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1 Introduction

Abstract. We have used quantitative second harmonic generation
(SHG) imaging microscopy to investigate the collagen matrix organi-
zation in the oim mouse model for human osteogenesis imperfecta
(Ol). Ol is a heritable disease in which the type | collagen fibrils are
either abnormally organized or small, resulting in a clinical presenta-
tion of recurrent bone fractures and other pathologies related to
collagen-comprised tissues. Exploiting the exquisite sensitivity of SHG
to supramolecular assembly, we investigated whether this approach
can be utilized to differentiate normal and oim tissues. By comparing
SHG intensity, fibrillar morphology, polarization anisotropy, and sig-
nal directionality, we show that statistically different results are ob-
tained for the wild type (WT) and disease states in bone, tendon, and
skin. All these optical signatures are consistent with the collagen ma-
trix in the oim tissues being more disordered, and these results are
further consistent with the known weaker mechanical properties of
the oim mouse. While the current work shows the ability of SHG to
differentiate normal and diseased states in a mouse model, we suggest
that our results provide a framework for using SHG as a clinical diag-
nostic tool for human OI. We further suggest that the SHG metrics
described could be applied to other connective tissue disorders that

are characterized by abnormal collagen assembly. © 2007 society of Photo-
Optical Instrumentation Engineers. [DOI: 10.1117/1.2799538]
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There remains a clear need for quantitative optical micros-
copy approaches that can be performed either in vivo or ex

While significant technological advances have greatly im-
proved the capabilities of ultrasound, magnetic resonance,
computed tomography, and positron emission tomography im-
aging, these modalities are practically limited to resolutions of
~1 mm. However, much higher spatial resolution (1um or
less) is required to visualize structural changes associated
with diseased cells and tissues. Historically, analysis at this
anatomical level has been achieved by histology, which in-
volves the removal of tissue, fixing and slicing into thin sec-
tions, and staining with contrast-increasing dyes. While his-
tology remains the “gold standard” for pathologists, this
approach is inherently highly subjective, as the accuracy de-
pends on the experience and skill of the interpreting clinician.
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vivo on intact tissues, thus eliminating the artifacts and other
pitfalls inherent in the interpretation of histological sections.

To address this issue, we have been investigating whether
second harmonic generation (SHG) imaging microscopy can
differentiate normal and abnormal tissue structure. Over the
last several years, SHG has emerged as a powerful new bio-
logical and biophysical imaging modality, where it has been
demonstrated that structural protein arrays consisting of
collagen,"™ acto-myosin,"*® and tubulin'’ exhibit large hy-
perpolarizabilities that produce bright SHG contrast. Perhaps
the primary benefit afforded by this method is the direct visu-
alization of the supramolecular assembly without any exog-
enous contrast increasing agents. Furthermore, we have pre-
viously shown that the method provides more structural
information than possible through the use of fluorescent
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labels." This is because SHG is a second-order nonlinear op-
tical process and requires a noncentrosymmetric environment
to produce contrast. This constraint makes SHG an exquisitely
sensitive probe of the alignment in tissues and may lead to
great potential as a clinical diagnostic tool. For example,
many connective tissue diseases including osteoporosis and
osteoarthritis are characterized by abnormal collagen assem-
bly, and SHG may reveal differences in the morphology of
diseased fibers not possible by other optical methods. In ad-
dition to being dependent on the molecular assembly, the
SHG contrast is also reflected in the concentration of “har-
monophores.” This also has relevance as a disease diagnostic,
as several disorders including osteogenesis imperfecta (OI)
and scleroderma are characterized by insufficient and exces-
sive concentrations of collagen, respectively. SHG has also
shown early promise in imaging cancerous tissues, since ma-
lignant tumors often have increased levels of collagen relative
to normal tissue. For example, using a mouse model, Brown
and co-workers exploited this property and demonstrated that
SHG was indeed sensitive to these concentration differences.®
Similarly, Lin and co-workers showed abnormal collagen as-
sembly (based on reduced SHG intensity) in basal cell carci-
noma lesions.” Thus, SHG appears well-poised to make the
successful transition from “bench to bedside.”

