traditional method in cancer diagnosis, although new
molecular markers have refined the diagnostic work in recent
years. The expression of HER2 in breast cancer is one
example.14 Collagen may be an additional cancer marker, as
the content and distribution of collagen in cancer tissue are
different from corresponding normal tissue due to remodeling
of the ECM during the malignant process.15–17 Metallopro-
teinases play an important role in degrading collagen type IV
in the basement membrane and collagen type I and other col-
lagen types in the ECM in order to promote invasion and
metastasis of cancer cells.18

The purpose of the present work was to exploit SHG-based
laser scanning imaging to characterize the content, structure,
and distribution of collagen in frozen sections from various
tumor tissues growing in mice �osteosarcoma, breast carci-
noma, and melanoma� and corresponding normal mice tissues

1083-3668/2008/13�5�/054050/11/$25.00 © 2008 SPIE
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femur, breast, and skin/dermis� to investigate whether the
HG signature of collagen is a potential diagnostic marker.
ollagen type I was characterized both qualitatively and
uantitatively by determining the collagen density and calcu-
ating structural material parameters such as the second-order
onlinear optical susceptibility and an anisotropy parameter.
arge differences were observed in the content and distribu-

ion of collagen type I, and significant differences were found
n the determined structural material properties.

Theory
.1 Second-Order Nonlinear Optical Susceptibility
he polarization induced by an electromagnetic field can be
xpressed in a power series of the electric field strength

i�i , j ,k�:

Pi = �0�ij
�1�Ej + �0�ijk

�2�EjEk + �0�ijkl
�3� EjEkEl + . . . , �1�

here Pi=the i’th component of the induced polarization,

0=the vacuum permittivity, and �ij. . .
�n� is the n’th order sus-

eptibility and is a tensor. �ijk
�2� is termed the second-order

onlinear optical susceptibility. It is a third-rank tensor and
an be used to characterize the collagen structure. �ijk

�2� can be
xpressed by the third-rank d-tensor given by dijk=�ijk

�2� /2.

he effective d-value is written as def f = ê · d̃ : êê, where ê is a
nit vector describing the electric field or polarization field of

he light wave �E� = êE�. The tensor related to SHG, �ijk
�2�, re-

ects the symmetrical and nonlinear optical properties of the
aterial. Assuming that collagen has C�mm-symmetry along

he fiber19,20 and assuming Kleinman symmetry,21 the def f co-
fficient for parallel polarization relative to the polarization of
he laser beam is given by:
ournal of Biomedical Optics 054050-
def f�
2 = �3d16�cos � cos � − cos3 � cos3 �� + d22 cos3 � cos3 ��2,

�2�

where � is the angle in the xy-plane between the collagen
fiber axis and the electric field, and � is the angle between the
fiber and the xy-plane as described by Erikson et al.22 Maxi-
mum SHG intensity is obtained when the collagen fibers are
aligned parallel to the polarization direction of the laser beam,
i.e., �=0, and the collagen fibers are lying in the xy-plane,
i.e., �=0. In this case, def f� =d22, and this condition therefore
allows determination of d22 independent of the value of d16.

The SHG signal intensity for a focused Gaussian laser
beam is related to the def f coefficient by:20,23

I2� =
pI�

2 def f
2

n�
2 n2�

��
z0

z0+L exp�i�kz�
1 + iz/zR

dz�2

, �3�

where p is a parameter containing fundamental constants and
beam characteristics such as the Rayleigh radius zR and the
fundamental frequency, I� is the laser light intensity, nm� is
the refractive index at frequency m� �m=1,2�, def f is the
effective second-order nonlinear susceptibility, z0 represents
the value of z at the entrance to the nonlinear medium, L is
the length of the medium, and �k=4��	��−1�n�−n2�� is the
phase mismatch.

The d22 coefficient of collagen can be determined based on
the SHG signal intensity from collagen under �=0, �=0 con-
ditions and using a reference sample with known d22 coeffi-
cient. LiNbO3 crystal was used as a reference sample. The
SHG signal intensity was measured as the average intensity in
a given region of interest �ROI�. The d22 for collagen was
determined by:
d22collagen = d22LiNbO
3� I2�collagen

I2�LiNbO
3

�1/2	�n2�n�
2 �LiNbO

3

−1 
�
0

500 exp�i�kz�

1 + iz/zR

dz�
LiNbO

3

2

�n2�n�
2 �collagen

−1 
�
0

ts exp�i�kz�

1 + iz/zR

dz�
collagen

2 �
1/2

, �4�
here the thickness of the crystal and the tissue section was
00 
m and ts, respectively. The other parameters were

22,LiNbO3
=2.76 pm V−1, n�LiNbO3

=2.26, �nLiNbO3
=−0.2,

�collagen=1.5, �ncollagen=−0.03, where �n=n�−n2� �Refs.
0 and 24.

