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Abstract

Incidences of low-trauma fractures amongst osteopenic women may be related to changes in bone
quality. In this blinded, prospective-controlled study, compositional and heterogeneity contributors
of bone quality to fracture risk were examined. We hypothesize that Raman spectroscopy can
differentiate between osteopenic women with one or more fractures (cases) from women without
fractures (controls). This study involved the Raman spectroscopic analysis of cortical and
cancellous bone composition using iliac crest biopsies obtained from 59-cases and 59-controls,
matched for age (62.0+7.5 and 61.7+7.3 years, respectively, p=0.38) and hip bone mineral density
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(BMD, 0.827+0.083 and 0.823+0.072 g/cm?3, respectively, p=0.57). Based on aggregate univariate
case-control and odds ratio based logistic regression analyses, we discovered two Raman
ratiometric parameters that were predictive of past fracture risk. Specifically, 1244/1268 and
1044/959 cm™1 ratios, were identified as the most differential aspects of bone quality in cortical
cases with odds ratios of 0.617 (0.406-0.938 95% CI, p=0.024) and 1.656 (1.083-2.534 95% ClI,
p=0.020), respectively. Both 1244/1268 and 1044/959 cm™! ratios exhibited moderate sensitivity
(59.3-64.4%) but low specificity (49.2-52.5%). These results suggest that the organization of
mineralized collagen fibrils were significantly altered in cortical cases compared to controls. In
contrast, compositional and heterogeneity parameters related to mineral/matrix ratios, B-type
carbonate substitutions, and mineral crystallinity, were not significantly different between cases
and controls. In conclusion, a key outcome of this study is the significant odds ratios obtained for
two Raman parameters (1244/1268 and 1044/959 cm™1 ratios), which from a diagnostic
perspective, may assist in the screening of osteopenic women with suspected low-trauma fractures.
One important implication of these findings includes considering the possibility that changes in
the organization of collagen compositional structure plays a far greater role in postmenopausal
women with osteopenic fractures.

Keywords

Prospective study; Osteopenic women; Fracture risk; Raman spectroscopy; Bone quality; Bone
composition

Introduction

Bone loss or osteopenia occurs when the rate of osteoclast-driven resorption exceeds the rate
of osteoblast-dependent bone deposition [1]. This condition is accelerated in
postmenopausal women as a result of reduced levels of estrogen, a hormone that promotes
osteoblast activity and retards bone resorption by osteoclasts [2]. This hormonal imbalance
eventually results in the overall reduction in bone mass and compromised bone architecture,
such as reduced trabecular thickness, volume, connectivity, cortical thinning, and porosity
[1]. The cumulative impact of these changes to bone increases the probability of fracture(s)
occurring from low-trauma incidences, such as a fall from standing height or less [3].

Bone mineral density (BMD), as measured by dual energy X-ray absorptiometry (DXA),
enables a diagnosis of osteopenia or the more severe osteoporosis to be made before the first
fracture occurs. According to the World Health organization (WHO), osteoporosis is
diagnosed by a 7-score of —2.5 or lower and osteopenia with a 7-score between —2.5 and
-1.0 [4]. However, the prediction of fracture risk is complicated by the significant overlap in
BMD values between individuals who have sustained a fracture from those who have not [5-
7]. Fortunately, clinical researchers and basic scientists recognize several other properties
that are also important predictors of fragility fractures, in addition to the widely used
property of bone mass [8-10]. For instance, contributors to bone quality are related to the
load-bearing functions of bone that include bone architecture and anisotropy at all length-
scales, as well as tissue composition, and bone microdamage. Bone renewal is also required
for the repair of bone microdamage and maintenance of bone architecture, and such
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adaptation occurs through the process of bone remodeling [11]. The importance of bone
quality components of bone architecture and composition to fracture risk prediction is still
unclear [12, 13], although both are contributors.

To date, ex vivotechniques involving Fourier-Transform infrared (FTIR), nanoindentation,
and backscattered electron microscopy have evaluated the contribution of bone quality and
architecture to fracture risk in a multicenter prospective study [14-16]. The unique feature of
these ex vivo studies is that the analyses were performed on (1) the same set of 120 iliac
crest bone biopsies obtained from postmenopausal women with or without low-trauma
fractures, and (2) biopsies from more challenging osteopenic patient population with 7-
scores between —2.5 and —1.0. However, Raman spectroscopy has yet to be evaluated under
similar rigorous blinded, prospective-controlled study conditions.

