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Abstract

Bone fracture risk increases with age, disease states, and with use of certain therapeutics, such as
acid-suppressive drugs, steroids and high-dose bisphosphonates. Historically, investigations into
factors that underlie bone fracture risk have focused on evaluation of bone mineral density (BMD).
However, numerous studies have pointed to factors other than BMD that contribute to fragility,
including changes in bone collagen and water. The goal of this study is to investigate the
feasibility of using near infrared spectral imaging (NIRSI) to determine the spatial distribution and
relative amount of water and organic components in whole cross-sections of bone, and to compare
those results to those obtained using magnetic resonance imaging (MRI) methods. Cadaver human
whole-section tibiae samples harvested from 18 donors of ages 27-97 years underwent NIRSI and
ultrashort echo time (UTE) MRI. As NIRSI data is comprised of broad absorbances, second
derivative processing was evaluated as a means to narrow peaks and obtain compositional
information. The (inverted) second derivative peak heights of the NIRSI absorbances correlated
significantly with the mean peak integration of the water, collagen and fat NIR absorbances,
respectively, indicating that either processing method could be used for compositional assessment.
The 5797 cm™1 absorbance was validated as arising from the fat present in bone marrow, as it
completely disappeared after ultrasonication. The MRI UTE-determined bound water content in
tibial cortical bone samples ranged from 62 to 91%. The NIRSI water peaks at 5152 cm™1 and at
7008 cm™1 correlated significantly with the UTE data, with 7= 0.735, p=0.016, and r=0.71, p=.
0096, respectively. There was also a strong correlation between the intensity of the NIRSI water
peak at 7008 cm~1 and the intensity of the collagen peak at 4608 cm™1 (r=0.69, p= 0.004). Since
NIRSI requires minimal to no sample preparation, this approach has great potential to become a
gold standard modality for the investigation of changes in water content, distribution, and
environment in pre-clinical studies of bone pathology and therapeutics.
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1. Introduction

The risk of bone fracture is known to increase with age, disease states (including
osteoporosis, osteogenesis imperfecta (Ol), renal osteodystrophy, and diabetes) [1-6], and
with use of certain therapeutics, such as acid-suppressive drugs [7], steroids [8] and high
doses of bisphosphonates [9]. Historically, investigations into factors that underlie bone
fracture risk have focused on evaluation of areal bone mineral density (aBMD) [1, 3].
Accordingly, current clinical practice utilizes assessment of aBMD by dual-energy X-ray
absorptiometry (DXA) as the main modality for prediction of fracture risk. However,
numerous studies have pointed to more complex factors at multiple scale lengths that
contribute to bone fragility[10], including bone geometry and microarchitecture [11-13],
collagen content and crosslinks [14-16], mineral crystallinity and heterogeneity [17], and, of
increasing focus, water content [18-20]. In fact, studies have demonstrated age-related
increases in fracture risk that occur without changes in bone mineralization [21, 22] and that
may be attributable to alterations in bone water[23].

To fully understand the factors that contribute to bone fragility, appropriate methods of
analysis of bone composition and structure are required. Although many aspects of bone
composition and structure have been evaluated in depth, water content and environment
(specifically, which components water is bound to) has not, due to the lack of tools. For
evaluation of bone architecture at the micron level, micro computed tomography (CT) is
widely utilized in animal studies [12, 13, 24], and high resolution peripheral quantitative
computed tomography (pQCT) [1, 11, 25, 26] and MRI [4, 27, 28] are increasingly used for
studies in human. For assessment of mineral properties in harvested tissues, Fourier
transform infrared spectroscopic imaging (FT-IRIS, based on infrared radiation in the mid-
infrared spectral region) has proved to be a powerful technique that can provide information
on mineral composition at ~ 6 microns pixel resolution, including mineral phase, relative
density, crystallinity, carbonate substitution, acid phosphate substitution, and heterogeneity
[29-35]. Data from these studies have yielded insight into mineral compositional changes in
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animal models of bone disease [30-32], and into changes in bone from patients treated with
bisphosphonates [30, 35]. However, in the spectral regions of interest, there is limited depth
of penetration, and thus these studies require thin histological sections of bone (3to 5
microns thick) for analysis. This results in small volumes of dehydrated tissue as the basis
for such studies, which precludes evaluation of the contribution of water. Raman
spectroscopy has also been utilized to assess mineral composition, and has the advantage of
a greater depth of penetration, and thus can be applied to intact bone [36, 37]. Mineral phase
and crystallinity can be investigated with Raman spectroscopy at a spatial resolution of ~ 1
micron, however it offers limited signal to noise ratio. Therefore, to date, the use of this
modality has been more limited than FT-IRIS studies [37, 38]. Both FT-IRIS and Raman
have been applied to evaluate collagen quality in harvested bone tissues, with investigations
focusing on both enzymatic crosslinks [37, 39] and non-enzymatic crosslinks in the form of
advanced glycation end products [40, 41]. Even with the molecular-level information
available from such spectroscopic studies, investigations into water interactions in intact
bone have been limited [42], and have not included imaging investigations of tissues.
Gravimetric analysis is still the standard method for assessment of water in tissue, a
destructive technique that does not permit imaging of water distribution.