In this paper we show how SHG imaging can be used to
differentiate normal and OI diseased tissues. OI is a heritable
disease of humans characterized by recurrent bone fractures,
stunted growth, defective teeth, and other symptoms from ab-
normal tissues comprised of type I collagen. Because of its
dramatic clinical presentation, OI has been at the leading edge
of discovery of the methodologies and principles that apply
for all heritable diseases of connective tissue. OI results from
mutations within the CollAl or CollA2 genes that affect the
primary structure of the collagen chain and that induce
changes in the secondary structure of the collagen trimers that
incorporate the mutant chains. The ultimate outcome is col-
lagen fibrils that are either abnormally organized, small, or
both. The consequences are most dramatic in bone in which
the weakened matrix stimulates the osteoclasts to remove the
defective matrix. Although osteoblasts synthesize a new ma-
trix, the new structure is no better than the original, and as a
result, a never-ending spiral of bone resorption and new bone
formation is established. The high bone turnover state pre-
cludes the accumulation of sufficient matrix to prevent recur-
rent bone fractures. It is generally assumed that the severity of
the disease is related to the disruptive effect of the mutation
on collagen fiber formation. For example, more disruptive
mutations result in less (and less ordered) collagen secreted
from the cell, resulting in more unstable fibers within the
extracellular matrix. However, the ability to predict what type
of mutation will have a mild or severe phenotype has not been
perfectly successful. There remains a need to improve the
phenotype/genotype connection.

As a first step toward solving this problem, we use SHG
imaging to perform quantitative comparisons between normal
and OI tissues using the oim murine model, which has the
same phenotype (albeit different genotype) as human type I1I
OL'" In these endeavors, we use several SHG metrics based
on image intensity, tissue morphology, polarization analysis,
signal directionality, and concurrent photon propagation prop-
erties. We initially demonstrate that SHG reveals profound
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morphological differences between wild type (WT) and oim
bone. Although we note a high sensitivity of the fibrillar or-
ganization in bone to oim mutations, bone has a complex
structure, and the resulting SHG images are difficult to quan-
tify. While the primary OI clinical presentation is in bone, the
defect is expressed in other type I collagen-containing tissues
including tendon and skin. We therefore exploit the regularity
of the fibrils in tendon to perform our initial quantitative
analyses and establish quantitative metrics to distinguish the
normal and disease states. Last, as we ultimately seek to apply
this methodology to true in vivo clinical applications, we need
to establish that SHG imaging of skin can be used as a diag-
nostic approach for OI. This is because skin is the most as-
sessable tissue for either in vivo or ex vivo imaging. We show
that the collective outcomes of these measurements are in-
dicative of a more disorganized collagen structure, consistent
with the observed phenotype of a weaker matrix and persis-
tent bone fractures.

2 Experimental Methods
2.1 Microscope and Imaging

The SHG imaging system consists of a laser scanning head
(Olympus Fluoview 300) mounted on an upright microscope
(Olympus BX61), coupled to a mode-locked Titanium Sap-
phire laser. All measurements were performed with a laser
fundamental wavelength of 900 nm with average power of 5
to 50 mW at the specimen. The system is designed for simul-
taneous SHG detection of the forward and backward compo-
nents. In the former, a long working distance 40X 0.8 N.A.
water-immersion objective and a 0.9 N.A. condenser provide
excitation and signal collection, respectively. The backward
component is collected through the objective in a non-
descanned configuration. In both geometries, the SHG signal
is isolated with a longwave pass dichroic mirror and 10-nm
bandpass filters (450 nm). The signals are detected by a pair
of identical photon-counting photomultiplier ~modules
(Hamamatsu). The SHG wavelength (450 nm) was confirmed
with a fiber optic spectrometer (Ocean Optics). There is no
detectable autofluorescence for collagen at this excitation
wavelength.

Three-dimensional (3-D) SHG image stacks were quanti-
tatively  analyzed with  Image]J  software  (http://
rsb.info.nih.gov/ij/). A coumarin dye slide emitting two-
photon excited fluorescence at the SHG wavelength was used
to calibrate both signal collection channels to account for un-
even losses in optical paths and relative collection efficiency
of the two detectors. Since the forward-to-backward fluores-
cence ratio from a dye slide is assumed to be one, it becomes
the normalization factor for the two channels.