.2 Polarization of the SHG Signal
he efficiency of SHG light is sensitive to the collagen orien-

ation when the incident light is polarized,25 and hence the
olarization measurement of SHG light is effective in probing
he collagen orientation in the tissues.7,26 To quantify the col-
agen orientation in tissue, an empirical anisotropy parameter
as introduced:27
PA =
I� − I�

I� + I�

, �5�

where I� and I� were taken as the SHG intensity parallel and
perpendicular to the polarization of the incident laser beam,
respectively. The anisotropy parameter was used to quantify
the order of alignment of fibers, ranging from 1 for com-
pletely ordered fibers to 0 for fibers not aligned at all.

3 Material and Methods
3.1 Sample Preparation
To determine the optical susceptibility of collagen in tissue
sections, a 500 
m z-cut single-crystal LiNbO �1691-5 In-
3
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ad Northvale, New Jersey� of known second-order nonlinear
usceptibility was used as a reference sample.

Four human cell lines were grown as xenografts in
to 9-week-old female athymic BALB/c nu/nu mice

Taconic, M&B, Ry, Denmark�, by injecting 30 
l suspension
f 2�106 cells subcutaneously. Two osteosarcoma cell lines
HS28 and KPDX,29 one melanoma cell line FME,30 all es-

ablished at the Norwegian Radium Hospital, and one breast
umor line MCF7,31 from the American Type Culture Collec-
ion, were used. The xenografts were grown for 3 to 6 weeks,
nd tumor size varied from 500 to 1000 mm3. The animals
ere kept under pathogen-free conditions at a constant tem-
erature of 24 to 26°C, at a humidity of 30 to 50%, and
llowed food and water ad libitum. All animal experiments
ere carried out with ethical committee approval. The mice
ere sacrificed by cervical dislocation and the tumor excised.
orresponding normal tissue was prepared from femur, der-
is of the skin, and breast. The femurs were fixed in 4%

araformaldehyde and decalcified in 10% EDTA for 7 days
efore freezing. All tissue samples were embedded in Tissue
ec �O.C.T, Histolab Products, Gøteborg, Sweden� and frozen

n liquid N2, and 5-
m-thick sections were mounted on glass
lides. Two sections per tissue were imaged, and the sections
ere obtained from two different mice. The sections were

aken approximately 1 to 1.5 mm and 100 
m into the tumor
nd normal tissue, respectively.

.2 Staining with Picrosirius Red
ections were stained with Picrosirius red �Polyscience, Inc.,
arrington, Pennsylvania� for collagen detection. In our pro-

edure, Harris Hematoxylin �Sigma, St. Louis, Missouri� did
ot stain the nucleus and was therefore omitted. The sections
ere rinsed in water and incubated with 0.5% aqueous solu-

ion of Picrosirius red for 1 h at room temperature before
insing with 0.5% acetic acid �Merck, Darmstadt, Germany�.
he sections were imaged shortly after staining without any
xation.

.3 Two-Photon Microscopy
he SHG measurements were performed using a confocal la-
er scanning microscope �CLSM� �LSM Meta 510, Zeiss,
ermany� and a Plan-Neofluar 20� /0.5 objective. Samples
ere illuminated by a Ti:Sapphire laser �Mira Model 900-F,
oherent, Inc., Laser Group, Santa Clara, California� pumped
ith a 5-W Verdi laser. The SHG signal intensity was previ-
usly shown22 to yield the largest values between
00 to 810 nm and the samples were excited at 	=810 nm.
he laser beam had a pulse width of approximately
80 to 200 fs at the 76-MHz repetition rate. Maximum laser
utput at the objective was 15 mW. This effect was used for
maging tumor tissue, whereas approximately 70% and 40%
aser output were used for imaging normal tissue and the
iNbO3 crystal, respectively. A bandpass filter

385 to 425 nm� was placed in front of the photomultiplier
ube �PMT� detector. The SHG signal was detected in the
orward direction. This setup was used to image the collagen
istribution.