Raman spectroscopy can be utilized as a confocal microscopy technique to analyze the
molecular composition and heterogeneity of fresh or embedded bone specimens ex vivo
[17-19] or as a non-invasive fiber-optic technique to analyze the composition of bone /in vivo
[20, 21]. Currently, Raman microscopy has been used to examine bone biopsies from
postmenopausal women with osteoporosis [22, 23], osteoporotic women who have taken
antiresorptive agents [24, 25], and experimental models of osteoporosis [26-29]. Raman
spectroscopic measures of bone mineral and matrix quality include: mineral/matrix ratios,
mineral crystallinity, B-type carbonate substitution [18, 30], apatitic mineral alignment [31],
collagen crosslinks ratios [18, 29], collagen fibril organization [31, 32], and collagen post-
translational modifications [33-36]. Furthermore, statistical heterogeneity outcomes
associated with some of these spectroscopic parameters may also provide additional insights
into bone turnover, but their relevance to fracture risk is still currently being debated [37-
39].

In this blinded prospective study, Raman microscopy is used to evaluate the compositional
and heterogeneity contributors of bone quality to fracture risk using iliac crest biopsies
obtained from osteopenic postmenopausal women with one or more low-trauma fractures.
We hypothesize that Raman microscopy can differentiate between women with fractures
(cases, 7=59) from women without fractures (controls, 7=59) after controlling for age and
BMD. In addition, we use logistic regression analyses to determine which of the Raman
spectroscopic measures of bone quality contributes significantly to our ability to predict past
fracture cases from controls.

2. Materials and methods

2.1. Study Participants and Biopsy Collection

In this blinded prospective study, 120 postmenopausal women with osteopenia were
recruited by investigators at Creighton University [14]. Sixty women between 46 and 80
years, with a documented history of low BMD as measured by DXA (7-score between -2.5
and —1.0), and at least one low-trauma fracture were eligible for inclusion in the fracturing
group (cases). Low-trauma fracture was defined as any fracture(s) caused by a fall to the
floor from standing height or less [14]. Each fracturing woman (/7=60 cases) was matched
with a similarly aged woman (within 5 yrs) who had similar DXA bone measurements
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(BMD within 10 % on hip), but without a fracture or a prior history of bone disease (7=60
controls). Biopsies were obtained within 5 years of fracture, but not less than 6 months after
fracture [15]. None of the study participants demonstrated any disability or impaired
mobility secondary to the fracture. The sample size of 7=60 per group was calculated from
power analyses performed on primary outcomes not examined in this study. More
specifically, primary outcomes related to (1) histomorphometric activation frequency, (2)
histomorphometric trabecular bone connectively density, and (3) nano-indentation hardness,
with a = 0.05 (2-sided) and 80% power [15]. From the 120 biopsies collected, 118 were
subsequently analyzed by Raman spectroscopy (/=59 cases and 7=59 controls). Details of
fracture types for cases are shown in Table 1. One case-control biopsy pair was excluded
from the study because one of the biopsy exhibited extreme background fluorescence during
Raman mapping. All study participants gave written informed consent for all procedures at
Creighton University, including a biopsy collection. The study was approved by the
Institutional Review Boards at Creighton University and the University of Michigan.

Transiliac bone biopsies were obtained using a Meunier’s trephine with an inner diameter of
7.5 mm. Each bone core, intact with both cortical envelops and intervening cancellous bone,
was defatted, dehydrated, and embedded in polymethylmethacrylate (PMMA) [40].
Embedded biopsies were sectioned and provided to study investigators without prior
knowledge of the study participant’s age or fracture status. The upper truncated embedded
biopsy sections (Figure 1) were polished on wet silicon carbide paper of grit 400, 1200, and
4000 (Buehler, Lake Bluff, IL) with alumina slurry. After a final wet polish, the surfaces
were imaged using a high-resolution CMOS camera (ThorLabs Inc., Newton, NJ). The
external and internal sides of the two cortical envelops were not known and thus were given
arbitrary thick cortex (Ct.A) or thin cortex (Ct.B) assignments (Figure 2).

2.2. Raman Microscopy, Mapping, and Calibration

The Raman microscope comprised of a epi-fluorescence microscope (Eclipse E600, Nikon
Inc., Melville, NY) equipped with a 785 nm laser (Invictus, Kaiser Optical Systems Inc.,
Ann Arbor, MI) and X-Y stage (ProScan Il, Prior Scientific Inc., Rockland, MA). Raman-
scattered light was collected using an #1.8 axial transmissive spectrograph (HoloSpec,
Kaiser Optical Systems Inc.,) fitted with a 50-um slit (6-8 cm~1 spectral resolution). A deep-
depletion, back-thinned CCD camera (iDus, Andor Technology, Belfast, Northern Ireland,
UK) with 1024 x 128 pixels was used (cooled to =75 °C). The excitation laser was shaped
into a line and the excitation light and spectral collection paths were made coaxial using a
dichroic filter (LPD01-785RU, Semrock, Rochester, NY) [41]. The spectrograph was
calibrated using a HoloLab Calibration Accessory (Kaiser Optical Systems Inc.,).

