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Abstract: Inappropriate bone growth in soft tissue can occur after trauma to
a limb and can cause a disruption to the healing process. This is known as
Heterotopic Ossification (HO) in which regions in the tissue start to
mineralize and form microscopic bone-like structures. These structures
continue to calcify and develop into large, non-functional bony masses that
cause pain, limit limb movement, and expose the tissue to reoccurring
infections; in the case of open wounds this can lead to amputation as a
result of a failed wound. Both Magnetic Resonance Imaging (MRI) and X-
ray imaging have poor sensitivity and specificity for the detection of HO,
thus delaying therapy and leading to poor patient outcomes. We present a
low-power, fast (1 frame per second) optical Raman imaging system with a
large field of view (1 cm?) that can differentiate bone tissue from soft tissue
without spectroscopy, this in contrast to conventional Raman microscopy
systems. This capability may allow for the development of instrumentation
which permits bedside diagnosis of HO.

©2015 Optical Society of America

OCIS codes: (90.5860) Scattering, Raman; (170.3880) Medical and biological imaging;
(170.6935) Tissue characterization.
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1. Introduction

Biocompatible Raman imaging of tissue, particularly imaging of tissue in vivo, has not yet
translated to the clinical setting for several reasons. Most Raman techniques are time-
consuming, require expensive and bulky systems, and are destructive in nature due to large
illumination fluence [1-3]. There exist many disorders that cannot be detected or imaged via
traditional methods and could use the high specificity that Raman signals offer. The detection
of bone tissue that forms outside the skeleton hypothetically is an ideal candidate disorder, as
the Phosphorus-Oxygen bond provides a strong unique Raman signature [1-4]. This
mineralization growth occurs in traumatic wounds of the limbs where the injury affects soft
tissue and is prevalent in combat wounds [5—8]. HO also arises in spinal injuries, severe burns
and in the surgical beds resulting from orthopedic surgery complications [1,6,9,10]. The
biochemical and physiologic mechanisms surrounding HO are not well understood and many
precursors of HO are often poor predictors of the eventual establishment of HO, e.g. not all
detectable fibrous abnormalities lead to HO [5,8]. In failed wounds in the extremities (limbs),
bone growth is impossible to detect in the early stages and treatment includes resection of the
ossified (mineralized) areas and topical or intravenous delivery of medications. The delayed
detection followed by late treatment can lead to amputation to avoid potentially life
threatening infection [4]. While early detection is crucial, current technologies including X-
ray (CT) and Magnetic Resonance Imaging (MRI), are limited and do not offer the resolution
and specificity that is required in HO detection. Typical resolution limit for a CT scan is
about 1 mm [11] however these scans are not practical for daily patient monitoring due to
high costs and, most importantly, high levels of ionizing radiation [12]. There is a clinical
need for imaging techniques capable of providing fast, inexpensive, in vivo detection at a
stage early enough to allow for appropriate treatment. Several research efforts employ multi-
point tomographic imaging schemes for bone detection [13,14], while others use wide-field
illumination and acquisition methods [15,16], yet no commercial imaging devices are
currently available in the clinical setting. Traditional Raman systems involve point
measurement and acquisition of Raman spectra using a spectrometer. The spectra obtained
from such an acquisition procedure are then compared to a known spectral database to find a
match. These spectra can serve as a fingerprint to identify elements of a sample and, in the
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case of medical diagnostics, the constituents of tissue. In spectrometer based methodologies,
detection is performed by raster scanning the sample area point by point and then coloring
techniques are used to create contrast maps corresponding to the spatial location of particular
constituents. This method is very specific; however, it is a time-consuming process that
cannot be easily applied in vivo [17,18]. Two prominent problems are artifacts caused by the
natural movements of the patients, and high fluence levels of the illumination source.
Moreover, this methodology does not scale efficiently into imaging a large field of view of
0.1 cm? and above. Since stokes-Raman scattering exhibits low signal levels due to small
cross section, a powerful laser source or alternately a focused beam is required in order to
generate a detectable signal. High fluence levels can cause dehydration of the tissue,
denaturation of proteins, and destruction of other constituents and is limited in in vivo tissue
imaging by the Maximum Permissible Exposure (MPE) set by ANSI safety code [Z136.1-
2007]. Broad fluorescence emission impose another difficulty in recording Raman signals and
often requires photo-bleaching or extremely complicated laser systems to generate a ‘cleaner’
Raman signal [19]. Stokes Raman signals are several orders of magnitude weaker than
fluorescence signals and several methods have been developed to amplify Raman signals,
amongst them are stimulated themes such as Coherent Anti-stokes Raman Scattering (CARS)
and Stimulated Raman Scattering (SRS) [20]. Clinical acceptance of these methods has not
been proven due to the need for establishing a coherent illumination condition and the
requirement of expensive and bulky laser systems. These patient sampling and
biocompatibility issues indicate that traditional Raman techniques, though of extreme utility
for in vitro or ex vivo settings, are currently not practical for in vivo or translational research
applications.