To determine the nonlinear second-order optical suscepti-
ility and the empirical anisotropy parameter, a rotation table
as used and the sample was rotated in the xy-plane with the
ournal of Biomedical Optics 054050-
excitation laser light propagating along the z axis, as de-
scribed by Erikson et al.22 The sample was rotated one full
revolution, and the SHG signal was imaged at every 10 deg.
SHG signal intensity was measured as described in Sec. 3.5.
A linear polarizer �analyzer� was placed after the sample, be-
tween the condenser and the detector, oriented parallel to the
linearly polarized laser light.

The Rayleigh radius of the laser beam was determined as
previously described22 and found to be zR=5 
m for the 20
� /0.5 objective used.

The reference SHG signal I2�LiNbO3
became saturated

when using the same laser power as for I2�collagen. To obtain
the correct reference value of I2�LiNbO3

in Eq. �4�, a nonlinear
calibration curve was established. The calibration curve was
based on measurements of I2�LiNbO3

by varying laser power
until signal saturation occurred and subsequently extrapolat-
ing the established calibration curve to the intensity corre-
sponding to collagen laser power.

In order to determine the location in tissue from where the
SHG signal emerged, the tissue was also imaged by light mi-
croscopy using differential interference contrast.

The CLSM was equipped with a Meta detector, which uses
a grating to disperse the emission light into 32 different chan-
nels at 10-nm intervals in the spectral range from
400 to 710 nm. The Meta detector, which operates in reflec-
tion mode, was used to study SHG spectra and spectra of
two-photon excited autofluorescence.

3.4 Polarization Microscopy
The Picrosirius red–stained samples were imaged with an
Olympus 1�70 microscope using a 20� /0.2 objective. Im-
ages were collected with a digital camera �Nikon Coolpix
995�. Picrosirius red is known to strongly enhance the bire-
fringence of collagen fibers and fibrils.32 To reveal this bire-
fringence, the images were recorded without or with a polar-
izer in front of the sample and an analyzer placed after the
sample perpendicular to the polarizer. In this way, the total
collagen and the collagen that possesses birefringence could
be compared.

3.5 Image Analysis
Thresholding was performed to exclude background and
noise. The threshold was set to a level where only one out of
a thousand pixels in a collagen-free background image would
be visible.

The percentage collagen area represents the collagen den-
sity and was determined as the number of pixels in a thres-
holded image �i.e., SHG pixels� divided by the total number
of pixels in the same image with no threshold�100.

Collagen fiber thickness was determined by placing a line
perpendicular to collagen fibers in the xy-plane, and a spe-
cially written program analyzed the intensity plot and calcu-
lated the fiber thickness, i.e., full width at half maximum
�FWHM�. The program was developed as a macro in ImageJ
�ImageJ, NIH, Bethesda, Maryland�.

Determination of the second-order nonlinear optical sus-
ceptibility �d22 coefficient� required placing a ROI. Each ROI
had to be manually marked in every thresholded image after
the 10-deg increment. Great care was taken when placing the
ROI to be sure that it was placed in the same area as the
September/October 2008 � Vol. 13�5�3
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revious image. Only circular ROIs were used. The size of the
OI was chosen to contain only well-ordered, collagen fibers.
ibers not aligned will give maximum intensity at different
zimuth angles, resulting in low d-values. Average SHG in-
ensity within the ROIs was calculated at every 10-deg incre-
ent. Maximum SHG intensity was obtained when the col-

agen fibers were oriented parallel to the polarization of the
aser beam, and this condition determined �=0. The maxi-

um SHG intensity measured was used to determine d22 from
q. �4�. SHG intensities obtained within the ROIs were trans-

erred to MATLAB �The MATH Works, Natick, Massachusetts�
or further analysis and for generating the polar plot by fitting
q. �2� to experimental data, using the calculated d22 as an

nput parameter and d16 as a free parameter.
A program for automatically placing the ROI in the images

as developed. The program was based on the Stackreg
lug-in for ImageJ.33 With some adjustment, this program ro-
ated and aligned images automatically before placing the
OI. However, d22 values obtained with the manually and
utomatically placed ROI showed some discrepancy; there-
ore, the more reliable manually placed ROIs were used.