Raman maps were acquired using a 20x/0.75 NA objective (Nikon Inc.,) with ~100 mW at
the biopsy. The laser line was always aligned perpendicular to the cortex to allow the
greatest number of cortical structural features to be resolved by Raman microscopy (lateral
resolution ~ 13 um) (Figure 2). The length of the laser line was ~135 um, yielding an
interval spacing of ~1.1 um per pixel. Each Raman transect was acquired using an optimized
acquisition time of 1.5 mins. There were 22 transects in each cortical or cancellous Raman
map to give a total mapping acquisition time of ~33 mins. For each cortex, three Raman
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maps were collected from each of the three periosteal, mid-cortical, and endosteal regions in
a systematic manner [42]. With a step-width of 10 um, each cortical Raman map comprised
of a mapping area of ~135 x 220 pmZ2. Nine maps were acquired from each cortex with an
acquisition time for ~33 mins per map. To ensure unbiased sampling, both osteonal and
interstitial tissues were equally mapped. For cancellous bone, a variable step-width of 5-10
um was used, yielding a mapping area between 135 x 110 pm? and 135 x 220 um2. Nine to
twelve cancellous maps were acquired from the nodal and/or strut regions. A reference
spectrum of pure PMMA was also acquired from each biopsy. All Raman mapping datasets,
including neon, white light, Teflon, and dark calibration files were imported into
MATLAB® Software (The MathWorks Inc., Natick, MA) for reprocessing and calibration
[32, 41]. An automated spectral removal of PMMA interference from the mapping datasets
was achieved using a derivative minimization algorithm [43], while an ,,adaptive minmax’
polynomial fitting subroutine (3rd order, constrained) was used to correct for background
tissue fluorescence [41]. All processed cortical and cancellous Raman maps were inspected
individually and whenever necessary the outer boundaries were truncated to minimize
interference from PMMA and/or spurious signals near the ends of the Raman laser line.

2.3. Bone Composition and Heterogeneity Analysis

Raman maps were created using custom-written MATLAB® scripts (The MathWorks Inc.,).
The scripts applied a linear baseline correction to minimize local variations in background
intensity (Figure S2). Raman intensity maps were created for the following bands and
spectral ranges (shown in brackets): phosphate bands at ~959 cm™1 (14PO,4, 950-970 cm™1)
and ~1044 cm™1 (15P0,, 1041-1048 cm?); proline band at ~853 cm™1 (Pro, 850-860 cm™1);
average between proline and hydroxyproline bands at 853 and 873 cm™1, respectively (Pro
+Hyp, 848-875 cm™1); phenylalanine band at ~1001 cm™1 (Phe, 999-1004 cm™1); B-type
carbonate band at ~1071 cm=1 (Carb, 1065-1073 cm™1); amide 111 bands at ~1244 cm™1
(1240-1248 cm~1) and ~1268 cm™1 (1264-1274 cm™1); and amide | band at ~1667 cm™1
(1665-1678 cm™1) (Figure S1). Four variants of the mineral/matrix ratio maps were then
created: 11PO4/Pro, 11PO,4/Phe, 11PO4/(Pro+Hyp), and 11PO4/Amide I [17, 44]. Relative B-
type carbonate substitution in bone was calculated using Carb/11PO,4 and Carb/Phe ratio
maps [18, 23]. While 1044/959 and 1244/1268 cm™1 ratio maps provided structural
information on the organization of apatitic mineral alignment or collagen fibril orientation,
respectively [31, 32, 45]. Both 1044/959 and 1244/1268 cm™1 ratio maps may exhibit some
polarization dependence due to the hierarchical organization (or anisotropic) nature of bone
[32, 45, 46].

