
S
f

M
U
D
5
D

K
U
D
5
D

M
U
D
5
D

1

W
p
t
5
b
d
r

m
l
i
u
c
b
c
p
c
c
c

A
w
H
E

Journal of Biomedical Optics 15�2�, 026020 �March/April 2010�

J

econd harmonic generation imaging as a potential tool
or staging pregnancy and predicting preterm birth

eredith L. Akins
niversity of Texas Southwestern Medical Center
epartment of Obstetrics and Gynecology
323 Harry Hines Boulevard
allas, Texas 75390

atherine Luby-Phelps
niversity of Texas Southwestern Medical Center
epartment of Cell Biology
323 Harry Hines Boulevard
allas, Texas 75390

ala Mahendroo
niversity of Texas Southwestern Medical Center
epartment of Obstetrics and Gynecology
323 Harry Hines Boulevard
allas, Texas 75390

Abstract. We use second harmonic generation �SHG� microscopy to
assess changes in collagen structure of murine cervix during cervical
remodeling of normal pregnancy and in a preterm birth model. Visual
inspection of SHG images revealed substantial changes in collagen
morphology throughout normal gestation. SHG images collected in
both the forward and backward directions were analyzed quantita-
tively for changes in overall mean intensity, forward to backward in-
tensity ratio, collagen fiber size, and porosity. Changes in mean SHG
intensity and intensity ratio take place in early pregnancy, suggesting
that submicroscopic changes in collagen fibril size and arrangement
occur before macroscopic changes become evident. Fiber size pro-
gressively increased from early to late pregnancy, while pores be-
tween collagen fibers became larger and farther apart. Analysis of
collagen features in premature cervical remodeling show that changes
in collagen structure are dissimilar from normal remodeling. The abil-
ity to quantify multiple morphological features of collagen that char-
acterize normal cervical remodeling and distinguish abnormal remod-
eling in preterm birth models supports future studies aimed at
development of SHG endoscopic devices for clinical assessment of
collagen changes during pregnancy in women and for predicting risk
of preterm labor which occurs in 12.5% of all pregnancies. © 2010
Society of Photo-Optical Instrumentation Engineers. �DOI: 10.1117/1.3381184�

Keywords: parturition; cervical ripening; collagen; second harmonic generation; tis-
sue remodeling.
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Introduction

hen labor occurs prematurely, infants are often not well
repared to survive outside the womb. Preterm birth is unfor-
unately a common complication, affecting approximately
00,000 babies in the U.S. each year or �12.5% of all
irths.1 Better understanding of the normal birth process and
evelopment of improved clinical tools to identify women at
isk for preterm birth are keys to solving this problem.

Synchronized uterine contractions and the successful re-
odeling of the cervix are required for natural labor and de-

ivery to occur. The cervix is comprised of a stroma contain-
ng fibroblasts embedded in extracellular matrix �ECM� made
p of primarily type I and to a lesser extent type III fibrillar
ollagen, proteoglycans, and hyaluronan.2 In preparation for
irth, the cervix undergoes an extensive transformation
hanging from a closed rigid structure to one that can allow
assage of a term fetus through the birth canal.2–4 Biome-
hanical studies in mouse and human cervix reveal that
hanges in cervical compliance begin early in pregnancy and
ontinue progressively thereafter, culminating in dramatic loss

ddress all correspondence to: Mala Mahendroo, University of Texas South-
estern Medical Center, Department of Obstetrics and Gynecology, 5323 Harry
ines Boulevard, Dallas, Texas 75390. Tel: 214-648-3091, Fax: 214-648-9242,
-mail: mala.mahendroo@utsouthwestern.edu
ournal of Biomedical Optics 026020-
of tensile strength at the end of gestation, as diagramed in Fig.
1�a�.3,5–7 Current evidence suggests that changes in the extra-
cellular matrix of the cervix underlie the progressive changes
in cervical compliance and that these processes are well con-
served between human and mouse.8–10 These changes involve
the alteration of fibrillar collagen assembly, its processing,
and changes in the composition of other ECM components
within the cervix, such as proteoglycans and glycosaminogly-
cans. In particular, at the end of pregnancy, increased produc-
tion of the hydrophilic glycosaminoglycan, hyaluronan is im-
portant in tissue hydration and disorganization of collagen
matrix.11,12 Soluble collagen, a marker of immature or unproc-
essed collagen, is increased in the murine cervix as early as
day 7 of pregnancy.3 Additionally, a decline in collagen cross-
links due to reduced expression and activity of lysyl oxidase
has been implicated in the alteration of collagen structure dur-
ing pregnancy.13,14 Similarly in humans, increases in collagen
solubility correlate with an increase in cervical malleability
preceding birth.7,15–20 Women with defects in genes involved
in collagen assembly or metabolism have a greater incidence
of preterm birth due to cervical insufficiency.21 Despite nu-
merous reports suggesting there is a decline in cervical col-
lagen concentration prior to birth, recent studies report no

1083-3668/2010/15�2�/026020/10/$25.00 © 2010 SPIE
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ecrease in collagen content, further highlighting the impor-
ance of changes in other properties of the collagen

atrix.3,7,22 Taken all together, there is compelling evidence to
uggest that progressive changes in collagen structure accom-
any cervical remodeling in both women and animal models.