Determination of the empirical anisotropy parameter was
ased on ROIs automatically placed in the image. Manually
nd automatically placed ROIs gave the same anisotropy val-
es. Automatic placing of square ROIs allowed measurements
f the entire image by placing the ROIs next to each other.
he alignments of the fibers and thus the anisotropy param-
ter will be sensitive to the size of the area investigated. ROIs
f sizes 54�54 
m2, 36�36 
m2, 18�18 
m2, and 9
9 
m2 were examined, and corresponding anisotropy val-

es calculated. ROIs with no collagen content were rejected
y thresholding. The SHG intensities parallel and perpendicu-
ar to the polarization of the incident laser beam were trans-
erred to MATLAB for calculation of the anisotropy parameter
Eq. �5��.

ig. 1 The distribution of collagen from the tumor periphery to the c
ensity measured as the % area containing SHG signal of the tissue s
ournal of Biomedical Optics 054050-
3.6 Statistical Analysis
Statistical significance between Gaussian-distributed data was
determined by a two-sample Student t-test �Minitab, Minitab,
Inc., State College, Pennsylvania�. The significance criterion
was p�0.05.

4 Results
4.1 General Description of the Collagen Structure
Image visualization of the collagen type I network in tumor
tissue by the SHG signal revealed few collagen fibers, being
both sparsely and heterogeneously distributed. At the periph-
ery of the tumor, a dense cap of collagen could be observed.
The cap was formed by long fibers oriented along the outer
periphery and shorter fragments facing inward. The collagen
fibers in the ECM farther away from the cap appeared short
and straight and formed single fibers or small bundles. The
apparent length of fibers depended on the angle between the
fiber and the xy-plane. A typical distribution of collagen fiber
type I with corresponding percentage of the area covered by
collagen �collagen density� is shown in Fig. 1 for a melanoma.
The osteosarcomas and breast carcinomas showed similar dis-
tributions. The collagen cap in the periphery represented ap-
proximately 50 to 60% of the area in this region, whereas only
0 to 9% of the section contained collagen farther into the
tumor. The sparsely detected collagen network may be due
partly to the SHG signal intensity not being sufficiently strong
to be detected.

In order to visualize not only collagen type I but also other
forms of collagen, the tissue sections were stained with Picro-
sirius red, which also binds to less crystalline collagen such as
types III and V �Ref. 5� and weakly to nonfibrillar collagen
type II �Ref. 34� and type IV �Ref. 35�. Picrosirius red is an
acidic dye, and collagen being rich in basic amino acids
strongly reacts with Picrosirius red. It also has the property of

part of a melanoma tissue section. �a� SHG image. �b� The collagen
entral
ection.
September/October 2008 � Vol. 13�5�4
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nhancing the birefringence of collagen fibers. Figure 2 com-
ares the collagen network visualized by SHG �panels
a�,�d�,�g��, collagen–Picrosirius red birefringence by polar-
zation microscopy �panels �b�,�e�,�h�� and collagen–
icrosirius red by bright-field microscopy �panels �c�,�f�,�i��.
steosarcoma, breast carcinoma, and melanoma are shown in

he upper, middle, and lower rows, respectively. In the bright-
eld image, collagen appeared red, whereas in polarization
icroscopy, the thickness of collagen fibers determined the

olor of Picrosirius red. Bright yellow to red corresponded to
hick collagen fibers, whereas thin collagen fibers were dis-
layed as green-yellowish.34 All three types of images dis-
layed collagen type I fibers clearly, and demonstrated that
ost of the collagen is of type I. The birefringence images

howed additionally some straight, thin green fibers that were
ot detected by SHG, and these were probably collagen type

ig. 2 The distribution of collagen in tumor tissue. Left column ��a�,
d�, and �g�� shows SHG images; middle column ��b�,�e�, and �h��
hows birefringence images of Picrosirius red stain collagen; and right
olumn ��c�, �f�, and �i�� shows bright-field images of Picrosirius red
tain collagen. The three tumor types OHS osteosarcoma ��a�, �b�, and
c��, MCF7 breast carcinoma ��d�, �e�, and �f��, and FME melanoma
�g�, �h�, and �i�� are shown.
ournal of Biomedical Optics 054050-
III. The red dots shown in the birefringence image may be
noncrystalline collagen fibers, collagen fragments, or vertical
fibers not being able to form an SHG signal �cos �=0,
Eq. �2��.