Four additional Raman parameters were obtained through curve-fit analysis. For each
Raman map, 4-5 averaged spectra were created and imported into GRAMS/AI® Software
(ThermoGalactic Inc., Salem, NH) for baselining, normalization and curve-fit analysis. No
smoothing functions were applied to the Raman spectra. Mineral crystallinity was estimated
from the full-width at half maximum (units of cm™1) of the Gaussian-fitted 1;PO,4 band at
959 cm™1 [32], with low values reflecting greater bone mineral crystal size and/or lattice
perfection [19]. Hyp/Pro, Phe/(Pro+Hyp), and MMA/Pro+Hyp ratios were derived through
curve-fit analysis of bands within 812-901 cm™1 (817, 837, 853, and 873 cm™1) and 990—
1010 (1001 cm™1) spectral regions. Hyp/Pro and Phe/(Pro+Hyp) ratios were used as indirect
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measures of collagen proline hydroxylation and collagen turnover, respectively [34, 35]. To
indirectly assess the relative tissue water content (or nanoporosity), we used MMA/Pro+Hyp
ratios, which was derived from the intensity ratio of the uncured residual polymer
methylmethacrylate (MMA) band at ~837 cm™1 [47] to the sum of the bone collagen Pro and
Hyp bands at ~853 and ~873 cm™1, respectively. A high MMA/Pro+Hyp ratio value would
reflect a greater degree of tissue water content (or nanoporosity) due to the greater
infiltration of MMA into the tissue space (or pores) once occupied by water.

To assess the heterogeneity of the eight Raman mapping parameters, the datasets were
imported into MATLAB® Software (The MathWorks Inc.,) and converted into pixel
histograms using 50 equally sized bins. A mixed 2-Gaussian shape profile was fitted to each
pixel histogram and the full-width at half-height (FWHM) value calculated. Narrow FWHM
values would indicate a more uniform bone composition, while a wide value would indicate
a more heterogeneous bone composition [15]. Mean FWHM values, including mean sample
variance (SV) values, were calculated by averaging the results from all the cortical (Ct.A
+Ct.B) and cancellous Raman maps. For the four curve-fit derived Raman parameters, only
the mean SV cortical (Ct.A+Ct.B) and cancellous values were calculated.

2.4. Signal/Noise (S/N) Ratio Calculations

To determine the signal quality of Raman transects contained in each cortical Raman map,
spectra were extracted over 1 or 100 pixels. Raw background-subtracted signal intensities
for select Raman 3P0, (~1044 cm™1), amide-111 (~1245 and ~1269 cm™1), and amide-|
(~1667 cm™1) bands were estimated in GRAMS/AI® software. Background room mean
square (RMS) noise for each spectrum was calculated and averaged between the 1500-1540
and 1750-1850 cm™1 spectral ranges using the add-on RMS calculator in GRAMS/AI®
software. The signal/noise (S/N) ratio was calculated by taking the ratio of the selected
background-corrected signal intensity to the RMS noise [48]. Pixel spectra and S/N ratio
calculations for select cortical Raman bands can be found in the supporting information
section (Figure S2 and Table S1).

2.5. Specimen Orientation

The effects of specimen orientation on select 1244/1268 and 1044/959 cm~1 Raman
parameters were illustrated in this study. For a single iliac crest bone biopsy specimen,
Raman maps were taken with the Raman laser line being aligned perpendicular to the
cortical envelop and then again in the parallel direction at the same approximate location
[49]. Nine Raman maps were collected and analyzed for both thick (Ct.A) and thin (Ct.B)
cortices using the procedures described in sub-sections 2.2 and 2.3.

2.6. Embedded Canine Bone Specimens

The effect of PMMA-embedding on select Raman band positions, intensities, and ratios
were presented in this study. Canine bone specimens (/7=2) were embedded in PMMA using
the same protocol used to embed iliac crest bone biopsies examined in this multi-center
study [40]. Details on canine bone specimens [50], embedding protocols, Raman mapping,
and curve-fit analyses can be found in the supporting information section.
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2.7. Statistical Analysis

Univariate case-control statistical comparisons were performed in SPSS Statistics Software
for Windows (IBM SPSS Statistics Version 24, IBM Corp., NY). Mean Raman
compositional and heterogeneity (FWHM and SV) values were evaluated. To assess the
significant differences between cases (7=59) and controls (7=59), the non-parametric
related-samples Wilcoxon signed rank statistical test was used (p<0.05) [14]. Logistic
regression analysis was performed to identify which of the Raman parameter(s) that when
combined with age, BMD, or age by BMD interaction variables, best predicted low-trauma
bone fractures [14, 15]. A backward stepwise selection procedure was performed to
eliminate parameters that did not contribute significantly to the models. The most significant
explanatory parameters of the model(s) were identified, and Odds Ratios reported, together
with 95% confidence intervals (Cls) and p-values. Only the reduced models (as opposed to
the full models) were presented in this study due to the large number of compositional and
heterogeneity parameters involved in this prospective study. Dot-scatter plots for select
cortical and cancellous Raman parameters identified from the logistic regression analyses
were created in Microsoft Excel Software. Standard deviations or 95% confident limits were
added to the dot-scatter plots. Spaghetti plots were used to illustrate the relative change in
select Raman band positions, intensities, and ratios between thawed and embedded canine
bone specimens.