The input polarization is controlled by a set of half- and
quarter-wave plates. We determined de facto the polarization
of excitation light at the focal plane by matching SHG
maxima and minima to those previously measured for linear
(myofibrils) and spherical (dye-labeled spherical cells) speci-
mens. For measurements not involving polarization analysis,
circular polarization of the laser fundamental was used for the
excitation. We adapted both acquisition channels for analysis
of the polarization of the emitted SHG signals by addition of
collimation lenses and Glan laser polarizers. Images were
taken with the analyzing polarizers in the parallel and or-
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thogonal positions to the excitation light to calculate the re-
sulting anisotropy.

2.2 Tissue Preparation

Mice carrying the oim mutation are maintained in the
B6C3Fe-a/a(C57BL/6JLe X C3HeB/FeJLe) hybrid back-
ground.'"’ These mice were additionally crossbred with a
pOBCol3.6GFP transgenic aCD-1 outbred strain in our facil-
ity. The oim/oim mice can be distinguished from the WT by
their body phenotype (smaller size and weight and presence
of limb deformities due to fractures). The genotype was con-
firmed by a previously described PCR analysis."' Imaging
measurements were made within 3 h of sample excision. The
overall thicknesses of the biopsies were ~100 um and con-
tained the epidermis, dermis, and adipose layers.

Femurs from 3-month-old oim/oim and WT mice were
fixed in 4% paraformaldehyde for 3 days followed by decal-
cification in 15% EDTA for 3 to 4 days. The bones were then
soaked in 30% sucrose in PBS for 1 day. All the processes of
fixation, decalcification, and cryoprotection were done at 4°C
under constant agitation. Samples were embedded in frozen
embedding medium (Thermo Shandon) at —70°C, and
5-pm-thick full-length sections were made with the assis-
tance of the CryoJane tape system (Instrumedics, Inc.).

The oim cell line was obtained from an immortalized pri-
mary culture of calvarial cells from an oim mouse.'’ The cor-
responding control cell line was the normal pre-osteoblast
MC3T3 line (ATCC). Cells were grown to confluence for 3
weeks in a 6-well plate, fed with alpha minimal essential me-
dium, B-glycerol phosphate , and ascorbic acid (25 ug/ml) to
induce collagen secretion.

3 Results
3.1 Collagen Secreted in Tissue Culture

As an initial test of our hypothesis that SHG will be able to
differentiate between normal and OI tissues, we began by
comparing our results with that of a previously established
model. Kobayashi et al. used electron microscopy to visualize
secreted collagen by human fibroblasts in tissue culture and
observed pronounced differences in normal and OI
assembly.12 Here we compare the morphology of collagen se-
creted from immortalized MC3T3 pre-osteoblasts (control)
and oim calvarial cells in tissue culture. Cells were grown for
21 days and imaged in a fully hydrated environment. Repre-
sentative SHG images collected in the forward direction of
the secreted collagen matrix from normal and oim cells are
shown in Fig. 1. The collagen fibrils secreted from MC3T3
cells in Fig. 1(a) forms a tightly woven mesh, where the
empty spaces are the location of the cells, which are transpar-
ent in this modality. In strong contrast, the oim collagen net-
work in Fig. 1(b), is characterized by longer, less densely
packed fibrils. These results are in qualitative agreement with
Kobayashi et al.'? Based on this similarity, we suggest that
SHG may be used as a diagnostic tool to detect abnormal
collagen assembly following a skin biopsy. Additionally, SHG
may provide insight into the collagen secretion process, as
these experiments can be performed for the same cells over a
course of days to weeks.
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(a)

(b)

Fig. 1 Comparison of the collagen fibril morphology secreted from (a)
MC3T3 pre-osteoblasts and (b) an oim calvarial derived line in tissue
culture. The collagen fibrils are more well-packed for the wild type
control. Scale bar =50 um.

3.2 Bone Morphology

We examined whether the fibril morphology and organization
of the collagen in WT and oim bone could be differentiated by
SHG imaging. Figures 2(a) and 2(b) show representative im-
ages from cryosections of WT and oim, respectively, collected
from the same region of the femur. While the collagen fibrils
in bone lack the spatial regularity of tendon (shown later in
Fig. 4), these images suggest that a more regular fibrillar
structure is present in the WT. An initial assessment of the
organization can be obtained by quantitatively comparing the
integrated SHG intensities of the WT and oim. Integration of
10 image sets shows that the WT is characterized by ~ two-
fold larger SHG intensity than the diseased state. As the SHG
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(b)