Second harmonic generation �SHG� imaging has recently
merged as a noninvasive tool for high-resolution imaging of
brillar type I collagen in tissues. Simultaneous interaction of

wo near-infrared �NIR� photons with noncentrosymmetric
tructures can result in emission of a single photon at exactly
alf the wavelength of the excitation light. In particular, col-
agen type I produces a very robust SHG signal with a non-
inear excitation wavelength between 700 and 1064 nm, al-
owing a window of detection from 350 to 532 nm.23,24

ecause individual collagen fibrils are the source of the SHG
ignal, this method has the potential to spatially resolve col-
agen organization at the submicrometer level and provide
nformation regarding physiological changes in collagen
tructure that correlate with tissue function.

A recent SHG study of artificial hydrogels of collagen type
, shows that image features such as pore size and fiber size
orrelate well with measurements of collagen morphology by
ther methods such as scanning electron microscopy. These
tudies also demonstrate that changes in these features reflect
he varying biomechanical properties of the collagen gels.25 In
he present study, we apply SHG microscopy on frozen sec-
ions of mouse cervical tissue to characterize quantitatively
he changes in collagen structure during cervical remodeling
nd show that SHG imaging provides a valuable tool to evalu-
te the progressive changes of collagen structure in the cervi-
al ECM throughout normal pregnancy and in a mouse model
f preterm birth. These studies demonstrate that pending the
evelopment of suitable endoscopes, SHG imaging has great
otential as a tool for staging pregnancy and predicting pre-
erm birth in the obstetrics clinic.

ig. 1 �a� Schematic diagram of changes in cervical compliance throu
escribed as cervical stiffness, can first be measured on gestation day 1

s a progressive decline in stiffness, reaching a minimum during ripen
o a nonpregnant �NP� state. NP, 9–18 refer to day of pregnancy and 2
HG detection. Cervices were dissected, frozen in OCT medium, an
ollected from each section in a cervical stroma region adjacent to c
ournal of Biomedical Optics 026020-
2 Materials and Methods
2.1 Animals and Tissue Collection

2.1.1 Normal pregnancy progression
Mice used for normal pregnancy studies were of C57B6/
129Sv mixed strain. Female mice were housed overnight with
male mice and separated the following morning. The presence
of a vaginal plug was checked every morning and mice with
plugs were considered to be day 0 of their pregnancy with
birth occurring early on gestation day 19. Cervices were col-
lected from nonpregnant mice �NP� as well as mice on days 6,
12, 15, and 18.75 of gestation. In general, cervices were col-
lected at noon for all time points except day 18 for which
cervices were collected between 6 and 7 P.M. in order to col-
lect cervices a few hours prior to onset of labor. Cervices were
dissected with uterus and vaginal tissue still attached in order
to control for orientation of tissue during cutting and imaging.

All studies were conducted in accordance with the stan-
dards of humane animal care described in the National Insti-
tutes of Health Guide for the Care and Use of Laboratory
Animals using protocols approved by an institutional animal
care and research advisory committee.

2.1.2 Mifepristone treated �preterm birth model�
Administration of the progesterone receptor antagonist, mife-
pristone, results in premature cervical ripening, and preterm
birth 15–18 h after injection.26,27 Mice were given 0.5 mg of
mifepristone �RU486� in Triolene oil �Sigma� or vehicle con-
trol �Triolene only� by subcutaneous injection at 0600 hours
on the morning of gestation day 15. Mice were sacrificed and
cervices collected 12 h later.

2.1.3 Tissue processing
Cervices were obtained from two nonpregnant mice and three
mice at each gestation time point or treatment group, and the

se pregnancy. Changes in the biomechanical properties of the cervix,
e early phase of remodeling, referred to as softening. Thereafter, there
d dilation. After birth, the tensile strength of the tissue rapidly returns

h refer to hours postpartum. �b� Illustration of sample orientation for
ioned transversely in 50-�m increments. SHG image Z-stacks were
Os as indicated by box.
gh mou
2 in th
ing an
and 24
d sect

ervical
March/April 2010 � Vol. 15�2�2
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issue was snap frozen at liquid nitrogen temperature in OCT
ompound �Tissue Tek, Elkhart, Indiana�. The entire length of
he cervix was cut transversely into 50-�m serial sections. In
eneral, 18 to 20 sections ��1 mm total thickness� were ob-
ained from nonpregnant, and gestation day 6 and 12 cervix,
hile 36–40 sections ��2 mm total thickness� could be ob-

ained from cervices at gestation days 15 and 18, reflecting
he growth of the cervix during late pregnancy. Sections were

ounted in 0.1 M PBS on glass slides under No. 1.5 glass
overslips �Corning, Corning, New York�.