For each logistic regression model, raw true positive (TP), true negative (TN), false positive
(FP), false negative (FN) numbers were also reported [51]. False positives were defined as
study participants in the control group that were incorrectly classified as having a fracture,
while false negatives were defined as study participants in the fracture group that were
incorrectly classified as having no fractures. Percent sensitivity and specificity values were
estimated as follows: Sensitivity (%) = TP / (TP + FN) x 100 % and specificity (%) = TN/
(FP + FN) x 100 %.

3. Results

3.1. Study Characteristics

Table 1 shows the characteristics of the 118 enrolled postmenopausal women study
participants, where the mean ages were 62.0 = 7.5 years for the low-trauma osteopenic
fracture group (cases, 7=59) and 61.7 + 7.3 years for the nonfracture osteopenic group
(controls, 7=59). There was no significant difference in age between the groups (p=0.38).
Similarly, BMD and T-scores of the hip did not differ significantly between the groups (v =
0.57 and 0.59, respectively). The types of low-trauma fracture(s) for cases caused by falls
from standing height or less are summarized in Table 1.

3.2. Analysis of Bone Composition by Fracture Status

Table 2 summarizes the results of the univariate case-control Raman spectroscopic analysis
of cortical and cancellous bone composition. Among the twelve Raman spectroscopic
parameters evaluated in this study, the only between-group significant differences were
found in the bone matrix 1244/1268 cm™1 and mineral 1044/959 cm™1 ratio parameters. Dot-
scatter plots showing the distributions and 95% confidence limits for the latter parameters
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are illustrated in Figure S3 by bone type (cortical and cancellous) and experimental group
(=59 cases and /7=59 controls). Similarly, Figure S4 shows the distributions and standard
deviations between the thick cortex (Ct.A), thin cortex (Ct.B), and pooled result (Ct.A+B)
by experimental group (/=59 cases and /=59 controls). Overall, 1244/1268 cm™! ratios were
significantly reduced in cortical and cancellous cases compared to their corresponding
controls (1.043 = 0.022 vs. 1.054 + 0.025 with p=0.0061, and 1.036 + 0.025 vs. 1.045 +
0.026 with p= 0.0154, respectively) (Table 1 and Figure S3). Whereas, 1044/959 cm™1
ratios were significantly increased in cortical cases compared to controls (0.143 £ 0.005 vs.
0.141 £ 0.006, p= 0.0242), but was borderline significantly increased in cancellous cases
compared to controls (0.141 £+ 0.006 vs. 1.139 + 0.007, p= 0.0661) (Table 1 and Figure S3).
A borderline increase in Hyp/Pro ratios was also found in cortical cases compared to
controls (0.592 + 0.046 vs. 0.582 + 0.033, p=0.0956). No significant differences were
found using any of the other compositional parameters for either cortical or cancellous bone
(Table 2).

3.3 Analysis of Bone Heterogeneity by Fracture Status

Table 3 shows the means of the sample variance (SV) calculated for each of the Raman
compositional parameters shown in Table 2. Likewise, Table 4 shows the means of the
FWHM measurements obtained from the pixel histograms of eight of the twelve Raman
mapping parameters. Both SV and FWHM measurements were used to provide information
on the degree of bone compositional variation (small vs. large) and heterogeneity (narrow
vs. wide) for a given Raman parameter. Mean SV Hyp/Pro ratios were significantly
increased in cortical cases compared to controls (1.954 + 4.100 vs. 1.137 + 1.577, divided by
factor of 1000, p = 0.032), while mean SV MMA/(Pro+Hyp) ratios were borderline
significantly increased in cancellous cases and compared to controls (0.261 + 0.207 vs.
0.320 £ 0.243, divided by factor of 1000, p= 0.0709) (Table 3). No significant differences in
cortical and cancellous SVs or FWHMs were found for any of the other Raman parameters
shown in Tables 3 and 4, respectively.

3.4. Predictors of Past Fracture Risk by Logistic Regression Analysis

Logistic regression analysis was used to identify Raman parameters (Tables 2, 3, and 4) that
significantly contributed to the prediction of fracture risk, with backward selection being
used to eliminate all non-explanatory parameters (p > 0.05). As shown by the reduced
models in Table 5, only two Raman compositional parameters were found to be significantly
correlated with osteopenic fractures, namely, cortical 1244/1268 ratios (Model-1A, OR =
0.617, 95% CI 0.406-0.938, p=0.024) and cortical 1044/959 cm™! ratios (Model-1B, OR =
1.656, 95% CI 1.083-2.534, p=0.020). Age and BMD variables, which were not significant
predictors in themselves, were examined in each of the reduced models. No significant
interactions between age or BMD with cortical 1244/1268 ratios (Model-2A, OR = 0.620,
95% CI 0.405-0.947, p=0.027) or cortical 1044/959 cm™1 ratios (Model-2B, OR = 1.697,
95% CI 1.095-2.632, p=0.018) were found, expect that the age interaction was almost
significant in the latter model (p=0.0548).