Fig. 2 Representative SHG images from cryosections of demineral-
ized femur. Panels (a) and (b) are the wild type (WT) and oim, respec-
tively. The WT has more regular fibrillar structure and stronger SHG
intensity. Scale bar =50 um.

intensity is sensitive to both the local collagen concentration
and the assembly, it is instructive to determine the cause of
the intensity difference. While we cannot nondestructively
measure the collagen concentration in these cryosections, later
we show that this is similar for oim and WT skin. Thus, if we
assume that the relative concentration of type I collagen is
similar across tissue types, these results suggest that the de-
creased intensity from diseased bone arises from reduced or-
ganization. We note that these measurements were necessarily
performed on fixed bone sections, as fresh bone undergoes a
rapid autolysis, resulting in distortion of the tissue structure
and consequently the optical properties. As shown in previous
studies, such fixation does not significantly alter the fibrillar
structure," and this method is thus appropriate for compari-
son of tissues.

We can also make use of the SHG signal polarization an-
isotropy to further characterize the collagen assembly. As we
have previously described, this measurement provides a deter-
mination of the order of the fibrils in each focal volume."'
Here the laser polarization is fixed at the optimal angle
(45 deg) relative to the long axis of the bone,” and two se-
quential SHG images are acquired with a polarizer oriented at
0 and 90 deg with respect to the input polarization. The re-
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Perpendicular

oim

Fig. 3 SHG polarization anisotropy of WT (top row) and oim (bottom
row) femur. The laser polarization was 45 deg with respect to the axis
of the bone, and sequential images were obtained with a Glan polar-
izer parallel and perpendicular to the excitation. The oim has fibrillar
components in both polarization states, indicating that the matrix is
less organized than the WT. Scale bar=50 um.

sults are shown in Fig. 3, where the top and bottom panels are
the WT and oim, respectively. The WT images are dominated
by parallel fibrils, where the parallel and perpendicular im-
ages are similar in morphology, suggesting that the signal
comes primarily from highly aligned molecules in the assem-
bly. In contrast, the organization is much more randomized for
the oim bone, with no predominant fibril direction. This is
further exemplified by the dissimilarity of the morphology in
the parallel and perpendicular images, where many orthogo-
nally oriented features appear for these two polarization states
(see fibrils denoted by arrow). This suggests an underlying
disorder in the collagen molecules that assemble into the
fibrils. We have previously quantified such organization by
calculating the resulting SHG anisotropy, 3, by:

18: Igar_ Iorth

9
Ipar + 210rth

where [, and I, are intensities of SHG signals polarized
parallel and orthogonal to the polarization of excitation laser.
This parameter can vary between —0.5 and 1, with a value of
0 representing the isotropic situation where I,,,, and 1, are
equal. Surprisingly, similar values of ~0.6 were obtained for
both tissues. This arises because the fiber structure is funda-
mentally different. In the WT, the same fibrils appear in re-
duced intensity in the perpendicular direction, whereas in the
oim, new features appear in the orthogonal direction. While
strong morphological differences exist in these bone speci-
mens, we thus conclude that the anisotropy parameter is not
appropriate for analysis of this fibril topography. We will con-
tinue to work on new algorithms to quantify the polarization
response for these complex morphologies. Yet we can confi-
dently conclude that SHG imaging can reveal structural de-
tails not possible by standard histological microscopy.
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(a)

(b)

Fig. 4 Comparison of the crimping in (a) WT and (b) oim tendon SHG
imaging. The oim has approximately a twofold increase in periodicity,
suggesting that it has a decreased elastic modulus. Scale bar
=50 um.

3.3 Tendon

Previous scanning electron microscope (SEM) studies by
McBride et al. showed that the fascicle cross sections of oim
tendons were significantly smaller than those of the WT."” We
further examine this issue to determine whether SHG can dif-
ferentiate morphological and structural aspects at the smaller
scale of assembly of fibrils and fibers in tendon. Forward-
collected SHG images for the WT and oim tendon are shown
in Figs. 4(a) and 4(b), respectively. We first measure the
crimping, or the “waviness,” in the tendons where the period-
icity of the crimp is related to the material elastic modulus.
The SHG images show that the characteristic frequency is
much higher in the oim tissue. Average periodicities were
114+15 wm (n=33 fibrils) for the WT and 49+6 um (n
=56 fibrils) for the oim. We attribute the increased crimping
in the oim to a decreased elastic modulus versus the WT. This
result is consistent with decreased stiffness in oim bone and
skin reported by other workers.'®"’