Normal tissue showed a different collagen content and dis-
tribution, and each of the three tissue types studied had their
own characteristics �Fig. 3�. In general, normal tissue had
much more collagen type I fibers, covering approximately
80% of the area in bone and 40% in breast and skin, and no
collagen cap was observed. The structure of collagen fibers
reflects physical properties of the tissue. In bone, which has to
withstand high tensile stress, the collagen fibers formed a
rather compact network with long collagen fibers aligned par-
allel to the axis of the femur. In dermis of the skin, which is

Fig. 3 The distribution of collagen in normal tissue. Left column ��a�,
�d�, and �g�� shows SHG images; middle column ��b�, �e�, and �h��
shows birefringence images of Picrosirius red stain collagen; and right
column ��c�, �f�, and �i�� shows bright-field images of Picrosirius red
stain collagen. The three normal tissue types bone/femur ��a�, �b�, and
�c��, breast tissue ��d�, �e�, and �f��, and skin/dermis ��g�, �h�, and �i��
are shown.
September/October 2008 � Vol. 13�5�5
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lastic and flexible, the collagen fibers appeared somewhat
rimped and formed a loose network of large bundles of col-
agen, with areas without visible collagen fibers between. The
ermal network did not have any specific orientation. Breast
issue also being elastic had a collagen network organization
imilar to skin, forming a loose network of bundles of col-
agen fibers. These bundles of collagen fibers were smaller
nd more crimped than in skin.

The birefringence images of normal tissues also revealed
ome fibers not detected by SHG. In addition, white spots
urrounded by red circular fibers were seen. This may be
lood vessels surrounded by collagen type III �Ref. 11�.

The diameters of collagen fibers in the various tissues were
ompared. No significant differences were found. The fibers
ad average diameters ranging from 1.60.5 
m
o 1.80.5 
m in the different tissues. However, it should be
oted that in diffraction-limited optical microscopy, the reso-
ution is given by the wavelength and numerical aperture
NA� of the objective, and for 	=810 nm and NA=0.5, the
esolution is approximately 1000 nm; thus, smaller fibers and
brils cannot be resolved.

.2 Emission Spectra
he spectra associated with the SHG signal and autofluores-
ence induced by two-photon absorption were compared for
he various tissues �Fig. 4�. Each spectrum was obtained from

small ROI in an image. All spectra revealed the character-
stic strong SHG signal as a narrow peak with maximum in-
ensity at 405 nm, which corresponds to half the excitation
avelength. At longer wavelengths, the emission associated
ith fluorescence showed a broad feature of much lower in-

ensity. This demonstrated that SHG was the dominating fea-
ure of the recorded images. At longer wavelengths, the emis-
ion spectra were broad with low intensity. This
utofluorescence is mainly due to collagen and elastin, which
re the two major proteins extracellularly contributing to
utofluorescence,36 and some cellular contributions may also
e included. Spectra from normal and malignant breast tissues
re shown in Figs. 4�a� and 4�b�, respectively, and the spectra

ig. 4 Emission spectra from �a� normal breast tissue and �b� breast
10 nm and emitted light detected from 380 to 520 nm. The intense
etected at longer wavelengths.
ournal of Biomedical Optics 054050-
are almost identical. Corresponding spectra from the other
tissues were similar. SHG gives clearly a higher signal-to-
noise ratio and thereby a better image than two-photon ex-
cited autofluorescence, although the combination of simulta-
neous SHG and two-photon autofluorescence is reported to
provide detailed structural information important in diagnosis
of diseases such as Alzheimer and cancer.11

4.3 Nonlinear Optical Susceptibility
Collagen is a hyperpolarizable material, and this property may
be quantified by determining the d22 coefficient, which repre-
sents the nonlinear optical susceptibility. The model described
in Eq. �2� was fitted to the experimental SHG intensities ob-
tained when rotating the tissue 360 deg and collecting an im-
age every 10 deg. Representative polar plots of the various
tissues are shown in Fig. 5. Both experimental data and the
fitted plots are shown.

Well-ordered areas display essentially the same polariza-
tion dependence in all the tissues investigated: The weakest
signal from the fibers was found when the fibers were oriented
perpendicular to the polarization of the incident laser beam.
The agreement between the measurements and the theoretical
model justifies the assumption made in the theory that col-
lagen fibers have C�mm-symmetry. Using an ROI containing
bent and crimped fibers resulted in an almost equal SHG sig-
nal at all angles �Fig. 6� that could not be fitted by the theo-
retical model. Thus, such areas were avoided.