Ultra-short echotime magnetic resonance imaging (UTE-MRI) provides increased access to
short T2-species, with applications to bone in a clinical environment increasing substantially
in recent years. Use of UTE-MRI for non-invasive evaluation of water bound to collagen and
water residing in pore spaces in bone is based on the well-founded notion that the transverse
relaxation time of bound water is substantially shorter than that of free (pore) water [43-45].
Progress has been made on the validation of the use of UTE-MRI for evaluation of these two
broad categories of bone water [44-49]. In these studies direct visualization of water
compartments is not performed, since the micron or sub-micron pore sizes remain much
smaller than the resolution capabilities of MRI. In one study, differences in overall bone
water concentrations were found between pre- (18%) and post- (29%) menopausal
volunteers, as well as in comparison to a volunteer with renal osteodystrophy (40%), without
differences in bone density [23]. Recently, the feasibility of using UTE-MRI measured
bound and free water for volumetric mapping of cortical bone porosity in human subjects
have been demonstrated [45] Further, an in vivo UTE-MRI study in beagles showed changes
in bone water content with raloxifene treatment, providing evidence that drug-induced
changes in skeletal hydration can be noninvasively assessed using this technique [50].
Although these results are encouraging, there are several challenges for clinical translation.
The percentage of free water in bone can be as low as 4% of the total water [51] so that
evaluation of changes in this parameter with disease or treatment could require a very high
degree of accuracy and precision. More importantly, these techniques cannot map bound and
free water in cortical bone at spatial resolutions beyond imaging resolution, which is on the
order of 0.5mm for whole bone cross section studies[45]. Recently, a custom built short
wave Raman spectrometer was utilized to investigate water in bone at high spatial
resolution, but such analyses would be challenging using standard Raman spectrometers [42,
52].

Near-infrared spectroscopy (NIRS) is the gold-standard technique for determination of water
content and molecular composition in the food and pharmaceutical industries [53-57], in

Bone. Author manuscript; available in PMC 2018 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rajapakse et al.

Page 4

large part due to its ability to evaluate intact samples, such as tablets and food mixes, with
minimal or no sample preparation[53, 58-61]. It has also recently been utilized by our group
to evaluate the water content in intact cartilage[62]. NIRS uses higher frequency (shorter
wavelength) radiation than mid IR, permitting a much greater depth of penetration
(millimeters to centimeters)[63]. The NIRS absorption bands arise from molecular
vibrations, and are overtones and combinations of the mid-IR fundamental vibrations of C-
H, C-0, O-H and N-H bonds. Therefore, they are widely used to monitor water, lipids,
proteins and sugars, in spite of potentially much lower intensities. The absorbances from
phosphate are very small in the NIR spectral region, and have not been widely used to
monitor calcium phosphate compounds including bone apatite[64]. NIR spectral features are
generally broad, with overlapping and low intensities, as they arise from combination and
overtone absorbances of molecular vibrations[53]. Evaluation of NIR spectra is often
coupled with multivariate chemometric analysis to obtain improved understanding of the
spectral features[65]. In comparison, other vibrational spectroscopic techniques, such as,
Raman and mid infrared (mid-IR), have narrower spectral features, and the absorbances
arise from primary molecular vibrations that have been validated in multiple studies [66].
Raman and mid-infrared can also be applied in spectral imaging mode to obtain distributions
of matrix components[34, 67]. One drawback of Raman spectroscopy is that there are
challenges in data collection from samples that produce significant amounts of fluorescence,
such as samples impurities[66, 68]. However, the two primary advantages of NIRS over the
mid-infrared and Raman modalities are i)the penetration depth of the radiation, which
permits evaluation of tissues through several millimeters or even centimeters[63], dependent
on the specific wavelength range investigated, and ii) the ability to obtain information about
water. When compared to UTE, NIR offers better spatial resolution (when coupled with an
imaging spectrometer, ~6um, and fiber optic probes, ~1mm). Although NIR can provide
information about bound and free water as well as collagen content of the bone [62, 69], it
has not been used to study mineral quality of the bone due to the fact that the phosphate
absorbance is very low in the NIR region. For the mineral quality of the bone, Raman and
mid IR are currently the preferred methods of analysis over NIR.