.2 Microscopy
rozen sections were imaged on a Zeiss LSM510 META NLO
onfigured with an Axiovert 200M inverted microscope and
sing an Achroplan 40� /0.8 W objective lens. A Chameleon
R pulsed Ti:sapphire laser �Coherent, Santa Clara, Califor-
ia� tuned to 900 nm was focused onto stroma of the cervix
nd the resulting SHG signal was detected at 450 nm. A
orward-scattered signal was detected with the transmitted
ight detector of the microscope after excitation light was re-

oved by a HQ 450 sp-2p filter �Chroma Technology, Ver-
ont�. A back-scattered signal was detected with a nondes-

anned detector placed at the illumination port of the wide-
eld epifluorescence light path. Back-scattered excitation

ight was removed using a 680-nm short-pass dichroic mirror.
-stacks of each frozen section were generated by acquiring

mages at 5-�m intervals through the thickness of the tissue.
or intensity comparisons, the laser power, and the gain and
ffset of the detectors was set for optimal imaging of day 18
ervix, and these settings were used for images at all time
oints. Laser power measured at the focal plane of the speci-
en was 62 mW. The forward detector gain and amplifier

ffset were 558 V and −0.64, respectively. The backward de-
ector gain and amplifier offset were 636 V and −0.46, re-
pectively. For fiber size and porosity measurements, the for-
ard detector gain was varied over the range 586–636 V to
ptimize signal to noise within the linear range of the detec-
ors for each day of pregnancy. For consistency between
amples, we imaged the same general region of the cervix in
ach section. Images were taken in the stromal matrix be-
ween exocervix/vaginal epithelium and endocervix epithe-
ium �Fig. 1�b��. The number of images collected for each
xperiment is indicated in the figure legends. Emission spec-
ra were obtained in � scan mode with excitation at either 800
r 900 nm. Images were collected from 382 to 596 nm using
he META detector at its maximum spectral resolution of
0.7 nm per detection channel.

.3 Quantitative Measurements
mages were analyzed using ImageJ 1.41k.28 To avoid edge
ffects �attenuation of the SHG signal at the top and bottom of
he section�, only the central five images of each z-stack were
ncluded in the measurements. To quantify image intensity,
mages were filtered using a Gaussian blur with a kernel ra-
ius of 0.5 pixels to reduce shot noise and a minimum inten-
ity threshold was set interactively to exclude the spaces be-
ween collagen fibers. Mean gray value limited to threshold of
ach image was calculated. Total SHG intensity for each
-slice was taken as the sum of the mean intensities of the
orward and backward channels. The algorithms used to mea-
ournal of Biomedical Optics 026020-
sure fiber size and porosity were adapted from previous SHG
studies.25 In brief, characteristic fiber size was ascertained us-
ing the FD Math function of ImageJ to obtain the intensity
autocorrelation of each image. A 2-D Gaussian was fit to a
region of interest with a diameter of 32 pixels at the center of
the autocorrelation image, omitting the central pixel �which
represents shot noise�, and two times the standard deviation of
the mean was taken as fiber size.25 Data were collected in four
256�256 pixel regions of interest in each image and aver-
aged to obtain the mean fiber size per image. For measure-
ments of porosity, a minimum intensity threshold was set
based on the average of five measurements of the mean gray
value of interactively chosen regions of interest lacking col-
lagen fibers. A value of 1.25 times the threshold value was
used to generate a binary mask. Interactive comparison of the
binary masks to the original images showed that this method
reliably segments the images into pores and fibers. The par-
ticle analysis tool of ImageJ was used to determine the num-
ber of pores, mean pore size in microns2, mean spacing be-
tween pores, and the fractional area in microns squared
covered by the pores in the binary mask. Particles of
�0.2 �m2 were excluded from the analysis.

2.4 Statistics
For intensity, fiber size and porosity measurements of normal
pregnancy means of images were compared using a one-way
analysis of variance �ANOVA� followed by Tukey method.
For mifepristone experiments, means of images for intensity
and porosity were compared using a Student T-test.