2. Methods

The system was built around an 852 nm tunable narrow-band optical filter (Semrock, LLO1-
852-25) with 3 nm bandwidth (full-width half-maximum) mounted in front of the imaging
optics and serves as the Raman band differentiator (Fig. 1). The tested imaging sensors were:
Intensified CCD (ICCD) camera (Andor, iStar 334T) and Near Infra-Red (NIR) CCD camera
(Andor, iKon-M 934). Both cameras were equipped with a 1 mega-pixel CCD sensor and
provide 1 cm field of view, attained by a wide aperture macro lens (Canon, MP-E 65 mm).
Diode laser illumination (Thorlabs, L785P090) supplies 90 mW power at 785 nm with ~1.4
nm bandwidth. Additional optical filters were encased in the detection optics platform to
block light that falls outside the detection band: 785 nm notch filter (Semrock, NF03-785E-
25), and a bandpass filter at 842 nm (Semrock, FF01-842/56-25) central wavelength with 30
nm spectral bandwidth (full-width half-maximum). The laser beam was defocused using an
aspheric lens (Thorlabs, C280TME-B) and offered an illumination area of 30 mm? at a power
density of 250 mW/cm?, well below the MPE. The narrow band optical filter enables sensitive
selection of the incoming signal from 849 to 852 nm. Tuning the narrow-band filter is done
by changing the angle in which it is positioned in relation to the optical axis. Through angular
adjustment, a multi spectral selection is achieved for each recorded image: 852 nm central
wavelength at 0 degrees, to 849 nm at 10 degrees rotation. A pivot filter holder (Thorlabs,
CP360R) was customized and coupled to a translation stage assembly for accurate rotation
control. Rotation parameters of the filter were set upon calibration using a broad-band NIR
LED source and a spectrometer (Ocean Optics, HR4000CG-UV-NIR). The final Raman map
is computed by subtraction of two images (Fig. 2): First image captures the unique Raman
stokes signal of the phosphate symmetric stretch at 960 cm™, and the second image captures
only fluorescence and background signals of the tissue at 1002 cm™.
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Fig. 1. Imaging system schematics: Intensified CCD camera sensor records 1 cm field of view
images of a single wavelength band through set of optical filters. The tunable Raman filter in
the heart of the system transmits 849 nm emission at 10 degrees pivot rotation and 852 nm
emission at 0 degrees — perpendicular to the optical axes. Front filters include 785 nm laser
rejection filter and a band pass filter reducing broad fluorescence signals. This compact
imaging setup utilizes off the shelf parts: Macro lens, optical filters and a near infra-red sensor.

The Raman peak bandwidth is proportional to the laser linewidth and exhibits ~1.6 nm
emission bandwidth. Although the tunable filter has broader transmission spectra than the
Raman peak, good differentiation between muscle and bone is achieved due to lower muscle
and bone fluorescence signals, compared with the high intensity bone peak. Further
improvement in bone mapping and sensitivity can be achieved by utilizing a 2 nm bandwidth
detection window.
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Fig. 2. Fluorescence and Raman spectrum of cortical bone and muscle tissues (left) with two
imaging bands; A and B. Bone spectra shows the unique Raman signature of the phosphate at
960 c¢cm™' (Raman shift). Bone and muscle spectrum intensities realigned for better
visualization. Image subtraction (right) removes the broad fluorescence signals (image B) and
results in Raman map of bone locations.