In the current study, we investigate the use of NIR spectral imaging (NIRSI) to define the
spatial distribution and relative amount of water and organic components in whole cross-
section of bone. NIR spectral imaging requires minimal to no sample preparation, and thus
there is great potential for this modality to become the gold standard for the investigation of
changes in water content, distribution and environment in pre-clinical studies of bone
pathology and therapeutics. We also compared these data to water content as determined by
MRI UTE studies.

2. Methods

2.1 Tissues

Cadaver human tibiae were harvested from 18 donors with no evidence of skeletal disease (5
male and 13 female), 12 of which were used for assessment of water (5 male and 7 female)
of ages 27-97 years. (NDRI, Philadelphia, PA). Bones were stored frozen at —30° C, except
when thawed for UTE-MRI data acquisition, and near infrared spectral data acquisition. For
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UTE-MRI experiments, 36-mm whole cross-section specimens were cut from the diaphysis
approximately 38% of the tibia length proximal to distal endplate using a reciprocating saw
after thawing to room temperature. For IR experiments, 450 micron thick whole cross-
section samples were utilized as described below. One sample thickness was utilized to
eliminate the potential effects of thickness variation on spectral data.

2.2 UTE-MRI data acquisition and processing

The cortical bone specimens underwent three-dimensional UTE MRI in a 3-T whole-body
clinical scanner (Siemens, Erlangen, Germany) using a surface coil (Insight MR imaging,
Worcester, Mass). Imaging parameters were as follows: 12 msec repetition time, 12° flip
angle, 50,000 half-projections distributed uniformly within a sphere, and 190 readout points
per projection. Twenty-three UTE images were acquired at echo times 50, 64, 80, 100, 130,
160, 200, 250, 320, 400, 500, 640, 800, 1000, 1300, 1600, 2000, 2500, 3200, 4000, 5000,
6400, and 7790 psec. UTE images were reconstructed onto a 320 x 320 x 320 matrix that
corresponded to an isotropic 0.5 mm voxel size. Compact-appearing cortex that excluded the
trabecularized transition zone was used for analysis as previously described[70]. This
methodology was an operator-guided segmentation approach for carefully avoiding the
trabecularized regions of the cortex. Bound and pore water fractions were assessed by bi-
exponential fitting of the 23-echo UTE MR imaging data.

2.3 NIR Spectral Imaging (NIRSI) Sample Preparation

Samples were thawed, and to eliminate sample thickness as a variable in the analysis, whole
cross-section specimens were cut to a uniform thickness of 450 um from the regions of
maximum cortical bone thickness (~38% distance proximal to distal endplate) with a
diamond wafering saw (Buehler Isomet 1000, Lake Bluff, IL). The uniform thickness
specimen was then stored in 12 mM phosphate buffered saline (PBS) solution (1x, pH 7.4,
Invitrogen, Carlsbad, CA) at 4° C prior to data collection, typically for one or two days.

2.4 NIRSI data collection

NIR spectral images were collected from the 450 pm thick bone samples using a Perkin
Elmer Spotlight 400 imaging spectrometer (Shelton, CT). The images were collected in the
frequency range 4000-7800 cm™1 at 64 cm™~1 spectral resolution and 50 um pixel resolution
with 2 co-added scans (two scans were averaged to improve signal to noise ratio). The
imaging time was approximately 20 minutes for each sample. Prior to imaging, the surface
sample water was dabbed dry with a Kimwipe. Care was taken to minimize water loss
during imaging by keeping the sample between a glass slide and glass coverslip.