Next we investigate whether the oim tendons are also com-
prised of smaller or less-packed fibrils. To this end, we exploit
the directionality of the SHG emission. Backward-detected
SHG can arise from either direct backward coherent emission

Journal of Biomedical Optics

051805-5

Perpendicular

Parallel

Fig. 5 Backward SHG polarization anisotropy of (a) WT and (b) oim
tendon. The laser polarization was 45 deg with respect to the axis of
the bone, and sequential images were obtained with a Glan polarizer
parallel and perpendicular to the excitation. Smaller features are seen
in the backward component of the oim tendon, resulting from a
shorter coherence length and subsequent destructive interference of
this coherent SHG component. These smaller fibrils are not observed
in the forward channel (not shown). Scale bar=20 um.

or from multiple scattering of initially forward-directed pho-
tons. The first scenario is highly dependent upon the fibril
diameters and packing. Fibrils in tissues much smaller than
the SHG wavelength produce a symmetrical forward and
backward emission distribution.'®'” When the dipoles of ad-
jacent molecules form aligned structures comparable to or
larger than X\ (in the axial dimension), the emission becomes
highly forward directed. Due to the coherent nature of the
SHG process, different fibril morphology can be observed in
the forward and backward channels. Specifically, smaller fea-
tures can be better visualized in the backward channel. This
effect has been observed in collagen of tendon and cornea by
Williams et al.* and Han et al.,”’ respectively, and more re-
cently for fibrillar cellulose by Nadiarnykh et al.*

We compared the forward and backward signals with con-
current polarization anisotropy analysis to obtain the highest
level of sensitivity to the supramolecular collagen structure.
This approach yielded few discernible differences in the
forward-collected geometry (not shown). In fact, calculation
of the anisotropy parameter, [3, results in a range of ~0.3 to
0.75 for both normal and diseased tissues. However, marked
morphological differences are observed in the backward-
collected geometry. Figures 5(a) and 5(b) show the parallel
and perpendicular components of the backward-propagating
SHG for the WT and oim, respectively. These images for the
WT are highly similar. In contrast, the oim parallel channel
displays smaller, segmented fibrils as well as longer, continu-
ous fibrils. While differing in morphology, calculation of the
anisotropy also results in a similar range of values to that in
the forward channel.

To explain this appearance, we need to consider the fibril
sizes. Our SEM analysis of the distribution of fibril sizes is
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Fig. 6 Histogram of the fibril sizes as determined by SEM analysis of
(a) WT and (b) oim tendon.

shown in the histogram in Fig. 6, where the most probable
values for the oim (b) and WT (a) are ~70 and 160 nm,
respectively. Elsewhere, we have provided a general treatment
of the morphology observed in SHG images based on fibril
size and packing, which predicts that the forward and back-
ward channels will have different coherence lengths, where
the visualization of segmented fibrils can arise from destruc-
tive interference in the latter.'” Based on this work, we sug-
gest that the contrast from these discontinuous-looking seg-
mented fibrils is likely coherent (i.e., direct backward
emission) arising from the smaller oim fibrils. We can then
account for this segmented morphology primarily appearing
in the parallel channel and the absence of these features in the
perpendicular direction. We showed earlier that the forward
SHG signal in these tendons is primarily polarized parallel to
the laser electric field, and also that the forward and backward
anisotropy in a fibrillar specimen were similar."* Thus, it is
expected that the initial SHG backward emission here will
have similar anisotropy. The backward-collected image is
comprised of both coherent and incoherent multiple scattered
components, and we suggest that the perpendicular image
arises largely from multiple scattering of the forward signal,
which does not display the segmented contrast. Upon scatter-
ing, the polarization of the signal will become randomized,
and the signal will be captured in both backward polarization
channels. We suggest that segmented appearing fibrils are not
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4.5

Forward/Backwards

WT oim/oim

Fig. 7 Histogram of the measured F/B ratio of oim and WT tendon.
The oim is more forward directed, indicative of a lower scattering
coefficient and less dense matrix.

observed in the WT SHG images because of the larger diam-
eter and concurrent longer coherence length. While both tis-
sues are characterized by a similar range of anisotropies, the
use of polarization analysis is essential to reveal the
backward-coherent polarized emission on top of the depolar-
ized multiple scattered component. Specifically, this uniquely
shows the segmented appearance of the smaller fibrils in the
oim tendon.

