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bstract. Pulse-modulated second harmonic imaging mi-
roscopes �PM-SHIMs� exhibit improved signal-to-noise
atio �SNR� over conventional SHIMs on sensitive imaging
nd quantification of weak collagen signals inside tissues.
e quantify the spatial distribution of sparse collagen in-

ide a xenograft model of human acute myeloid leukemia
AML� tumor specimens treated with a new drug against
eceptor tyrosine kinase �ABT-869�, and observe a signifi-
ant increase in collagen area percentage, collagen fiber
ength, fiber width, and fiber number after chemotherapy.
his finding reveals new insights into tumor responses to
hemotherapy and suggests caution in developing new
rugs and therapeutic regimens against cancers. © 2010 So-
iety of Photo-Optical Instrumentation Engineers. �DOI: 10.1117/1.3497565�

eywords: pulse modulation; second harmonic generation imaging;
ollagen modulation postchemotherapy; drug resistance.
aper 10257R received May 12, 2010; revised manuscript received
ug. 5, 2010; accepted for publication Aug. 27, 2010; published on-

ine Oct. 14, 2010.

Introduction
rug development involves testing drug efficacy in animal
odels before clinical trials. It is important that the animal
odels of human diseases accurately recapitulate the patho-

hysiology and drug responses in the human body. It is also
ery important that the drug efficacy measurements are sensi-
ive spatially and temporally. We have previously developed a
enograft model of human acute myeloid leukemia �AML� in
evere combined immunodeficiency �SCID� mice and tested
he efficacy of a newly developed compound �ABT-869�
gainst tyrosine kinase receptors that demonstrated efficacy in
educing tumor size.1 An important issue that arises is whether
he drug efficacy is sustained throughout the course of treat-

ent to ensure the eventual elimination of last traces of can-
er cells with suitable regimens or combination therapy.

As early 1986, Dvorak proposed that human tumors were
ctual “…wounds that do not heal.”2 Thus, using chemo-
herapy to treat cancer could induce a wound-healing re-
ponse. Early effusion by histamine and enhancement of col-
agen biosynthesis contribute to the wound-healing process.
ndeed, this phenomenon has been well documented in clini-
al observations. One main side effect of Bleomycin, an anti-
umor antibiotic, is lung fibrosis caused by enhanced produc-
ion and deposition of collagen. Mitomycin C, an alkylating
gent, induces an aberrant wound-healing response.3 Further-
ore, the study of Tsuchiya et al. reveals that type-5 collagen

s significantly increased on the surface of bone in osteosar-
oma patients after treatment with two commonly used
hemodrugs: cisplatin and methotrexate.4 These findings sug-
est it is very likely that tumor cells are directly stimulated by
hemotherapy to produce collagen. More recently, circulating
ollagen 4 has been identified as a biomarker of drug resis-
ance to antiangiogenic therapy.5 Taken together, this evidence
uggests that it is possible that the local wound-healing re-
ponses to anticancer drug treatment can impede further drug
fficacy. We hypothesize that quantifying the spatial distribu-
ion of collagen inside tumors will yield a highly sensitive

eans to directly monitor the drug-induced barriers to further
fficacy, and become a powerful tool to aid in the develop-
ent of drug combinations or regimens that remain effica-
ournal of Biomedical Optics 056016-
cious to achieve complete tumor cell elimination. Understand-
ing the process of collagen remodeling inside tumors will
require more sophisticated tools for quantification.