3 Results
3.1 Collagen Imaging
A robust signal with the appearance of fibrillar collagen was
observed in both the forward and backward direction when
50-�m frozen sections of mouse cervix were imaged with
nonlinear excitation. To verify that the images are due to
SHG, emission spectra of regions in the cervical stroma from
a day 15 sample were obtained at two different excitation
wavelengths. Back-scattered emission spectra from
382 to 596 nm were obtained from the same field of view
with excitation at either 800 or 900 nm. In both cases, the
emission spectrum had a single narrow peak that shifted from
400 nm to 450 nm with the change in excitation wavelength,
as expected for an SHG signal. Two-photon excited fluores-
cence was not detected with either excitation wavelength
�data not shown�. When sections were incubated with colla-
genase B �Sigma, St. Louis, Missouri� �50 U /mL�, the SHG
signal rapidly disappeared, confirming that collagen was the
primary source of the signal �data not shown�.

3.2 Changes in Collagen Morphology during
Pregnancy

Cervical collagen organization during pregnancy was evalu-
ated using an excitation wavelength of 900 nm. Forward- and
back-scattered SHG images were collected from cervical fro-
zen sections in the transverse orientation from NP mice, and
from mice at days 6, 12, 15, and 18 of gestation. Visual in-
spection of the images revealed numerous striking qualitative
differences in morphology at different time points during
March/April 2010 � Vol. 15�2�3
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regnancy �Fig. 2�. In samples from animals that were NP or
ay 6 of pregnancy, the cervical stroma exhibited two distinct
omains: a prominent circumferential ring of long, straight,
ighly aligned fibers surrounding a narrower zone immedi-
tely adjacent to the lumen where the fibers appear more ran-
omly arranged. The band of circumferentially oriented fibers
as especially evident in the backward SHG images because

he SHG signal intensity along the length of the fibers was
ore uniform compared to the forward direction �Fig. 2�a�

nd 2�b��. A similar circumferential band of SHG positive
bers was also observed in some samples from day 12 of
regnancy but was absent from samples taken at day 15 and
ater in gestation �see Fig. 2�. In the more isotropically orga-
ized region adjacent to the lumen, the persistence length of
ollagen fibers appeared to differ at each stage of pregnancy,
ith fibers in NP �data not shown� and day 6 samples appear-

ng relatively straight, while those in samples from later in
estation exhibited a more kinked or undulating appearance
compare Figs. 2�c� and 2�d� to Figs. 2�i� and 2�j��. In addi-
ion, the collagen fiber bundles in samples from late in gesta-
ion appeared thicker compared to NP and early gestation, and
ere laterally associated in broad, loose clusters not seen in

he earlier time points. The overall intensity of the SHG signal
rom NP and early pregnancy �days 6 and 12� samples ap-
eared very low compared to days 15 and 18, and was barely
etectable at acquisition settings at which the signal from
amples at later time points was close to saturation �Fig. 3�.
omparison of the forward and backward images for a given
eld of view revealed additional features of collagen organi-
ation. Backward images revealed clusters of punctate struc-
ures that were not always visible in the forward channel �Fig.
�b� arrowhead�. The abundance of these structures increased
reatly in samples from late in gestation. The punctate fea-
ures were often aligned next to fiber bundles visible in both
he forward and the backward directions �Fig. 4�. xz and yz
rojections of the z-stacks revealed that the puncta are not
ross sections of collagen fibers extending along the optical
xis �Fig. 4�c��.

ig. 2 SHG signal of collagen reveals dramatic changes in collagen mo
i–j� 18 cervices in both �a,c,e,g,i� forward and �b,d,f,h,j� backward dir
f fibers prominent in samples from days 6 and 12 �demarcated by do
he fibers appear more randomly oriented. In general, collagen fibe
ontrast for each panel were manipulated individually for optimal vis
ournal of Biomedical Optics 026020-
3.3 Quantitative Analysis of Collagen Structure

Application of relatively simple image-analysis tools allows
quantification of the morphological differences we observed.
Mean intensity of the SHG signal was measured from images
of mouse cervix as described in Section 2.3. Mean signal
intensity in both the forward �F� and backward �B� directions
was found to increase significantly from day 6 to day 15 of
pregnancy �Table 1�. Total SHG signal �F+B� increased more
than twofold between day 6 and day 12 and another 35% from
day 12 to day 15 �Fig. 3�c��. F+B on day 18 was not signifi-
cantly different from day 15 �p�0.0001�. The ratio of for-
ward to backward detected SHG signal intensity �F/B� de-
creased twofold from day 6 to day 12 and then remained
unchanged through day 18 �Fig. 3�d��. Because of the low
sensitivity of the forward detector in our system, we were
unable to calibrate the F/B ratio using a fluorescent standard,
which is assumed to have F /B=1. Instead, we used the F/B
ratio measured from 10-�m frozen sections of mouse Achil-
les tendon excited at 830 nm, which is reported to be 24.9 to
1.29 From images of the Achilles tendon sections taken with
the same detector settings we used for the intensity measure-
ments of cervix, and using a laser power of 30 mW at the
specimen plane, we obtained F/B of 0.45, allowing us to cor-
rect our intensity measurements for the relative sensitivity of
the forward and backward detectors using a correction factor
of 24.9 /0.45=55.33. The results show that absolute F/B de-
clines from 130:1 to 56:1 between days 6 and 12 of preg-
nancy. However, we note that the SHG signal was �99%
forward directed at all stages of pregnancy, which allowed us
to acquire images in the forward direction despite the insen-
sitivity of the detector.