As shown in Table 6, 21 and 24 false positives and 29 and 30 false negatives were
incorrectly classified using cortical 1248/1268 (Model 1A) and 1044/959 cm~1 (Model 1B)
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ratios, respectively. Adding age and BMD to the 1248/1268 cm™1 and 1044/959 cm™~1
models, resulted in 21 and 22 false positives and 28 and 30 false negatives, respectively
(Models 2A and 2B, respectively). Sensitivity of 64.4. 69.3, 64.4, 62.7 % and specificity of
50.8, 49.2, 52.5, 49.2 % were estimated for Models 1A, 1B, 2A, and 2B, respectively.

3.5. Signal Quality and Characteristics of Embedded Bone Raman Spectra

Figure Sla shows the appearance of a raw cancellous bone Raman spectrum (blue ling,
single transect) before and after applying the ,,adaptive minmax’ polynomial fitting
subroutine to correct for background tissue fluorescence (black line) and the derivative
minimization algorithm to minimize spectral interference from cured PMMA (red line). The
derivative minimization algorithm efficiently reduced spectral interference from minor
PMMA 810 cm~1 and 1720 cm™1 bands near the bone matrix bands at ~852 cm™1 (proline)
and ~1666 cm™1 (amide-1) bands, respectively. When compared to the reference spectra of
PMMA and MMA (Figure S1b), embedded bone spectra (Figure S1a) contained two distinct
Raman bands at ~835 and ~1638 cm™~1, which were attributed to uncured residual MMA.
The derivative minimization algorithm only reduced spectral interference from PMMA and
not MMA. Hence, bone Raman bands near ~593 (14P0O4), ~1449 cm™1 (CH,), and ~1638
cm~1 may contain residual spectral contributions from uncured MMA and thus are not used
in any of our ratiometric Raman analyses. As shown by cortical Raman spectra in Figure S2,
the signal intensities of all Raman bands taken over 1 or 100 pixels appeared to be uniform.
Additionally, S/N ratios calculated for 15P0, (~1049 cm™1) and amide-111 (~1247 and ~1269
cm™1) bands over a single pixel (S/N ratios of ~20.4, 18.4, and 17.5, respectively) were
comparable to that of the strong amide-1 (~1667 cm™1) band (S/N ratio of ~20.0) (Table S1).

3.6. Effects of Specimen Orientation on 1244/1268 and 1044/959 cm™! Parameters

Dot-scatter plots in Figure S5 illustrate the distributions of 1244/1268 and 1044/959 cm™~1
ratio measurements taken from the thick (Ct.A) and thin (Ct.B) cortex with the Raman laser
line being oriented parallel (II) or perpendicular (L) to the cortical envelop. Distribution of
the corresponding pooled cortical measurements (Ct.A+B) is also shown with standard
deviations. For a given cortex, some specimen orientation bias was found using the
1244/1268 cm~1 parameter but less so when using the 1044/959 cm™1 parameter.

3.7. Effects of Embedding on Select Raman Parameters

Cortical Raman maps were acquired from the distal and proximal sides of two sectioned
canine tibial bone blocks before and after embedding in PMMA (Figure S6). Figure S7
shows the representative site-matched Raman spectra of thawed bone and embedded bone.
The latter spectra were baseline-corrected and normalized to the intensity of the amide 111
sub-band at ~1245 cm-1. Based on curve-fit analyses, the effect of embedding on select
Raman band positions, intensities, and ratios are summarized in Table S2, along with
spaghetti plots in Figures S8 and S9, which illustrate how the amide | and amide I11 band
positions shifted and ~1045/960 and ~1243/1268 cm™1 intensity ratios changed from thawed
bone to embedded bone (Table S2). The shift in the amide 111 sub-band positions were small
compared to the amide-1 band position, which shifted by ~8 cm™1 to 1668 cm™! (Table S2).
As shown Table S2 and Figure S9, ~1045/960 ratio decreased slightly from 0.052 + 0.005 to
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0.045 + 0.003 after embedding, while ~1243/1268 cm™! ratio increased slightly from 1.14 +
0.04 to 1.16 + 0.04 after embedding.