In pursuing a quantitative tool to study the impact of che-
motherapy in collagen production, we optically quantify the
collagen before and after chemotherapy in tumors to investi-
gate whether chemotherapy would induce collagen build-up
inside tumors, which can impede drug delivery in subsequent
chemotherapy. Collagen can be optically quantified in tissues
by second harmonic generation �SHG� imaging, which visu-
alizes noncentrosymmetric biomolecules such as myosin, and
collagen types 1 and 4.6,7 SHG imaging is especially suitable
for tumor pathology studies, as there are no staining processes
involved and thin tissue sections are not required, making
sample preparation simple.8,9 The pulsed light source delivers
high intensity laser pulses to the sample in femtosecond bursts
with lower average power, reducing tissue damage. It is a
quantitative technique, as it is not affected by dye concentra-
tions or photobleaching problems.10 Since SHG is a second-
order phenomenon, the excitation signal can be confined in a
small interrogation volume, reducing photodamage.11 The
SHG imaging system has increased penetration depth com-
pared to microscopes using lasers in the visible range, as the
near-infrared source used in SHG systems is able to propagate
deeper into the tissue,12,13 which is useful for studies in vitro
or in vivo.14–18 Though we are not performing deep tissue
imaging, the increased penetration depth can be exploited in
future endoscopic and in-vivo imaging. SHG imaging of col-
lagen in cancer models has been qualitatively demonstrated in
melanoma, breast cancer, cervical, and ovarian cancer in ani-
mal and human studies.19–23 In the case of melanoma,24 the
skin is a relatively accessible organ with a rich supply of
collagen, and hence backward SHG of collagen fibers up to
the depth of the melanoma capsule is possible; but within the
actual tumor mass in melanoma, collagen fibers are reported
to be sparse.25 In the case of solid tumors deep inside the host
tissue, some studies focused on the stromal regions surround-
ing the tumor,26,27 while others who imaged the regions within
the tumor qualitatively observed disruption in collagen fibers
and loss of fine fibrils.23,28–30 Quantification of the fibers in the
tumor interior have been reported to be difficult.31 Therefore,
we have improved the conventional SHG imaging microscope
�conventional SHIM� with a prism-based pulse modulator to
quantify collagen with a pulse-modulated second harmonic
imaging microscope �PM-SHIM� to visualize the fine fibrils
within the tumor, and be able to quantify the collagen changes
after drug administration to a xenograft model of human can-
cer.

The positive chirp or dispersion introduced by the optical
components in the imaging system introduce group velocity
dispersion �GVD�, where the longer wavelength light in the
pulse travels faster than the shorter wavelength light.32,33 This
results in pulse broadening and reduction in peak power. SHG
depends directly on the peak power delivered to the sample,
thus GVD reduces the SHG susceptibility of the sample. Pulse
modulators can be introduced in the optical path of the micro-
scope to introduce negative chirp that counteracts the positive
chirp introduced by dispersive optical components.34 SHG
signals have been pulse modulated to improve signal-to-noise
ratio �SNR� in qualitatively imaging human skin and mouse
kidney.35,36 We have demonstrated that the increased sensitiv-
September/October 2010 � Vol. 15�5�2
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ty of PM-SHIM to quantify collagen in tumor allowed us to
irectly test the hypothesis that chemotherapy can increase
ollagen fibers inside tumors to impede further therapeutic
fficacy of chemotherapeutic agents.

Materials and Methods
.1 Imaging System
he light source used is an ultrafast laser operating at 900 nm
ith 100-fs pulse duration �Mai Tai Titanium Sapphire Laser,
pectraphysics, Newport Corporation, Irvine, California�. The

maging was performed using a confocal microscope �LSM
10 Meta, Carl Zeiss GmbH, Jena, Germany�. A source laser
asses through the prism-based pulse compressor �Femto
ontrol, APE GmbH, Berlin Germany� followed by the
cousto-optic modulator �AOM�, and is then focused on the

AOM

f
Pulse Compressor

P1

P2

SHG PMT

TPEF PMT

Microscope

M1

SP Filter

M3

M2

BP Filter
Sample

Chirp Analyser

AC B

ig. 1 Schematic of the PM-SHIM setup. The setup of the PM-SHIM is
n the right. The PM-SHIM consists of a femtosecond �fs� laser follow
OM is used to modulate the power delivered to the sample using a d

ignals from the samples pass through a bandpass �BP� and short-pass
ollected using a photomultiplier tube �PMT�. �a�, �b�, and �c� are thre
he laser beam from the femtosecond laser, �a� before the AOM, �b� af
irrors �M1 to M6� and a beamsplitter. The beamsplitter �BS� is used