The characteristic fiber size and porosity of the collagen
matrix as revealed by SHG of serial transverse sections from
mouse cervices obtained from NP, and gestation days 6, 12,
15, and late 18 were determined as described in Section 2.3.
We observed no consistent differences in these morphological
features as a function of location in the cervix �data not

gy. Images were taken from gestation days: �a–d� 6, �e–f� 12, �g–h� 15,
. �a� and �b� show an example of a portion of the circumferential band
es, �b��. �c� and �d� show a region closer to the cervical lumen where
ar thicker and more kinked as gestation progresses. Brightness and
ion of morphology at each time point. Scale bar represents 25 �m.
rpholo
ections
tted lin
rs appe
ualizat
March/April 2010 � Vol. 15�2�4
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hown�. Inspection of longitudinal sections where the whole
ength of the cervix can be seen also revealed no obvious
ocation-specific differences in morphology. The results sum-

arized in Table 2 represent mean values measured from im-
ges taken throughout the length of the cervix. We consis-
ently observed a somewhat larger fiber size in the backward-
etected images compared to the forward-detected images at
ach time point. Systematic differences in fine detail between
orward- and backward-collected SHG have been observed
reviously and ascribed to the intrinsically superior spatial
esolution of the coherent forward-propagating SHG signal as
pposed to the backward signal, which arises almost exclu-
ively from incoherent, isotropic scattering of initially for-
ard directed photons.30 In both sets of images, collagen fiber

ize compared to NP increased progressively 30–40% from
arly pregnancy �day 6� to late in pregnancy �day 18�. The
ncrease at each time point was statistically significant for all
onditions �Fig. 5�. The average number of pores decreased
ignificantly at each timepoint through gestation. Pore-to-pore
pacing increased from day 6 to day 18. In contrast, pore size
ecreased significantly from NP to day 6 and then progres-
ively increased throughout pregnancy reaching significance

ig. 3 Absolute SHG signal intensity changes during pregnancy. Repre
, 12, 15, and 18 using identical image acquisition parameters. Bright
b� to preserve intensity relationships between the forward and back
ignal intensity: Total SHG intensity �F+B� increases from day 6 to day
emains constant for the remainder of gestation �d�. � Difference from
epresent standard error of the mean of 20 images. n=2 animals for e
ournal of Biomedical Optics 026020-
between days 12 and 15. Pore fractional area decreased sig-
nificantly from NP to day 6 and remained at the day-6 level
throughout pregnancy. Thus, the trend is toward fewer, larger
pores with no significant change in fractional area of the pores
during pregnancy �Table 2 and Fig. 6�.

3.4 Preterm Birth Model
In humans and animal models, administration of progesterone
receptor antagonists initiates cervical ripening and increases
responsiveness of the uterus to contractile agents.31 Premature
delivery induced by the progesterone receptor antagonist
mifepristone has been investigated as one animal model for
preterm birth with relevance to human cervical biology.26,27

To see how closely the effects of treatment with mifepristone
parallel the changes in collagen structure we observed during
the normal course of pregnancy, the morphology of mifepris-
tone treated cervical tissue was assessed by SHG microscopy
of frozen sections �Figs. 7�a� and 7�b��. Animals were treated
with mifepristone or vehicle on day 15 of pregnancy as de-
scribed in Section 2.1.2. Mifepristone-induced changes in col-
lagen structure did not mimic the changes observed during

ve �a� forward and �b� backward SHG images taken at gestation days
d contrast adjustments were identical for all panels shown in �a� and
hannels and between time points. �c,d� Quantitative comparison of

. F/B ratio decreases more than twofold from day 6 to day 12 and then
vious time point is statistically significant with P�0.0001. Error bars

e point. Scale bar represents 25 �m.
sentati
ness an
ward c
15 �c�
a pre

ach tim
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atural progression of gestation from day 15 to day 18. F
B intensity declined in treated samples when compared to

he control �Fig. 7�c��, whereas no significant change was ob-
erved between days 15 and 18 during normal ripening �Fig.
�. No difference was seen in F/B ratio between treatment and
ehicle �Fig. 7�. Cervices of mifepristone-treated animals ex-
ibited only modest differences in collagen fiber size and
ore-to-pore spacing compared to vehicle controls �Table 2�.
n contrast, we observed a twofold increase in mean pore size,
ffset by a modest decrease in mean number of pores per unit
rea in tissue from treated animals relative to the vehicle con-
rols, resulting in a 55% overall increase in pore fractional
rea measured in the forward direction �Fig. 7�e�–7�h��.