2.5 NIRSI data processing and analysis

NIR spectral images were analyzed using ISys 5.0 software (Malvern Instruments,
Columbia, MD). NIR absorbances from water at ~ 5150 and ~7008 cm™2, collagen at 4608
cm™1, and fat (from bone marrow) at 5797 cm~1 were evaluated (Table 1). To process the
NIRSI data, the inner trabecular regions were removed from the bone images prior to data
processing by masking based on the fat absorbance (primarily from marrow) at 5797 cm™1,
Second derivative processing (Savitzky-Golay, 3rd order polynomial and 9 points of
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smoothing) of NIR spectra was performed as a spectral resolution-enhancement technique.
Although spatially resolved data were collected at 50 micron resolution, for analysis, the
data were averaged across the bulk sample to compare in a manner commensurate to MRI
parameters. For each sample, the integrated areas of the absorbances of interest were
calculated across the entire image (N = 12). In addition, the mean second derivative peak
values (inverted, to make positive) were calculated for each peak of interest, and correlated
to the mean integrated areas of the peaks (N = 18). These calculations were performed to
confirm that relative values from the second derivative analysis (which enable more precise
peak locations to be utilized), and the integrated areas (the traditional method used to
calculate relative amount of a component) were comparable. We note that although 18 tissue
samples were utilized for comparison of the integrated peak areas and second derivative
values, 6 of these samples could not be used for in-depth NIR spectral analysis of water, as
they were left in PBS at 4° C for more than 3 days. For the 12 remaining samples,
correlations between the mean NIR water peak intensities at 5152 and 7008 cm™1 and the
MRI bound water content, the NIR-determined collagen, and the fat absorbance were also
investigated. In addition, correlations were investigated between donor age and NIR-
determined collagen, and water peaks at 5152 and 7008 cm~2. Two data points were
determined to be outliers in the 5152 cm™! data set based on a Q test. Spectral data from
trabecular regions were not included for correlation data. The Pearson’s correlation
coefficient r was reported for all correlations and significance was assessed at p < 0.05.

Further, evaporation studies were performed on 3 bone samples to gain insight into the
environment of the water peaks, e.g., whether they arose from loosely or tightly bound
water. For those samples, spectral data were collected from wet samples, and again after
overnight lyophilization.

2.6 NIRSI Fat peak identification

Absorbances from water and collagen in cartilage and bone in the NIR spectral region have
previously been identified by our group[62, 69, 74]. However, as the first study to evaluate
NIR spectral imaging of bone with marrow, a separate experiment was performed to confirm
the specific absorbances that arise from bone marrow fat. Cortical bone from bovine tibias
(n=4, 2-4 month old animals) (Research 87, Boylston, MA) were cut into smaller segments
of ~ 5 cm length with a bone band saw (Mar-Med Inc, Strongsville, OH) and stored in PBS
at —20°C until processing. Thawed tibias were cut into 500 pm thick, cross-sectioned slices
containing cortical and trabecular regions using a diamond wafering saw (Buehler Isomet).
NIR spectral images of the bone slices were collected as described above. After data
collection, bone marrow was removed by sonication using a Branson 2510 Ultrasonicator
(Emerson Industrial Automation, Danbury, CT) with a 1% tergazyme solution for 30
minutes at 45°C. This was followed by gentle washing with water for 15 seconds. Each
sample was imaged again after sonication. NIR spectral imaging data were analyzed as
described above. The fat absorbance at 5797 cm~1 was normalized by a NIR matrix peak at
4896 cm™1 [66] to account for potential differences in bone thickness.
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3. Results

3.1 Identification of NIR absorbances associated with specific components of bone

NIR spectra from bone were dominated by peaks at 5152 and 7008 cm~2, known to arise
from water absorbances [62], a peak at 4608 cm™1 that arises from protein (collagen [69]), a
shoulder at 4896 cm™! that is attributed to matrix absorbance [72, 73, 75], primarily
collagen, and spectral absorbances from fat at ~5664 and 5797 cm~, which were most
noticeable in trabecular bone (Figure 1a). Figure 1b shows the distribution of water in the
bone based on the water absorbance at 5152 cm™L, In this image each pixel results in a
spectrum which contains qualitative and quantitative information about the sample. The
color bar indicates the intensity of water where blue indicates low and red indicates high
intensities. Figure 1c shows representative spectra from red, orange and blue regions of the
figure.