n �c�, and then is used to guide by means of mirrors to the chirp ana
ournal of Biomedical Optics 056016-
sample with a 20� objective lens with numerical aperture
�NA�=0.5. The SHG signal was measured on the other side
of the sample, filtered through a 450-nm bandpass �BP� filter
�full-width half-maximum=10 nm� before reaching the pho-
tomultiplier tube �PMT� �R6357, Hamamatsu Photonics,
Hamamatsu City, Japan�. The schematic of the microscope
setup is shown in Fig. 1�a�.

A chirp analyzer �GRating-Eliminated No-nonsense Obser-
vation of Ultrafast Incident Laser Light E-fields, Swamp Op-
tics, Atlanta, Georgia� was used for measuring the dispersion
profile of the laser resulting from pulse compression.37 The
beam profile was measured at three locations: 1. before the
AOM, 2. after the AOM, and 3. at the sample stage �see Fig.
1�a��. The optical setups for all the measurements are shown
in Fig. 1�b�. For all positions, pulse duration was optimized

fs Laser
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M4

Chirp Analyzer
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BS
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M7 M6
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M2
M3

M4
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fs Laser

(a)

(c)

(b)

on the left and the alignment configuration for chirp analysis is shown
he pulse compressor, AOM, and the confocal microscope setup. The
n grating. The laser beam reaches the sample, and the SHG and TPEF
ter in transmission and reflection modes, respectively. The signals are
ons at which the laser beam is characterized using the chirp analyzer.
OM, and �c� at the sample stage is guided to the chirp analyzer using

ce the laser power by 50% in �a� and to split the beams orthogonally
s Laser

shown
ed by t
iffractio
�SP� fil

e positi
ter the A
to redu
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September/October 2010 � Vol. 15�5�3



b
p

2

2
A
R
w
s
2
a

2
F
�
R
g
j
f
A
t
s
g
�
T
v
t
p
m
a
t
a
0
t
a
a
s
h
a
i
a
p
s
s
t
1
c
a

2
T
T
8
W

Raja et al.: Pulse-modulated second harmonic imaging microscope quantitatively demonstrates…

J

y systematically adjusting the prism positions inside the
ulse compressor.

.2 Xenograft Model, Tissue Isolation, and Collagen
Hydrogel Preparation

.2.1 Cell culture
cute myeloid leukemia MV4-11 cells were cultured with
PMI1640 �Invitrogen, Carlsbad, California� supplemented
ith the addition of 10% fetal bovine serum �FBS, JRH Bio-

cience Incorporated, Lenexa, Kansas� at a density of
to 10�105 cells ml−1 in a humid incubator with 5% CO2

t 37 °C.

.2.2 Animals
emale severe combined immunodeficiency �SCID� mice
17 to 20 g, 4 to 6 weeks old� were purchased from Animal
esources Centre �Canning Vale, Australia�. Exponentially
rowing MV4-11 cells �5�106� were subcutaneously in-
ected into loose skin between the shoulder blades and left
ront leg of 14 recipient mice, inducing one tumor per mice.
ll treatment was started 25 days after cell injection, when

he mice had palpable tumors of 300 to 400 mm3 average
ize. ABT-869 was administrated at 15-mg-kg−1 day−1 by oral
avage daily. ABT-869 was provided by Abbott Laboratories
Chicago, Illinois� and prepared as published previously.38

he length L and width W of the tumor was measured using a
ernier caliper, and the tumor volume was calculated as per
he formula �L�W2� /2. The tumor volume was measured
rior to �on days 25 and 28� and during the course of treat-
ent �on days 30, 32, and 35�. The protocol was reviewed and