4. Discussion

We hypothesize that Raman spectroscopy can detect differences in bone quality in age and
BMD-matched iliac crest bone biopsies collected from osteopenic women with and without
fractures. In this blinded, prospective-controlled study involving 118 postmenopausal
women, three of the twelve Raman spectroscopic measures of bone quality were found to be
significantly associated with low-trauma fractures (cases, 7=59) compared to women
without fractures (controls, 7=59) (Tables 2-3). Based on case-control univariate analyses,
the most significant outcomes were obtained using 1244/1268 cm™1, 1044/959 cm™1, and
Hyp/Pro ratios. However, only 1244/1268 cm~1 and 1044/959 cm™! ratios remained in
subsequent logistic regression models (Table 5), and thus were identified as explanatory
parameters of past fracture risk. The differential sensitivity of 1244/1268 cm™1 and 1044/959
cm~1 ratios to past fracture risk suggests that the organization of mineralized collagen fibrils
were significantly altered in cases compared to controls.

Ratio variants of 1244/1268 cm™1 and 1044/959 cm~1 Raman parameters used in this current
study had previously been used to spatially resolve the lamellae organization in Haversian
bone as a function of orientation and location [31] using polarized Raman microscopy. Both
1271/1243 cm™1 and 1044/959 cm™1 ratios were strongest in lamellae nearest the Haversian
canal, owing to the presence of more ordered mineralized collagen fibrils than those in the
outermost lamellae. In essence, the relative intensity ratio between the bands at 1243 and
1271 cm™1 reflects the degree of orientation or anisotropy of collagen fibrils in bone. While
no polarized Raman studies were performed in this study, we hypothesize that the low
1244/1268 cm™1 ratios found in cases were the result of changes to organization of collagen
compositional structure within the lamellae of cortical and cancellous bone. Given that
apatitic mineral is usually aligned parallel to the collagen fibrils may explain why 1044/959
cm~1 ratios were reciprocally increased in cases compared to controls. Although, the low
resolution of our Raman maps precluded any detailed spatial study of lamellar bone, a small
subset of biopsies, the same ones used in this study, were recently analyzed by circularly
polarized light (CPL) microscopy [52]. In the latter study, the width of extinctand bright
lamellae in cortical bone were reported to be significantly reduced in fracturing patients
(cases, m=8) compared to non-fracturing patients (controls, 7=8). More importantly, cortical
bones from fracturing patients were also reported to display fewer extinct lamella
birefringents compared to non-fracturing patients. Birefringence signals in CPL correspond
to a specific collagen arrangement, with extinct lamella comprising of mainly collagen
forming small angles with respect to the general orientation of the Haversian system. Fewer
extinct lamellae would in part support our hypothesis of the involvement of altered
mineralized collagen fibril organization in fracture cases.

In logistic regression analyses, 1244/1268 and 1044/959 cm™1 ratios were identified as
explanatory parameters of past fractures for cortical bone (Table 5). In detail, a one-unit
decrease in cortical 1244/1268 ratio (Model-2A) and a one-unit increase in cortical
1044/959 cm™1 ratio (Model-2B) were associated with 38% decrease and 34% increase odds
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of fracture, respectively. Both these explanatory parameters were negatively intercorrelated
with each other, meaning that if one parameter appeared in the model, then the other
parameter would not significantly add to the model. It is noteworthy that these explanatory
parameters were different to the variables identified in the parallel Fourier-transform infrared
(FTIR) imaging study using the same set of bone biopsies [15]. In the latter study, carbonate/
phosphate ratios and/or collagen maturity heterogeneity variables were identified as
significant predictors of past fracture risk from conditional logistic regression analyses in
cortical and cancellous bone.

To put the predictive performance of cortical 1244/1268 and 1044/959 cm™! ratios of past
low-trauma fracture(s) into perspective, we also examined the number of false positives and
negatives, sensitivity, and specificity. When considering cortical 1244/1268 and 1044/959
cm™1 ratios alone or in combination with age and BMD, the final logistic regression models
identified 21-24 false positives and 28-30 false negatives (Table 6). Accordingly, both
cortical 1244/1268 and 1044/959 cm™1 ratios exhibited moderate sensitivity (59.3-64.4 %)
but low specificity (49.2-52.5%). From a clinical perspective, this would mean that some
osteopenic women who have not sustained a fracture may be incorrectly classified as having
a fracture (false negative) and thus would need to undergo further evaluation.