Unlike in bone, we cannot make a quantitative assessment
of the relative SHG intensities in these samples because these
fascicles are sufficiently thick (~50 to 100 wm) to support
multiple-scattering events (the mean free path in such tissues
is ~10 to 20 wm). As a result, the absolute intensity in each
case will depend on the scattering coefficients at both the
fundamental and SHG wavelengths, and due to differences in
assembly, these parameters will be different in each tissue.
However, we can exploit the directionality of the SHG signal
propagation as a means to probe the density of the fibrillar
packing. The forward-to-backward ratio (F/B) that arises from
multiple scattering of the forward signal will depend on the
magnitudeI4 of the reduced scattering coefficient u,. We have
not yet been able to measure these coefficients in mouse ten-
don but have measured the F/B intensities in WT and oim
tendon. A histogram of the results obtained by integrated z
projection of the SHG intensity is shown in Fig. 7, where the
mean F/B values for the normal and diseased mice are
2.1£0.6 and 3.5+0.6, respectively. The increased scattering
in the WT (i.e., lower F/B) is also consistent with the higher
degree of similarity in the polarized SHG images in Fig. 5(a),
where both channels contained a significant multiple-scattered
component. Conversely, the more forward directed signal for
the oim is consistent with a less dense matrix, as the mean
free path will be longer and there is lower probability for
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WT , oim

Fig. 8 Morphology of WT and oim skin determined by (a) SHG and
(b) histological staining with Sirius Red and Fast Green FCF. Both
contrasts show denser packing of the collagen fibrils for the WT rela-
tive to the oim. Scale bar=50 um. (Color online only.)

multiple collisions. We therefore suggest that this finding is
consistent with sparser packing of fibrils in the matrix and the
mechanical properties in vivo, and that this approach of mea-
suring propagation could be used as a diagnostic tool.

3.4 Skin

Our long-term goal is to develop SHG imaging as a clinical
diagnostic tool. For both ex vivo and in vivo imaging, skin is
the most accessible tissue, and to this end, we examine
whether SHG can quantitatively differentiate WT and oim
skin. Representative images are shown in Figs. 8(a) and 8(b),
respectively, where these were taken at depths into the dermis
of ~20 microns (plus ~10 wm of the epidermis). Based on
our SEM analysis, the average fibril sizes in the oim and WT
skin are ~70 and 100 nm, respectively, and cannot be re-
solved in the SHG microscope. However, on inspection, these
images suggest that the fibrils are less ordered for the diseased
skin. As the SHG contrast depends on the square of the con-
centration of the sources as well as their molecular organiza-
tion, we need to determine the contributions of these effects.
To this end, the tissues were stained with Sirius Red and Fast
Green FCF to assess the collagen and total protein content,
respectively. These histological sections are shown in Figs.
8(c) and 8(d), respectively. We first note that the Sirius Red
staining appears more highly packed in the dermal assembly
for the WT and is consistent with the tighter packing seen in
the SHG image. Quantitative measurements of the extracted
Sirius Red showed that the collagen content in the oim was
85% that of the WT. Given this similarity, we ascribe the
higher degree of SHG contrast difference between WT and
oim skin to reduced collagen organization in the diseased
tissue.
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We must be able to extract quantitative differences to apply
the method as a disease diagnostic. The complex morphology
of skin does not lend itself to polarization anisotropy. Indeed,
attempts to determine S led to a random distribution, even
when performed over several ranges of size scales in the im-
ages. However, we can readily perform relative assessments
of the organization and packing by measurement of the F/B as
described earlier for tendon as a means of comparing the scat-
tering properties. These measurements obtained by integrated
average z projections of 3-D image stacks show F/B values of
2.6+0.3 and 1.6x0.2 for the oim and WT, respectively. These
values follow the same trends observed in tendon, being in-
dicative of a smaller reduced scattering coefficient, and simi-
larly indicating that the oim tissue is less organized than the
WT. This result suggests that SHG imaging of skin can be
used as a quantitative assessment of this disorder.