pproved by the Institutional Animal Care and Use Commit-
ee �IACUC� in compliance with the guidelines on the care
nd use of animals for scientific purposes �protocol number
50118�. After completion of treatment, animals �seven
reated, seven control� were anesthetized using a 90-mg ket-
mine and 9-mg xylazine mixture. The skin flap was opened,
nd the chest cavity was exposed to perform a cardiac perfu-
ion of saline to flush out blood and then 4% paraformalde-
yde �PFA� to fix the tissues. One tumor per mice, the liver,
nd some muscle tissue were isolated and frozen immediately
n liquid nitrogen. Tissues were sectioned at 40 �m for im-
ging and 5 �m for histology. Collagen hydrogel was pre-
ared by mixing 0.49-ml rat tail type-1 collagen �BD Bio-
ciences, San Jose, California�, 100-�l phosphate buffered
aline �PBS�, and 0.41-ml 0.025-M sodium hydroxide to ob-
ain a 4-mg ml−1, pH 7.4 neutralized collagen solution.
00 �l of the solution was pipetted onto a 0.17-mm-thick
overslip and dried at room temperature for 48 h before im-
ging.

.3 Histology
he sliced tissue samples were stained with a Masson
richrome �MT� stain kit �ChromaView advanced testing,
7019, Richard-Allan Scientific, Thermo Fisher Scientific,
athan, Massachusetts� and imaged �IX51, Olympus�.
ournal of Biomedical Optics 056016-
2.4 Image Acquisition and Signal-to-Noise Ratio
Analysis

Conventional SHG images were taken without pulse compres-
sion, in which the laser bypasses the pulse compressor prisms
and is routed directly to the microscope. PM-SHIM images
were taken when the pulse duration was minimized with op-
timized pulse compression. All samples, including muscle,
liver, and collagen hydrogels, were imaged with both conven-
tional SHIM and PM-SHIM. The average laser power outside
the laser was 1.42 W and attenuated to 50 mW at the sample
stage. The PMT voltage was set at 900 V for all recordings.
In all cases, we recorded a background image using plain
glasses as dark background levels for signal processing. We
used the 20� objective to obtain 460�460-�m, 512
�512 pixel images. Nine such images were stitched to obtain
the tile scan image of 1382�1382-�m, 1536�1536 pixel
images. The tile scan images were used for analysis purposes.
SNR was defined as the average pixel intensity value of SHG
signal to the background intensity acquired earlier from the
plain glass. SNR of conventional SHIM and PM-SHIM was
compared directly by dividing one SNR with the other. The
SNR calculation was repeated 50 times, and an average SNR
and standard deviation was calculated.

2.5 Image Acquisition and Quantification of
Collagen Remodeling in Tumor Samples

PM-SHIM and conventional SHIM images of the tumor
sample were acquired using a 20� objective. Nine images of
512�512 pixels, 460�460 �m were taken per tumor
sample in the tumor interior 200 �m from the tumor bound-
ary to avoid the collagen concentration spikes in the tumor
boundary. Images were acquired at a depth of 20 �m in the
40-�m tissue section. The tissue section imaged was sliced
about 1 mm deep into the tumor. An image segmentation al-
gorithm based on a mixture Gaussian model was performed to
remove background and noise. It is assumed that the intensity
of pixels in the image can be modeled as the mixture of two
Gaussian distributions, one representing the collagen area
with strong SHG signals, and the other representing the
background. Using the expectation-maximization �EM�
algorithm,39 the parameters of the Gaussian distributions that
model the peak intensity of pixels in the image was found. A
binary image was generated by applying a value of 1 to all
pixels having intensity that belongs to the Gaussian distribu-
tion representing the collagen area, and a value of 0 to the rest
of the pixels.

We quantified four parameters, namely collagen area per-
centage, fiber number, fiber length, and fiber width. The per-
centage of collagen area was determined as the number of
pixels that are segmented as collagen divided by the total
number of pixels in the same image. After collagen segmen-
tation, the distance transform is first performed on the binary
image, which calculates the distance from a fiber pixel to a
background pixel. After thresholding of the distance function,
global maximum points are identified as the cross-link points.
Starting from these cross-link points, fibers are traced through
several local maxima points until the end of the fiber or an-
other cross-link point is reached. The skeleton of each fiber in
the image is extracted by connecting cross-link points and
local maxima points. Then, the number of fibers, average fiber
September/October 2010 � Vol. 15�5�4
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ength, and average fiber width are quantified.40 All image
rocessing and algorithm execution were carried out using
ATLAB �The Math Works, Incorporated, Natick, Massa-

husetts�. The image processing algorithm code is available
or readers on request.