There was a significant correlation between the (inverted) mean second derivative peak
heights of the NIR absorbances with the mean peak integration of the water, collagen and fat
NIR absorbances, respectively, indicating that either the second derivative peak heights or
the raw spectra peak integration could be used to determine relative content of water or
matrix components (Figure 2). The lower r value for fat is likely attributable to the broadness
of the fat peak, which makes peak integration challenging. The second derivative peak for fat
is much better resolved.

The distribution of collagen, water and fat content based on the second derivatives in an
entire bone cross-section is shown in Figure 3. Water is present throughout the bone matrix,
and also appears in the marrow region. This could arise from blood in the marrow, or from
water adsorbed to fat. The images show that the 4608 cm~1 absorbance, which, in cartilage
samples, has been shown to arise from collagen [69], does indeed appear to be specific for
collagen in bone as well, as there is little to no absorbance in the marrow region. The fat
peak at 5797 cm L is very specific for the marrow surrounding the trabecular bone.

The assignment of the 5797 cm ~1 peak was further validated by ultrasonication, where the
5797 cm~1 absorbance completely disappeared after the sonication procedure, indicating
that this absorbance is indeed a marker for fat present in the bone marrow (Figure 4).

Figure 5 shows the sensitivity of the NIR absorbances centered at ~ 5152 and 7008 cm™ to
water content in bone. Spectra were acquired as the bone water began to evaporate (5A, C),
and for the final time point, after lyophilization (5B, D). The mean intensities of the water
peak decreased two-fold for both the 5152 and 7008 cm~1 absorbances, respectively. In
addition, shifts in the absorbances to higher frequencies were evident after lyophilization:
the 5152 peak shifted to ~ 5168 cm™1: and the 7008 peak shifted to ~ 7040 cm™L. This
indicates that bound water remains, as the infrared frequency of bound water is higher than
that of free water[62]. However, it is still not known whether the remaining water is bound to
collagen or mineral.
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3.2 Correlations of NIR spectral data and UTE data

The MRI UTE-determined bound water content in tibial cortical bone samples ranged from
62 to 91%. The NIR water peaks at 5152 cm™1 and at 7008 cm™1 correlated significantly
with the UTE data, with 7= 0.735, p=0.016, and r=0.71, p=.0096, respectively (Figure 6).
There was also a strong correlation between the intensity of the NIR water peak at 7008
cm~1 and the intensity of the collagen peak at 4608 cm™1 (r=0.69, p= 0.004). There was
not a significant correlation between the NIR intensity of the water absorbance and the fat
absorbance at 5797 cm™1 (r=0.42, p = 0.17), however, indicating that the NIR water peak is
associated specifically with bone matrix. Figure 7 shows a visual comparison of the NIRS
images based on 7008 cm™1 in bones with varying MRI-derived bound water fractions.

3.3 Correlations of donor age with NIR data

A significant inverse correlation was found between donor age and NIR-determined water
using the 7008 cm~1 water peak (r= -0.72, p= 0.009) (Figure 8a). There was no significant
correlations between donor age and water content using the 5152 cm™1 peak, or between
donor age and collagen based on the 4608 cm~1 peak. However, a dual-parameter linear
regression model based on donor age and intensity of the collagen peak at 4608 cm™! was
able to account for 65% of the variance (p = 0.0093) present in the MRI bound water
fraction (Figure 8b).

4.0 Discussion

Here, we describe for the first time the application of near infrared spectral imaging (NIRSI)
for evaluation of water and the organic components of bone, studied at microscopic spatial
resolution, in a cross-section of human bone. Two primary absorbances from water, an
absorbance from collagen, and absorbances from fat (primarily in bone marrow) were
identified and used to view the distribution of these components in sections of tibial bone.
The bone samples investigated came from a range of ages, and showed a range of
compositional parameters. Although the data were reported as averages across samples,
spatial resolution of water and collagen can also be investigated in whole tissue segments.
For example, it could be interesting to evaluate compositional parameters in fracture healing
or in different disease models of bone, such as osteogenesis imperfecta (OIM) or
osteoporotic mice [31, 76].