Well-ordered collagen fibers in normal tissue had d22 val-
ues approximately twice as high as those found in tumor tis-
sue �Table 1�, and the d22 values were in the range
0.08 to 0.11 pm /V and 0.04 to 0.06 pm /V, respectively.
The differences in d22 values between tumor tissue and cor-
responding normal tissue were statistically significant. Only
bone/KPDX had a low d22 ratio of 1.2. KPDX had the highest
d22 coefficient of the tumor tissues, whereas OHS had the
lowest. Thus, there may be larger differences in the structural
d22 parameter for the same tumor type than between different
types such as sarcoma, carcinoma, and melanoma. Comparing
d values between tumor tissues, only d values for OHS

ma �MCF7�. The spectra are obtained with two-photon excitation at
at 405 nm represents the SHG signal, and weak autofluorescence is
carcino
peak
22 22

September/October 2008 � Vol. 13�5�6
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and KPDX were significantly different. In the group of nor-
mal tissues, the d22 value for bone was significantly lower
than the values for breast and skin.

The calculated d22 values depend on the thickness of the
collagen fibers and the difference in refractive indices �n

Table 1 Nonlinear optical susceptibility given by d22 coefficient in
normal and cancer tissue.a

d22 coefficient �pm/V�

Normal tissue Cancer tissue

Bone/femur -osteosarcoma
�OHS�

0.044±0.004

-osteosarcoma
�KPDX�

0.082±0.007 0.067±0.007

Breast -breast carcinoma
�MCF7�

0.110±0.018 0.061±0.009

Skin/dermis -melanoma
�FME�

0.096±0.016 0.057±0.006

aThe average d22 coefficients and standard deviation are based on a total of 10
ROIs from two sections.

muth angle �, and the graph fitted to the experimental data using Eq.
tumor tissue �d� osteosarcoma �OHS�, �e� breast cancer �MCF7�, and
straight collagen fibers.
ig. 5 Polar plots of experimental SHG data �points� as a function of the azi
2� �solid line�. Normal tissue �a� bone/femur, �b� breast, and �c� skin/dermis;
f� melanoma �FME�. The polar plots represent ROIs containing well-ordered
ig. 6 Polar plot of experimental SHG data as a function of the azi-
uth angle �. The polar plot represents an ROI containing bent col-

agen fibers. The SHG image �inset� shows the circular ROI used.
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n�−n2� �Eq. �4��. The estimated d22 values in Table 1 are
ased on the assumption that ts is equal to the section thick-
ess, i.e., 5 
m, although each individual fiber diameter was
easured to approximately 1.8 
m. The assumption is justi-
ed by the fact that the Rayleigh radius was 5 
m, and from

he fiber thickness in the z direction, which was obtained from
z-projections of a z-stack through collagen fibers and found
o be 3 to 4 
m in both normal and tumor tissue. However,
he low axial resolution excluded the characterization of fibers
hinner than 3 to 4 
m. Furthermore, calculation of d22 as a
unction of ts showed that when ts is in the range 3 to 5 
m,
he d22 coefficient is quite independent of thickness �Fig.
�a��.

Due to dispersion in collagen, there is a difference in the
efractive indices of the incident laser light n� and that of the
roduced SHG light n2�. �n=−0.03 was used for the calcu-
ated d22 values, in accordance with other reports.20 However,
alues of �n in the range −0.08 to −0.03 have been
eported.37,38 Changes in calculated d22 values when �n var-
es are shown in Fig. 7�b�. Small changes in �n, especially
hen �n�−0.04, have a large impact on the d22 value. The
acking and density of the collagen fibers are tissue specific,
nd if �n has a higher absolute value in normal tissue com-
ared with tumor tissue, the d22 value is underestimated and
ven higher in normal tissue than the values shown in Table 1.

The model for calculating d22 values is based on the as-
umption that the collagen fibers are located in the xy-plane,
.e., the plane of the frozen section. However, when cutting
he tissue into frozen sections, collagen fibers at different
ngles � relative to the sectioning plane are included. The
mpact of the angle � on d22 was therefore investigated �Fig.
�. Our estimation method for d22 is based on using data
orresponding to �=0, thus ideally eliminating the influence
f d16 on def f. However, for ��0, d16 will contribute to def f
ven if �=0. We have assumed d16=d22 /2 as a representative
alue of d16 �Ref. 22� to enable the simulation of Eq. �2� as a
unction of the tilt angle �. As shown in Fig. 8, d16 actually
ontributes in such a way that the value of def f is maintained
t the value corresponding to def f =d22 in the idealized situa-
ion of �=0 and �=0. Thus, for values ��30 deg the reduc-

ig. 7 Calculated d22 coefficient �Eq. �4�� as a function of �a� sample t
rbitrary units.
ournal of Biomedical Optics 054050-
tion in intensity value �def f
2 � is less than 5% relative to the

intensity value in the idealized situation ��=0 and �=0�. The
method of calculating d22 based on well-ordered parallel and
straight fibers oriented at angle �=0 therefore seems accept-
able, even in the presence of fibers tilted at angles � up to
30 deg.