4 Discussion

Many approaches have been employed to understand the
structural differences in the collagen fiber organization in nor-
mal and OI tissues. The triple helical structure and intramo-
lecular organization of collagen fibrils has been the subject of
the number of x-ray diffraction and NMR studies. X-ray dif-
fraction analysis of collagen-like peptides shows the destabi-
lizing effect of a glycine point mutation. Similar studies using
biochemical methods®' or NMR and circular dichroism (CD)
lead to a similar conclusion.””>* At the intramolecular level,
x-ray diffraction has shown small fibers with less well defined
lateral growth and more fiber disorganization in tissue ob-
tained from OI subjects.15 Collectively, these structural stud-
ies indicate a decreased level of organization in OI tissue,
which ultimately leads to decreased bone strength. We extend
these ideas to 3-D imaging microscopy of ex vivo tissues. Our
rationale was to exploit the exquisite sensitivity of SHG to
supramolecular assembly to differentiate between the respec-
tive fibrillar structures in normal and diseased tissues.

As a first step, we have demonstrated that by employing
several different metrics, SHG imaging can indeed be applied
to the oim mouse model. The constraint that SHG requires a
noncentrosymmetric environment to generate contrast yields
the ability to probe the fibrillar organization and thus provides
greater structural information than possible by fluorescence or
other optical microscopies. For example, tendon crimping has
been traditionally studied by polarization microscopy of
cryosections.25 However, SHG reveals greater contrast of the
fibrils in the fascicles than is possible by probing only the
birefringence. The crimping had been considered as a planar
effect, but through indirect evidence, recent work suggests
that the fibrils formed helical structures.?® Inspection of the
SHG images in Fig. 4 reveals this geometry directly. This
method also provides greater information content than the his-
torical gold standard of histology. For example, 3-D images
can be obtained without the use of slicing, fixation, and stain-
ing. Furthermore, as demonstrated in Fig. 7, SHG provides
higher-resolution, higher-contrast visualization of the collagen
assembly than is possible by histological staining. In sum, this
approach has significant advantages over conventional imag-
ing methods because SHG directly visualizes the collagen su-
pramolecular structure without relying on inferences from ex-
ogenous labels.
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Additional richness lies in the coherent nature of the SHG
contrast mechanism. We showed that smaller oim tendon
fibrils were visible exclusively in the backward collection ge-
ometry. Noncoherent contrast modalities including fluores-
cence and polarization microscopy cannot reveal these details.
We further showed that SHG could differentiate WT and oim
tissues based on the directionality of the measured signal,
because this direction arises in part from the underlying re-
duced scattering coefficient, u.. This measurement is enabled
both by the ability to optically section through the tissues and
by the coherent origin of SHG emission. This approach af-
fords quantitative comparisons of the structural organization
based on differences in photon migration behavior. In tissues
such as skin, where the complex fibrillar structure makes nu-
merical morphological assessments and pattern recognition
difficult, quantifying SHG scatter through F/B and polariza-
tion anisotropy measurements produces a probe of collagen
density and assembly.

While the current work shows the ability of SHG to dif-
ferentiate normal and diseased states in the oim mouse model,
we suggest that this work provides justification for pursuit of
the SHG modality as a future clinical diagnostic tool for hu-
man OI. Historically, bone biopsies have been the standard of
care for assessment of disease severity or efficacy of treat-
ment. However, this is a highly invasive procedure. Ulti-
mately, we hope to use SHG imaging skin in vivo in the
backward collection direction as a clinical probe of human OI.
However, even if biopsies are required, this is a less-invasive
test for skin than bone. Our observation that SHG can opti-
cally discriminate normal and diseased oim skin lays the
foundation for pursuing this approach.

5 Conclusions

Through these studies, we have used quantitative SHG imag-
ing to derive several metrics for comparison of the tissue or-
ganization in WI and oim bone, tendon, and skin. These find-
ings are enabled by the sensitivity of the approach to the
supramolecular assembly. Through intensity comparisons,
morphological comparisons, polarization analysis, and SHG
signal propagation, we showed that statistically different re-
sults are obtained for the normal and diseased state. All these
optical signatures are consistent with the collagen matrix in
the oim tissues being more disordered, where these results are
consistent with the known weaker mechanical properties of
the oim mouse. We suggest that the current approach will
complement the existing ultrastructural data in that imaging
could be performed either in vivo or immediately ex vivo in
intact tissues and be eventually used as a diagnostic tissue or
measure of treatment efficacy. Additionally, the SHG metrics
described could be applied to other connective tissue disor-
ders that are characterized by abnormal collagen assembly.
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