Table 1 SHG signal intensity.

estation day

Signal intensity �±SEM�

Forward Backward

ay 6 22.09±1.11 10.12±0.59

ay 12 37.41±0.76 38.46±2.36

ay 15 44.33±0.85 57.90±2.24

ay 18 46.35±1.12 58.89±3.55

ig. 4 Punctate features in the back-scattered images are abundant at
ater stages of gestation. �a� Forward image of d18 cervix. �b� Back-
ard image of same field of view. Arrowhead denotes a large cluster
f punctae not visible in the forward image. �c� xy, xz, and yz maxi-
um intensity projections of the region inside the box show that
unctae in the backward image �red�, align adjacent to filaments vis-
ble in the forward direction �green�, and are not cross sections of long
laments extending along the optic axis. Scale bar reprents 25 �m.
ournal of Biomedical Optics 026020-
4 Discussion
We report the application of SHG microscopy for imaging
collagen modifications that begin early in pregnancy and
progress to birth. Key findings from this study are the identi-
fication of quantifiable changes in SHG signal intensity, col-
lagen fiber size, and matrix porosity that accompany progres-
sive changes in collagen organization during normal cervical
remodeling. Second, SHG microscopy reveals that change in
collagen matrix ultrastructure in the mifepristone preterm
birth model does not mimic the normal ripening process.

Previous studies utilize autofluorescence spectroscopy of
collagen or picrosirius red staining to evaluate changes in col-
lagen ultrastructure during pregnancy and labor.32–34 SHG has
distinct advantages over both these methods because it allows
the visualization of collagen ultrastructure at submicrometer
resolution without exogenous staining. Second, multiparamet-
ric quantitative analysis of SHG images taken from mouse
cervix at various stages of pregnancy provides novel insight
into collagen matrix reorganization during pregnancy and la-
bor.

Three features of collagen are quantified from SHG im-
ages: signal intensity, fiber size, and porosity. Total SHG sig-
nal intensity �F+B� increased progressively from day 6 to
day 15 of gestation, with a more than twofold increase be-
tween days 6 and 12. In biological tissues, the primary source
of SHG signal is reported to be type I collagen.23 Because the
strength of the overall SHG signal is expected to scale as the
square of the number of scattering domains, increased signal

Fig. 5 Fiber size increases with the progression of pregnancy. Fiber
size was measured from �a� forward and �b� backward images and
normalized to the value for nonpregnant samples �NP�. Differences
between all time points are statistically significant with P�0.0001.
Bars represent the mean value of measurements from images of trans-
verse sections collected throughout the longitudinal extent of the cer-
vix. Error bars represent standard error of the mean of 94 �NP�, 133
�d6�, 134 �d12�, 91 �d15�, and 126 �d18� images. n=2 animals for
NP; n=3 animals for pregnant time points.
March/April 2010 � Vol. 15�2�6
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ntensity can be explained by increased collagen
oncentration.35 However, there is no significant change in
otal collagen content in mouse cervix during gestation.3 An-
ther possible source of increased SHG signal strength could
e an increase in the relative proportion of type I collagen to
ollagen type III, which is not strongly susceptible to SHG.23

rotein blots of urea-extractable collagen using antibodies
pecific for collagen I or III �Abcam, Cambridge� showed no
hange in the relative amount of collagen type I or type III
uring gestation in the mouse cervix �data not shown� and
onfirmed previous reports that total collagen does not change
ignificantly during pregnancy3. Immunofluorescence staining
f frozen sections also revealed no significant changes in the
mounts or proportions of collagen I and collagen III through
estation �data not shown�. In biological tissues, changes in
HG signal intensity may also reflect changes in collagen
rganization that take place along the optical axis on a length
cale comparable to the SHG wavelength and thus provide
nformation on collagen features that are at or below the limit
f resolution of the objective lens. In general, an increase in
verall SHG intensity may reflect increased fibril diameter,
igher packing density of fibrils in fibers, or higher packing
rder.36–38

Because of the coherent nature of SHG generation, SHG
ignals are intrinsically forward propagating. A backward sig-
al can arise in cases where quasi-phase matching occurs due
o periodicity of structures along the optical axis. In thick
pecimens, such as the 50-�m frozen sections used here,
orward-emitted photons may also contribute to the backward
ignal through incoherent scattering within the tissue.37

hanges in the ratio of forward to backward SHG signal in-
ensity are indicative of changes in tissue properties at a
ength scale on the order of the excitation and emission wave-
engths, which are at or below the resolution of the micro-
cope. The more than twofold decrease we observed in F/B