Using a polarizer perpendicular to the polarization of the
laser beam, the d16 coefficient may be obtained.22 d16 may
also be determined using a parallel polarizer and using the d22
values as input for generating the best-fit values of d16 from
Eq. �2�. However, in a previous study of rat tail tendon, the
two approaches to estimate d16 showed some discrepancy,22

and reporting of d16 was omitted in the present study.

4.4 Polarization of the SHG Signal
The anisotropy parameter defined in Eq. �5� was used to com-
pare the orientation and degree of order of the collagen

s ts and �b� �n=n�−n2� due to dispersion in collagen. d22 is given in

Fig. 8 Simulation of Eq. �2� for �=0, showing the contribution of d22
and d16 to deff as a function of tilt angle �. A value of d16=d22/2 was
assumed for the simulation. All three graphs show contributions to
SHG signal intensity �based on squared d-coefficients�, i.e., the
d22

2 -term of Eq. �2� �dotted line�, deff
2 �solid line�, and the difference

�d2 −d2 -term�; dashed line due to the contribution from d .
hicknes
eff 22 16
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bers.27,39 The number of collagen fibers in the ROI used to
alculate the anisotropy parameter is of critical importance;
hus, anisotropy was calculated for ROIs of various sizes from
�9 
m2 to 54�54 
m2. From the histograms shown in
ig. 9, a broad distribution of anisotropy values was demon-
trated. In general, the tumor tissue had higher anisotropy
alues than normal tissue except for bone, which had values
imilar to tumor tissue. This difference was valid for all ROI
izes used. The higher anisotropy values found in tumor tissue
s caused by the low collagen content, i.e., few collagen fibers
ere found in the ROI, resulting in higher alignment order of

he analyzed contributions. In accordance with this, small
OIs showed higher polarization anisotropy values. The few
ollagen fibers in tumor tissue were straight and less crimped
ompared to normal tissue, as can also be concluded from
isual inspection of Fig. 2. In normal tissue, the ROIs con-
ained several fibers that may be oriented in different direc-
ions. However, in femur, a more well ordered collagen net-
ork was observed �Fig. 3�, resulting in higher anisotropy
alues than in breast and skin.

Discussion
.1 Collagen Distribution
he collagen networks in tumor tissues and their correspond-

ng normal tissues were strikingly different, suggesting that
he collagen networks in tumor tissue have lost most of their
ormal functions. Consistent with our work measuring the
ollagen network by SHG, detection of collagen by other
ethods, such as light and electron microscopy as well as

iochemical methods, revealed lower collagen density in tu-
or tissues compared to their corresponding normal

ig. 9 Anisotropy parameter �Eq. �5�� calculated for various sizes of R
he bar sequence from left to right. Histograms show the frequency of t
c� skin/dermis and for tumor tissue �d� osteosarcoma �OHS�, �e� brea
ournal of Biomedical Optics 054050-
tissues.16,17,40 The difference is probably caused by increased
metalloproteinase expression and activity produced by the tu-
mor cells and stromal cells of the host as well as larger extra-
cellular space in tumors.41 Production of the ECM constitu-
ents depends on interactions between normal stromal cells and
tumor cells, which stimulate and regulate stromal cells to pro-
duce an optimal environment for the growth of tumor cells.
Fibroblasts are the main producer of ECM components, al-
though sarcoma cells can also contribute, whereas carcinoma
cells have less impact.42 Despite this difference in the regula-
tion of the production of ECM, osteosarcoma, breast carci-
noma, and melanoma were found to have a similar collagen
network. The cap of collagen surrounding the tumors has also
been seen in other studies and is suggested to be caused by the
tumor cells pushing aside preexisting collagen bundles of the
connective tissue in order to get space,17 as well as by inter-
actions between the host mesenchymal cells and tumor cells.42