Results and Discussion
e systematically optimized the PM-SHIM by using a chirp

nalyzer to characterize both the spatial and temporal profiles
o determine the optimal pulse compression. With the opti-

ized PM-SHIM, we observed a significant SNR improve-
ent, as high as 3.2 times, in all biological samples. In addi-

ion, we could visualize and differentiate the collagen fibers in
he drug-treated and control tumor samples. We have directly
bserved that collagen quantity inside tumors increased sig-
ificantly in the drug-treated group compared to the control
roup, and found a distinct difference in morphological fea-
ures from both groups. These findings are being reported for
he first time because of the superior excitation and detection
ensitivity in PM-SHIM over the conventional SHIM, and
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ig. 2 Chirp analyses of the laser beam of the PM-SHIM for optim
emtosecond �fs� and �b� pulse width in nanometers for different pri
triangles� are shown. The maximum pulse duration after dispersion is
ptimized prism positions are 1100 for prism 1 and 2100 for prism 2
rofile—pulse duration in fs �right column� of the laser beam before
ine� and conventional SHIM �solid line�. The dispersion affects the p
ournal of Biomedical Optics 056016-
they correlate well with the deterioration of the chemothera-
peutic effects of anticancer compounds in animal models over
time.

3.1 Pulse Compressor Optimization
In Fig. 2, the optimization of prism positions in the pulse
compressor to obtain the best pulse modulation is shown. Fig-
ure 2�a� shows the pulse duration plots and Fig. 2�b� shows
the pulse width plots at various prism positions. The opti-
mized prism 1 position was found to be 1100 and the opti-
mized prism 2 position was 2100. The spectral and temporal
profiles of the beam measured at three different locations are
shown in Fig. 2�c�, in which the beam profile in the PM-
SHIM and conventional SHIM are shown in dotted and solid
lines, respectively. The pulse width reduced from
14 to 13.18 nm in the PM-SHIM, and the pulse duration im-
proved from 215 fs �conventional SHIM� to 96 fs �PM-
SHIM�. We improved the peak power delivered to the sample
from 2.3 to 6.5 KW after pulse modulation. We can also see
that dispersion introduced by the optical components affects
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ostly the pulse duration instead of the pulse width. The
ulse duration measurement at the sample stage was taken
rom the reflection of the signal from the sample stage. In
ffect, the light is traveling through the microscope compo-
ents twice, and the pulse duration measured at the end point
as 115 fs. Thus, the pulse duration of the beam reaching the

ample is estimated to be less than 115 fs and more than 96 fs
pulse duration measured before entering the microscope�.

.2 Signal-to-Noise Ratio Improvement in the
Pulse-Modulated Second Harmonic
Imaging Microscope

HG images from collagen gels, liver, and muscle sections in
he conventional SHIM and PM-SHIM are shown in Fig. 3.
he SHG image obtained from the collagen fibers in the gel
onstruct using the conventional SHIM �Fig. 3�a�� is not clear,
hile those obtained using PM-SHIM are brighter and sharper

Fig. 3�d��. Figures 3�b� and 3�e� show the portal triads as
ell as the liver parenchyma in liver lobules imaged with

onventional SHIM and PM-SHIM. The SHG signal gener-
ted by collagen is shown in the green channel, and the two-
hoton excited fluorescence �TPEF� in the hepatocytes is
hown in the red channel. The smaller collagen fibers in the
iver parenchyma are clearly visualized with PM-SHIM but
ot with SHIM. Similarly, with mouse thigh muscle, the indi-
idual muscle fibers and the collagen fibrils surrounding the
uscle fibers cannot be visualized with conventional SHIM

Fig. 3�c��, but only with PM-SHIM �Fig. 3�f��.The ratio of
NR from PM-SHIM and SHIM is shown in the lower right
orners of the images. On average, there is a 3.3�0.9-fold
mprovement for collagen gels, 2.5�0.7-fold increase for
iver tissue, and 2.1�0.4-fold SNR improvement in muscle
amples.