Table 2 Quantitative SHG me

estation
ay/

reatment

Fiber
diameter

��m±SEM�

Number of
pores �±

SEM�

Forward Backward Forward Backward Fo

P 1.42±0.004 1.85±0.004 568±11.2 514±24.2 1

ay 6 1.46±0.003 1.87±0.007 466±12.4 402±15.0 7

ay 12 1.72±0.006 2.08±0.007 428±5.6 295±18.2 9

ay 15 1.84±0.006 2.17±0.006 336±9.2 282±14.3 1

ay 18 2.04±0.006 2.31±0.005 247±7.0 280±9.9 2

ay 15 +
.5 mg
ife
ristone

1.93±0.009 2.16±0.007 553±16.9 370±12.2 2

ay 15
vehicle

1.83±0.007 2.12±0.007 488±21.6 414±33.4 1
ournal of Biomedical Optics 026020-
ratio from day 6 to day 12 suggests there may be changes in
fibril size and packing, and/or an increase in the scattering
coefficient of the tissue during this time period.37

Collagen fibrils are laterally associated into bundles that
can be resolved in SHG images and are referred to here as
fibers. Quantitative assessment of the characteristic size of
these fibers in SHG images shows that characteristic fiber size
increases progressively through the course of pregnancy. The
increase in fiber size is accompanied by a transition from
relatively straight fibers to kinked or wavy fibers. In general,
shorter persistence length of a polymer is associated with re-
duced bending rigidity. Thus, the change in morphology of the
bundles is consistent with decreased tensile strength of the
collagen matrix as pregnancy progresses toward term. Studies
of collagen morphology in tendon and in the skin of a mouse
model for osteogenesis imperfecta suggest that waviness cor-
relates with loss of strength.36,39,40 Bending or kinking of col-
lagen may reflect the decreased abundance of cross-links in
cervical collagen fibrils during the course of pregnancy.13

Porosity measurements identify areas where collagen is ab-
sent or in a form that does not generate SHG signal, such as
soluble collagen or collagen III. These “pores” most likely
include spaces occupied by cells or blood vessels, as well as
extracellular areas lacking insoluble type I collagen. During
pregnancy, we observed that a decline in the number of pores
was balanced by an increase in pore size, resulting in no net
change in pore fractional area. This is consistent with the idea
that changes in the collagen organization during normal term
pregnancy reflect rearrangement rather than degradation of
collagen.

Two additional features of the cervical collagen matrix
change during the course of pregnancy. First is the circumfer-
ential ring of fibers prominent in day-6 and day-12 specimens
that disappear by day 15. A similar region of circumferential
collagen fibers, interspersed with smooth muscle cells and

ents throughout gestation.

Pore
size

m±SEM�

Pore
spacing

��m±SEM�

Pore
fractional
area �%±

SEM�

Backward Forward Backward Forward Backward

.79 21.5±1.8 6.1±0.07 7.4±0.12 30.9±1.3 34.6±1.4

8 29.1±3.0 5.8±0.03 7.5±0.17 22.2±0.9 38.8±1.5

6 20.3±1.2 6.9±0.04 8.2±0.14 20.9±0.7 27.4±0.9

.85 25.7±1.8 7.9±0.10 8.9±0.12 23.8±1.0 30.1±1.0

.89 30.0±1.6 9.1±0.11 9.7±0.12 24.1±1.0 29.4±1.0

.86 45.5±2.6 7.7±0.08 9.8±0.17 34.0±0.72 45.0±0.94

.41 20.3±1.14 7.1±0.07 7.8±0.14 22.0±0.77 31.7±0.97
asurem

��

rward

2.3±0

.8±0.3

.9±0.3

5.3±0

1.3±1

1.2±0

1.1±0
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broblasts, is identified in the cervix of pregnant rat by pico-
irius red staining and by polarization microscopy.32 In rat, the
isappearance of this ring of collagen at later stages of preg-
ancy is accompanied by apoptosis of both smooth muscle
ells and fibroblasts.41 In addition, we observed an accumula-
ion of punctate SHG signal in the backward-detected images
s pregnancy progressed. Studies of collagen in other tissues
eport punctate signal in the backward channel and attribute it
o unfused segments of immature collagen.36 This interpreta-
ion is consistent with extensive collagen remodeling during
regnancy and also with a reduced abundance of collagen
ross-links at term. In contrast, a recent paper demonstrates
hat punctate patterns can arise from destructive interference
n the back-scattered SHG signal,37 similar to the case of
peckle in confocal reflectance imaging,42 making a fiber that
ppears continuous in the forward image appear discontinu-
us in the backward direction. We note that the punctate struc-
ures in the backward channel of cervical images often do not
verlap with fibers detectable in the forward direction and, in
act, tend to interdigitate with fibers visible in the forward
irection �Fig. 4�. This suggests that a dramatically different
ollagen microstructure in these regions produces SHG with a
reatly reduced F/B ratio. Further study will be required to
nderstand the origin of the punctate structures in SHG im-
ges of cervical tissue.