The two images, each at different wavelength, hold sufficient information to localize the
unique Raman signatures of bone by image subtraction. This composite image represents a
2D map of the bone locations. Tomographic approach implementation is required in order to
resolve embedded bone structures in tissue beyond 5 mm depth, in order to resolve distance
and size features. The adipose tissue and cortical bone selected for this experiment were taken
from a food-grade bovine sample. No Institutional Review Board approval was required. 1
mm bone segments were chosen to represent the detection size limit (slice width) of medical
x-ray (CT) systems. The x-ray scans were taken by a high-resolution microCT (SkyScan
1172, Bruker MicroCT N.V., Kontich, Belgium) at an image resolution of 27.4 um (70 kV
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and 141 pA radiation source, using a 0.5mm aluminum filter), and imaged using DataViewer
software provided by the manufacturer.

3. Results

Our proof of concept macro-imaging Raman system is adapted to acquire full field images of
tissue in real time without resolving Raman spectra, to capture the location of bone tissue
structures (Fig. 3). By using the unique Raman stokes signature of the Phosphate (PO4*),
specifically the tetrahedral symmetric stretching of the P-O bonds [1-4], a successful
detection of the inorganic constituent within the bone structure is possible. Phosphate is a
major building block of hydroxyapatite, the calcium mineral found in bone and heterotopic
ossification, and is not found in significant quantities in other tissues. This signal can
overcome the broad fluorescence background found in bone and tissue, and ultimately can
enable in vivo detection. The spectra and algorithm are depicted in the methods section (Fig.
2).

1 mm - I mm w—

Fig. 3. Bone on tissue imaging. Right: Conventional color image taken after the experiment
showing the tissue sample with 2 pieces of bone on top encircled in red, image rotated on grey
background to match fluorescence and Raman images orientation. Adipose tissue and cortical
bone fragments were taken from bovine samples. Left: Grey scale image of the fluorescence
and Raman signals at optical wavelength of 852 nm (excitation wavelength is at 785 nm),
showing both the bone and the soft tissue fluorescence signals. Middle: Raman signal
computed image showing the bone locations. The muscle tissue fluorescence signal reduced
significantly and showing close to background signal level. Bone signal is measured at about
x10 larger than the surrounding tissue, which translate to 20 dB in Signal to Noise Ratio
(SNR). Image threshold has been applied, due to laser beam non-uniformity signal levels from
the two bone pieces at the two locations are different. Field of view in all images is 1 cm x 1
cm.

Fig. 4. Bone on tissue imaging: a. Top view Raman computed image of the tissue sample field
of view is 1 cm. b. microCT projections of the sample, top and perpendicular side views. c.
Top view color image with bone fragment encircled in red, bone size is ~1 mm.
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Fig. 5. Bone embedded in tissue: a. Raman computed image of the tissue sample, the bone (~1
mm in size) Raman signal scattered through the top layer showing diffused boundaries and
effectively lowering resolution, field of view is 1 cm. b. microCT projections of the sample,
top and perpendicular side views, scale bar 1 cm. c¢. Angled side view color image, showing
top layer of meat (~2 - 3 mm thickness), and a bottom piece (~8 mm).

Further experiments conducted with collaboration of the dental school, enabled validation
of the imaging results using a microCT scanner (Figs. 4 and 5). These preliminary
experiments provide support for our imaging approach and show that we can detect a 1 mm
bone fragment through 3 mm of bovine adipose tissue. The imaging result in Fig. 3 was
acquired using the ICCD, with 2 seconds total acquisition time. The ICCD’s built-in image
intensifier enables fast imaging with high sensitivity, however, the resulting images exhibit
lower effective resolution due to the amplification process. Results in Figs. 4 and 5 were
taken using the NIR camera with acquisition time of 8 seconds. This camera acquired higher
resolution images with longer exposure times due to lack of signal amplification. Both
cameras achieve similar SNR (with different noise characteristics) and are capable in
producing acceptable results. The preferred sensor will depend on specific imaging needs
including; determination of the required imaging speed, ease of implementation, and cost.
These considerations will be better defined in future research efforts.

4. Conclusion

The direct Raman detection system has potential to detect bone Raman signals in vitro with
settings that comply with in vivo conditions both in illumination intensity and speed. Further
experiments are required in order to find the detection limits with respect to bone size and
depth. Using trabecular bone (spongy bone) samples with lower hydroxyapatite concentration
is planned in order to better simulate HO conditions. This will require an increase in the
illumination power that can enable larger illumination area and offer better beam uniformity.
Variable illumination and acquisition orientation can also be implemented in a tomographic
imaging routine in order to better localize in-depth bone tissue locations.
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