We have demonstrated a marked improvement for collagen
isualization with more than two-fold improvement in SNR.
s SHG is a stain-free imaging system, the SHG signal inten-

3.3±0.9 2.5±0.7 2.1±0.4

P
M
-S
H
IM

C
on
ve
nt
io
na
lS
H
IM

Collagen Gel MuscleLiver
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ig. 3 Collagen gels, liver, and muscle samples exhibit improved SNR
ith PM-SHIM. Samples demonstrating the improvement of SHG and
PEF signals in collagen gels ��a� and �d��, liver tissue slice ��b� and
e��, and mouse thigh muscle ��c� and �f��. The degree of SNR im-
rovement is indicated on the improved images in the right bottom
orner. The visualization of small collagen fibers in the liver paren-
hyma �e� and the small collagen fibrils in the muscle sample �f� is
ade possible with pulse modulation. Scale bar: 50 �m.
ournal of Biomedical Optics 056016-
sity observed correlates directly to the collagen amount
present in the sample rather than the quantity of dye present in
the sample. It also helps in rapid sample preparation, making
it an easy technique for imaging biopsy samples, where the
tissue can be imaged using PM-SHIM and then used for other
routine histology techniques.

3.3 Collagen Modulation on Drug Administration
Visualized with Pulse-Modulated Second
Harmonic Imaging Microscope

The in-vivo activity of ABT-869 on MV4-11 xenograft tumors
was evaluated previously.1 The tumors were reduced to unpal-
pable size but the tumor cells were not completely eliminated
by the drug treatment. In the PM-SHIM, the collagen fiber
distribution in the drug-treated and control group was clearly
visualized �Figs. 4�a� and 4�b��, while in the conventional
SHIM very few collagen fibers can be visualized in the tumor
stroma, even with maximized laser power and detector sensi-
tivity �Figs. 4�c� and 4�d��. The Masson’s Trichrome stain
reveals some differences in collagen distribution between
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Fig. 4 Collagen fibers in chemotherapy drug-treated samples can be
clearly visualized using the PM-SHIM. Representative images of tumor
samples before and after chemotherapy are shown. �a� and �b� show
images taken with conventional SHIM, �c� and �d� show images taken
with PM-SHIM, and �e� and �f� show the Masson’s trichrome stained
slides of the drug-treated and control samples, respectively. The laser
power used to excite the samples with conventional SHIM was 10%
higher than with PM-SHIM. The smaller fibers are visualized by the
PM-SHIM, which are not excited with conventional SHIM. Scale bar:
50 �m.
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reated and control samples �Figs. 4�e� and 4�f�� in semiquan-
itative manners.41,42

Collagen fiber contents in the tumors were quantitatively
nalyzed comparing nine images �460�460 �m each� from
even treated and seven control tumors. The collagen fiber
umber and collagen area percentage of the treated and con-
rol tumors are shown in Fig. 5. The drug-treated group is
hown by the white bar and the control group by the black bar
or both PM-SHIM and conventional SHIM systems. We have
ound that by using PM-SHIM, the number of collagen fibers
s much higher in the drug-treated group �Fig. 5�a�,
470.8�1092 fibers /mm2� than the control group �Fig. 5�a�,
131.7�315 fibers /mm2� with p�0.0002. In the conven-
ional SHIM, the fiber numbers were
208.6�107.3 fibers /mm2 for the treated group and
86.9�104 fibers /mm2 for the control group with p
0.079. As shown in Fig. 5�b�, by using PM-SHIM the col-
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ig. 5 Quantification of collagen properties in drug-treated samples s
he collagen fiber number and area percentage are shown in �a� an
ontrol �black bars� samples with PM-SHIM and with conventional SH
ollagen fiber number and p�0.0004** for collagen area percentage w
HIM. The difference in the collagen parameters between the drug-tre
ormula used to measure the tumor volume is shown in �c�. The tumo
ercentage volume change per day between the data points are mark
ournal of Biomedical Optics 056016-
lagen area percentage of the drug-treated group was
7.9�3%, while that of the control group was 2.0�0.2%. In
the conventional SHIM, the percentages were 2.1�0.7 and
0.8�0.3% for the treated and control groups, respectively.
On comparing the treated and control samples using a Stu-
dent’s t-test, the percentage calculated from the PM-SHIM
images showed a statistical significance of p�0.0004, and
for the conventional SHIM it was p�0.094.