5.2 Nonlinear Optical Susceptibility
The intensity and polarization dependency of the SHG signal
reflect the structure of the fibrils,43 and normal tissue emitted
more intense SHG light than tumor tissue. The maximum sig-
nal intensity occurs when fibers are aligned parallel to the
polarization direction of the laser beam, and these SHG inten-
sities resulted in higher d22 values in normal tissue compared
to tumor tissue, although collagen fibers in breast and skin
appeared crimped, not displaying parallel orientation. Assum-
ing the same sample thickness and same extent of dispersion
in normal and tumor tissues, the d22 coefficients were ap-
proximately twice as high in normal tissues compared to tu-
mor tissues. However, the birefringence image of Picrosirius

�54 
m2, 36�36 
m2, 18�18 
m2, and 9�9 
m2, indicated by
ous anisotropy values for normal tissue �a� bone/femur, �b� breast, and
er �MCF7�, and �f� melanoma �FME�.
OIs 54
he vari
st canc
September/October 2008 � Vol. 13�5�9



r
s
p
fi
t

s
e
m
b
f
i
p
t
i
h
i
o
c
r
T
S
l
t

5
A
n
o
t
b
t
fl
s
t
h
F
a
s
t
f

5
T
o
t
w
s
s
f
s
s
p
b
i
i

c
d
r

Hompland et al.: Second-harmonic generation in collagen as a potential cancer…

J

ed–stained tissues section showed a red shift in normal tis-
ues corresponding to thicker fibers. The thickness varied
robably between 3 to 5 
m, and in this range, the d22 coef-
cient was shown to be essentially independent of the fiber

hickness.
The generation of the SHG signal is not clearly under-

tood. Packing of the triple helix into fibrils and fibers is
ssential, and the packing depends among other things on the
icroenvironment. A hostile microenvironment characterized

y low pH, high ionic strength, and high enzymatic activity as
ound in tumors is reported to reduce the SHG signal
ntensity.1 The orientation of neighboring fibrils is another im-
ortant factor. The degree of parallel and antiparallel orienta-
ion of neighboring fibrils is suggested to determine the SHG
ntensity because parallel orientation may give coherent en-
ancement of the SHG signal, whereas antiparallel orientation
ntroduces destructive interference.20 The conventional model
f collagen fibers consisting of fibrils forming a more or less
ompact structure has been challenged both by high-
esolution SHG imaging7 and by atomic force microscopy.44

hese studies indicate a hollow tube-like structure, and the
HG signal is reported to emerge from the thin layer of col-

agen fibrils forming the outer wall of the tube and not from
he interior of the fibrils.7

.3 Polarization of the SHG Signal
n empirical anisotropy parameter may be a valuable diag-
ostic parameter, providing information about the orientation
f collagen fibers. Collagen fiber orientation is closely related
o the structure and function of the tissue.27 A comparison
etween four polarimetric optical methods, reflected and
ransmitted fundamental light, two-photon excitation auto-
uorescence, and SHG, showed that SHG was the most sen-
itive to collagen orientation.45 In the present work, tumor
issues having few and straight collagen fibers displayed
igher anisotropy values than normal skin and breast tissues.
emur, which has a more well ordered collagen network, had
nisotropy values close to osteosarcoma. Although caution
hould be taken using this parameter as a diagnostic indica-
ion on its own, it may provide important complementary in-
ormation.

.4 Clinical Implication
he ability to visualize the collagen network both in sections
f tumors and nondestructively in vivo is of clinical impor-
ance. Miniaturization of two-photon microscopes combined
ith fiber endoscopy may be used to determine the collagen

ignature in vivo.46–49 Imaging endoscopes rely on the back-
cattered SHG signal, and although the SHG signal in the
orward direction is dominating,5,7 the backscattered signal is
hown to be sufficient for collagen detection.12,13 The SHG
ignal from immature thin fibrils has even been shown to be
rominent in the backscattered direction, whereas mature fi-
ers produce more forward-directed SHG.7 This may be of
mportance for the detection of collagen in tumor tissues hav-
ng more immature fibrils.

Low collagen density was in the present work shown to
orrelate with cancer, and the collagen density may also pre-
ict progression and prognosis.50 However, there are a few
eports describing higher collagen level in tumor tissue com-
ournal of Biomedical Optics 054050-1
pared to corresponding normal tissue.51,52 Collagen can be
characterized by its distribution and content, as well as struc-
tural parameters. The present work suggests that collagen den-
sity is a sufficient parameter for detection of cancer, and more
sophisticated structural parameters based on polarization-
dependent SHG intensity may not provide additional diagnos-
tic information. However, such measurements are of impor-
tance to understand more about collagen fibrillogenesis and
the generation and molecular source of the second-harmonic
signal.
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