ig. 6 Evaluation of changes in spaces �pores� between collagen fiber
umber of pores �b� pore size, �c� distance between pores, and �d� po
�0.0001. Pore size declined significantly between nonpregnant a
ecoming significant between days 12 and 15 �P�0.0001�. Pore-to-
ractional area decreased by day 6 and showed no significant chan
mages of transverse sections collected throughout the longitudinal ex
33 �d6�, 134 �d12�, 91 �d15�, and 126 �d18� images. n=2 animals f
ournal of Biomedical Optics 026020-
The power of SHG imaging as a tool to investigate col-
lagen remodeling is shown in the ability to distinguish col-
lagen reorganization in mice treated with mifepristone from
normal remodeling. Specifically, a decrease in overall inten-
sity in samples from the mifepristone-treated animals and an
increase in the number and size of pores, resulting in a 54%
increase in pore fractional area is seen in treated mice. These
findings suggest that premature cervical ripening in the
progesterone withdrawal model occurs via different mecha-
nisms from normal cervical ripening. This conclusion is sup-
ported by both biomechanical and gene-expression studies,
which report the cervical ripening induced in mifepristone-
treated rats or mice respectively does not reach the degree of
ripening or harbor the same gene-expression patterns charac-
teristic of normal term cervix.27,43,44 The increased pore frac-
tional area could be indicative of increased collagen degrada-
tion, increased cellularity, or increases in hydration and
hyaluronan content. The accompanying decrease in overall
SHG signal intensity suggests that mifepristone induces deg-
radation of collagen type I or collagen structure undergoes a
different transformation as compared to term ripening in
mouse cervix. Studies in term pregnant women treated with
mifepristone suggest a decline in synthesis with little change
in collagen abundance.40 However, in the rat there is a report

images collected in the forward direction were evaluated for �a� the
ional area. Pore number declined significantly at each timepoint with

6 samples and then increased progressively throughout gestation,
acing increased significantly beginning at day 12 �P�0.0001�. Pore
eafter �P�0.0001�. Bars represent the mean of measurements from
the cervix. Error bars represent standard error of the mean of 94 �NP�,
n=3 animals for pregnant time points.
s. SHG
re fract
nd day
pore sp
ge ther
tent of
or NP;
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f increased collagen degradation with mifepristone
reatment.27

Collagen reorganization during normal pregnancy in mice
s characterized by two overlapping regimes. Submicroscopic
hanges resulting in increased SHG intensity and decreased
/B ratio are complete by day 15. Meanwhile, several macro-
copic features change progressively throughout pregnancy,
esulting in increased fiber size and pore size, accompanied by
transition from straight to kinked fibers and accumulation of
unctate signal in the backward images. Although the rela-
ionship of these changes to the biomechanical changes occur-

ig. 7 Changes in collagen structure with mifepristone treatment do
ot mimic normal cervical ripening. Visual inspection of images from
a� vehicle- or �b� mifepristone-treated samples reveals a change in
pacing between collagen fibers. Quantitative measurement of �c� to-
al signal intensity �F+B� and �d� F/B ratio reveals a decline in SHG
ntensity in samples from treated animals compared to untreated con-
rols ��c� P=0.0064, �d� P=0.0038�. The number of pores per unit
rea in cervices from treated animals is decreased relative to the ve-
icle control ��e� P=0.001�. Pores are significantly larger in size ��f�
�0.0001� and spaced farther apart ��g� P�0.0001�. Pore fractional
rea increases significantly upon treatment ��h� P�0.0001�. Bars rep-
esent the mean of measurements from images of transverse sections
ollected throughout the longitudinal extent of the cervix. Error bars
epresent standard error of the mean of 62 images for control and 52
mages for treatment. n=4 animals/treatment group. Scale bar repre-
ents 25 um.
ournal of Biomedical Optics 026020-
ring over the same time period is not yet clear, we note that
increased fiber size and pore size in SHG images of artificial
collagen gels correlated with decreased stiffness of the
material.25,45 Even without a detailed understanding of the
molecular origin of the changes in SHG images during preg-
nancy, the information obtained by SHG imaging may have
value as a diagnostic tool for detecting premature cervical
ripening and impending preterm birth in women earlier and
with greater accuracy than current measurements of cervical
length by sonography.46 Application of SHG endoscopes47,48

and more sophisticated image analysis algorithms to distin-
guish the stages of gestation will be required to utilize back-
scattered SHG as a clinical tool in the obstetrics clinic. The
ability to better identify women at risk for preterm birth along
with improved therapies could have a significant impact in
reducing the incidence of prematurity.
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