On quantifying the collagen fiber lengths and widths, we
found that we were able to detect longer and wider fibers in
the treated group using PM-SHIM. The longest fiber we de-
tected in the treated group using PM-SHIM was 155.2 �m,
while that of the fibers visualized using conventional SHIM
was 48.8 �m. The longest fiber for the control group visual-
ized using PM-SHIM was 55.7 �m, and that using conven-
tional SHIM was 32.9 �m. Similarly, the widest fiber we de-
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ected in the treated group using PM-SHIM was 77 �m,
hile that of the fibers visualized using conventional SHIM
as only 17 �m. The longest fiber for the control group vi-

ualized using PM-SHIM was 12.6 �m, and that using con-
entional SHIM was 11.7 �m. This shows that there were
everal disconnects in the fibers visualized using conventional
HIM, hence segmenting the same fiber into smaller, thinner
bers. Even though the fibers were segmented, the overall
umber of fibers detected was not elevated in the conven-
ional SHIM, as many of the fiber signals were too weak to be
etected.

The frequency distributions of the length and width of the
bers for the treated group and control group imaged with
M-SHIM and conventional SHIM �solid squares and tri-
ngles� are shown in graphs 1 and 2 on the left side of Fig. 6,
espectively. Regions of the plot are enlarged to show clearly
he length and width distribution of the fibers in Figs.
�a�–6�d�. It is evident from the enlarged graphs that only the
ength and width distribution of PM-SHIM is distinguishable
etween the treated and control groups.

In our tumor volume measurements �method to calculate
umor volume is shown in Fig. 5�c��, we find that the percent
umor volume reduction is 24.7% per day in the first two
ays of treatment, while it decreases to 10.3% per day in the
ext three days of treatment, as shown in Fig. 5�d�. This drop
n percent of tumor volume reduction per day could indicate
eduction of efficacy of chemotherapy due to hindrance
aused by the wound-healing response. This correlates with
ur data that collagen increases after treatment.

The fibers observed in the control group include a few
hick and long fibers, representing more mature fibers, and
ome scattered small and thin fibers that appear as speckles,
epresenting less mature fibers or degrading fibers. In the
rug-treated group, we observe branched and shorter fibers
onnected to the long mature fibers, and the fibers appeared to
e brighter in general. Not many speckled collagen structures
ere observed in the drug-treated group. The reduced speckle

ontent in the drug-treated sample could indicate lower deg-
adation of the collagen fiber. The brighter short fibers could
ndicate more collagen production, and the long thick fibers
epresent fiber maturation in the drug-treated group. ABT-869
s a multitargeted receptor tyrosine kinase inhibitor targeting

ainly the vascular endothelial growth factor receptors
VEGFR� and platelet derived growth factor receptors
PDGFR�. PDGFRs have been shown to activate collagen
roduction in sclerosis models.43 Thus, ABT-869 blocking
DGFRs should theoretically down-regulate collagen produc-

ion, which cannot explain the observed up-regulation of col-
agen production in the tumors. It is more likely that the che-

otherapy triggers a wound-healing response, resulting in the
roduction of new collagen fibers and reduced degradation of
he existing fibers.