NIRSI data associated with the inorganic mineral component of bone, typically carbonate-
substituted hydroxyapatite, were not directly investigated here. Although mid-infrared
spectral analysis is frequently utilized to evaluate mineral quality in bone, including in
imaging mode [17, 41, 77], the NIR spectral region is not ideal for this type of evaluations.
Mid-infrared spectral absorbances from apatite and other calcium phosphates arise primarily
from the phosphate component, and the contour and frequencies of the phosphate
absorbances are spectral fingerprints for the type and amount of mineral present in tissue
[34]. In contrast, there is no phosphate (PO,4) absorbance in the NIR spectral region[64].
However, there are small absorbances from P-OH moities of hydroxyapatite, and from water
on the surface or bound to the mineral phase[64]. Understanding these absorbances could
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indeed be helpful for investigation of bone quality, but the challenge of confirming these
low-intensity absorbances in intact bone requires a separate thorough investigation.

Researchers conducting preclinical studies have investigated multiple parameters associated
with bone quality, primarily mineral content and bone architecture [17, 21] and, more
recently, the collagen content and crosslinks [39]. To a much lesser extent, water content was
also studied. It is clear that a limiting factor in the investigation of water in bone is the lack
of an appropriate laboratory tool for such studies. Although gravimetric analyses can be
performed [50, 52], such studies leave the tissues of interest dehydrated, and not suitable for
most further analyses. We envision NIRSI being useful for assessment of water content at
high spatial resolution in animal models of disease and for evaluation of the effect of
therapeutics on bone quality. In this study, our aim was twofold, to establish the feasibility of
NIRS to study water and matrix content in intact bone samples, and to compare the
outcomes of our methods with bulk measurements from MRI water content (a gold standard
for water content evaluation); therefore, we restricted ourselves to reporting the bulk
outcomes rather than the spatial information. That being said, the ability to collect data at
microscopic resolution could be used to study the distribution of water associated with
mineral and collagen at the pore and microstructural level. The NIRS technique developed in
this manuscript allows us to collect spectral data from the bone samples at ~6 um spatial
resolution. In these NIRS images, each pixel results in a spectrum which contains qualitative
and quantitative information about the sample.

Given the penetration depth of the NIR radiation, which is on the order of millimeters in the
spectral regions of interest [78], it is likely that intact pieces of mouse bone can be sampled
by NIRSI for water evaluation. Further, interrogation of bone can also be performed using
NIR fiber optics [74], although at a spatial resolution on the order of ~ 1 mm. Nevertheless,
NIR fiber optics and the spectrometers they are coupled to are generally reasonably priced,
similar to many other standard types of lab equipment.

MRI UTE studies of bone water are increasing, as are correlations of these data to bone’s
mechanical parameters [4, 43, 44, 46], which could reflect a measure of fracture risk. Here,
we demonstrated correlations of NIRSI data to UTE data, suggesting that both techniques
are sensitive to water bound to the collagen component of bone [47, 48]. With the NIR
modality, we can now also investigate whether changes in collagen, such as those that occur
in genetic bone diseases [31, 79], or in osteoporosis [80], and with potential therapeutic
interventions[10, 81, 82], affect the optimal water content of bone. In addition, the
demonstration of correlation of donor age to the NIR-determined water content supports
further investigations into the utility of the NIR technique. It has previously been shown that
UTE-determined collagen-bound water is inversely correlated to age [45]; here, we confirm
that NIR-determined data on water content mirrors those findings.

Interestingly, even though both the 7008 and 5152 cm™1 water absorbances both correlated
directly to the UTE bound water data, only the 7008 cm™~1 water absorbance was inversely
correlated with donor age. This indicates that origins of these water absorbances, and the
environments they are in, are likely not identical. Possible environments for these water
absorbances are pore water, loosely bound to mineral or collagen, structurally incorporated
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into mineral or collagen, or a combination of these. Further, there could also be contributions
from non-water OH bonds, such as from P-OH on the surface or within the apatite
crystals[64]. There are several water compartments in collagen, including surface, within the
triple helical structure, or connecting helices that are within the same fibril [83]. Clearly,
further detailed studies, which will include deuterium exchange to enable the identification
of specific water compartments [42, 48, 84], will be required to better understand the nature
of these absorbances.