One of the hallmarks of tumor progression is reduced ex-
ression of extracellular matrix, especially collagen type 1.44

he collagen in the tumor interior is reduced, while at the
umor boundary the area of collagen �collagen cap� is in-
reased. The increase in collagen in the cap has been attrib-
ted to the pushing of the pre-existing collagen bundles by the
ancer cells onto the surrounding normal tissue.45 The col-
agen cap is further bolstered by collagen production by acti-
ournal of Biomedical Optics 056016-
vated fibroblasts. The collagen cap acts as a barrier to drugs,24

but when needed the barrier is broken down by metastasizing
cancer cells.46 In the tumor interior, the collagen fibers are
thin and sparse, as they are all newly synthesized by activated
fibroblasts and cancer cells but are not part of existing col-
lagen bundles.

During chemotherapy, when the drug diffuses beyond the
collagen cap and reaches the tumor interior, several genes in
the fibroblasts and cancer cells can be activated to release
factors that might render the cancer cells resistant to chemo-
therapy. There are studies pointing to this effect of chemo-
therapy on activated stromal cells releasing factors, such as
hyaluronic acid,47 integrins, and fibronectins,48,49 that are of-
ten associated with local wound-healing processes. A study by
Farmer et al.50 showed that a distinct increase in the expres-
sion of stromal signature genes predicts resistance to chemo-
therapy in biopsy samples. However, none of these hypoth-
eses have been directly tested by investigating the tumor
responses to chemotherapy. In our study, we have quantified
an increase in collagen fibers in the tumor interior after che-
motherapy, which might be due to the activated stromal cells
involved in local wound healing.

Furthermore, this increased collagen in the tumor interior
can activate TGF—�, a master cytokine which in turn affects
the fibroblast growth factor �FGF�, platelet derived growth
factor �PDGF�,51 insulin-like growth factor �IGF�, and
Interleukin-6.52 These factors exert compounding effects on
the proliferation, activation, and transformation of stromal
and cancer cells. The collagen increase in the tumor interior
can also increase the mechanical stiffness of the tissue mi-
croenvironment, which favors cancer cell proliferation.53 Fi-
nally, the additional collagen fibers can bind to proangiogenic
factors, preventing new vessel formation,54 and thus further
limiting the access of chemotherapeutic agents to the remain-
ing cancer cells. Therefore, the observed increase in collagen
in the tumor interior could impede sustained efficacy of che-
motherapy through more complex mechanisms than previ-
ously postulated, based purely on the ECM modulation ob-
served in the tumor boundary.24 PM-SHIM provides us with a
quantitative tool to further investigate these mechanisms. PM-
SHIM can also enable us to design new regimens of drug
treatment, including collagen-modulating components intro-
duced at the appropriate time to reduce collagen hindrance
and promote drug penetration.

We have demonstrated that the collagen content in the tu-
mor interior is distinctly different after chemotherapy. The
mature fibers in the tumor interior can be visualized with the
conventional SHIM, albeit with reduced signal intensity, but
the small immature fibers that contribute to a considerable
amount of collagen area are only visible in the PM-SHIM
images. Thus using the PM-SHIM, we obtained accurate
quantification of collagen area percentage, fiber number, and
collagen fiber length and width, allowing us to draw statisti-
cally significant conclusions about the drug effects on tumors.

4 Conclusion
Pulse modulation can improve the SNR and pulse character-
istics in second harmonic imaging, which helps in detecting
subtle changes in collagen signals inside the tumor interior
that are difficult to detect by conventional SHIM. We quantify
September/October 2010 � Vol. 15�5�8
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ith PM-SHIM the spatial distribution of collagen inside a
enograft model of human acute myeloid leukemia tumor
pecimens treated with ABT-869, and detect a significant in-
rease in collagen synthesis inside tumor after chemotherapy
hat can partially account for resistance to chemotherapy. PM-
HIM can also help in the design of improved chemothera-
eutic regimens or combination therapies involving collagen-
odulating components to eliminate the last trace of cancer

ells in tumors.
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