Even with the current limited understanding of which specific tissue entity water is bound
to, NIR spectral imaging data can yield insight into the distribution of water at micron
spatial resolution, which is a very useful tool for evaluation of a parameter that contributes to
bone quality. Further, the water distribution can also be evaluated in the context of mineral
and collagen parameters determined by mid-infrared imaging evaluation on the same sample
at similar resolution using attenuated total reflectance imaging [85, 86]. Together, we can
obtain information on how perturbations in collagen structure, such as crosslink
abnormalities, genetic diseases, or therapeutic interventions, affect bone quality based on
disruptions in the mineralization process and/or in water binding, and, ultimately, how this
leads to bone quality deficits.

5.0 Conclusion

In this study, for the first time, NIR spectral imaging was used for the evaluation of the
spatial distribution of water and organic components of a cross-section of human bone. Our
results showed that NIRSI parameters significantly correlated with MRI UTE data,
suggesting that NIR could be a very useful tool to study parameters affecting bone quality.
Further studies are required for the assignment of NIR water absorbances related to the
mineral phase and content.
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Highlights

Structural water has been identified as an important contributor to bone
quality.

There are no standard modalities to evaluate the distribution of water at the
microscopic level.

We demonstrated that near infrared spectroscopic imaging (NIRSI) can assess
the distribution of collagen, fat and water in bone at microscopic resolution.

NIRSI analysis of water correlated significantly with MRl UTE-determined
percentage of water in human bone.
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Figure 1.
A) Raw NIR imaging spectrum (red) obtained from a region of trabecular bone; Second

derivative spectrum (black) shows the resolution enhancement of absorbances. B) NIR
spectral image based on water absorbance at 5152 cm™1 C) Stacked NIR spectra from bone
where color of the spectrum represents the region they were obtained from in image B.
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Figure 2.

Correlation graphs and coefficients between the inverted second derivative peak heights and
peak integration areas obtained from NIRS images of bone samples.
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Collagen at 4608 cm™ Fat at 5797 cm™*

Figure 3.
NIR spectral images based on second derivatives, showing water distribution (5152 cm™1

and 7008 cm™1), collagen (4608 cm™1) and fat (5797 cm™1) in an entire bone cross-section.
Scale bars reflect inverted second derivative peak height intensities, where red is highest and
blue is lowest.
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0.5

Figure 4.

NIR spectral images of bovine bone before (A) and after (B) sonication for 30 minutes. The
images were generated by normalizing the NIR fat absorbance at 5797 cm to the matrix

peak at 4896 cm™L. The scale bar reflects peak height ratio.
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x 10

Figure 5.
NIR spectral images of a bone section sampled at 50 um pixel resolution based on

distribution of water absorbances at 5152 (A) and 7008 (C) cm™1 before lyophilyzation, and
after lyophilyzation (5152 (B),7008 (D)). Scale bars reflect inverted second derivative peak
height intensities.
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Figure 6.

Correlation of MRI-derived bound water fraction and NIRSI-derived intensities from water
at 5152 cm™1 and 7008 cm™L.
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Figure 7.
A visual comparison of NIRS images of bone based on the absorbance at 7008 cm~ with

varying MRI-derived bound water fraction (percentages below each image).
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Figure 8.
Correlation between NIR-derived water content and age of the donor (A), and Predictability

of MRI-derived bound water fraction using donor age and NIR-derived collagen
measurements (B).
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Table 1

NIR absorbance band assignments for major components of bone

Component NIR Frequency (cm™) Assignment

Water 5100 - 5200 Combination of the O-H stretching band and the O-H bending band [71]
6900 — 7100 O-H stretching band 1%t overtone [71]

Collagen 4608 Combination of the C-H stretching and the C-H deformation[69]
4896 Combination of Amide A and 11 [72]

Fat 4273 Combination of CH2 symmetric stretching and bending vibrations [73]
4344 Combination of CH2 asymmetric stretching and bending vibrations [73]
5664-5701 1%t overtone of CH2 symmetric stretching[73]
5797 1%t overtone of CH2 antisymmetric stretching [73]

Mineral (very small
absorbance)

4690, 4673, 4657, 4615, 5200

Surface P-OH: combination of bending and stretching[64]

7186, 7164, 7145, 7115

Surface P-OH: 2" overtone (counterparts of the 4690-4615 cm-"! bands) [64]
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