The salient finding of altered 1244/1268 and 1044/959 cm™1 ratios in women with fractures
in this study may have clinical relevance in understanding the role of bone anisotropy in
osteoporosis and falls. There is evidence that the anisotropy of trabecular bone in the
vertebra of osteoporotic patients [53] and femora of hip-fracture patients [7, 54] are strongly
orientated with the loading direction. Increased bone anisotropy is reported to compensate
for low bone mass to ensure adequate bone stiffness or strength in the frequently of the
loaded direction. Consequently, osteoporotic patients with increased vertebral anisotropy are
at higher risk of failure due to uncommon “error” loads, such as forward flexion or lifting;
while hip patients with increased femoral anisotropy would be less likely to withstand “off-
axis” impacts, such as a sideways fall [7, 55]. Both 1244/1268 and 1044/959 cm™1 ratios
also partially reflect the anisotropic character of bone, which leads us to suggest that the
cases contained more orientated mineralized collagen fibrils than the controls. However,
information on fall direction were not collected in this study and that only two cases
sustained a hip fracture, while the majority of fractures occurred at the wrist, vertebra, and
ankle locations [14]. While there is a possibility that study participants in the fracture group
may have had a greater propensity to fall, study participants in both groups were (1) healthy
individuals since the exclusion criteria ruled out those with many major disorders, and (2)
were matched for age, which is itself a risk factor for falls [56].

The reason why 1045/959 cm™1 ratio increased in cases compared to controls requires
further discussion, but first we discuss why the 1244/1268 cm™ ratio did not increase in
cases compared to controls. Cortical 1245/1270 cm™2 ratio has been reported to increase in
bovine bone after thermal denaturation and to a lesser extent after mechanical denaturation
[57]. Thermal and mechanical denaturation was reported to perturb collagen secondary
structure, with a transition from ordered to less-ordered helical structure. In two independent
osteoarthritis studies, cartilage 1241/1269 cm™1 or 1245/1270 cm™1 ratio was reported to
increase with severity of disease progression, as assessed by the Kellgren-Lawrence (0-5
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grade scale) or International Cartilage Repair Society (grades I-111) scoring systems,
respectively [58, 59]. High scores were associated with greater relative content of less-
ordered forms of collagen secondary structure. Similar interpretations have also been used to
describe changes in ocular tissues from a transgenic mouse model of osteoarthritis [60] and
muscle tissues from patients with mature heterotopic ossification [61]. Given that 1244/1268
cm~1 ratio was found to be lower in cases compared to controls in the current study suggests
that they contained more ordered collagen helical structure. This reasoning would be in line
with a recent osteogenic cell culture study [62], whereby 1246/1264 cm™ ratios declined
steady over a 28-day period, owing to the progressive coalignment between collagen fibrils
and apatitic mineral crystallites. Similarly, mid-cortical 1246/1269 cm™! ratio was reported
to decline with age in the radii from male donors (7=37, 18 to 89 years of age) [63].
However, study participants involved in the current study were matched for age and thus an
alternative explanation (other than age effects) is required to explain why 1244/1268 cm™1
ratio decreased in cases compared to controls.

In regards to the 1044/959 cm™~ parameter, a Raman spectroscopic study performed on tooth
enamel reported that the 1043/959 cm™1 ratio was elevated in intact sound enamel surfaces
compared to sectioned sound enamel [64]. This result showed that conventional Raman
spectroscopy was capable of detecting relative hierarchical organizational differences in
enamel lamellae without the need for specialized polarized Raman optics. At least for the
carious lesion, the latter ratio did not appear to be sensitive to polarized Raman direction and
was higher compared to surrounding sound enamel. The authors of the latter study
associated elevated 1044/959 cm™1 ratios to increased scrambling of the orientation of
enamel crystallites due to demineralization effects. However, Raman mineral/matrix ratios
were not significantly different between cases and controls in the current study, and thus an
alternative explanation is required to explain why 1044/959 cm™1 ratios increased in cases
compared to controls.

Given that variants of 1244/1268 cm~! and 1045/959 cm™! ratios have been reported to be
dependent on the organization of mineral or collagen fibrils in cortical bone, dental, and/or
muscle tissues, as assessed by conventional or polarized Raman spectroscopies [31, 45, 61,
63, 64], suggests that the orientation of mineralized collagen fibrils were altered in cases
compared to controls. This reasoning is also indirectly supported by other studies, whereby
the impact of bone pathologies and therapies on the orientation of collagen and/or biological
apatite (Bap) were investigated. First, in an ovariectomized (OVX) rat model of
osteoporosis, the c-axis orientation of biological apatite (Bap) from the vertebra was
significantly higher in the OV X group compared to the Sham group, indicating an increase
in the anisotropy in the material parameter [65]. More importantly, the high Bap c-axis
orientation in the OVX group recovered after administration of Risedronate or combined
Alfacalcidol and Risedronate treatments for 12-weeks. Second, Raman measures of bone
quality and Bap preferential c-axis orientation were altered in a rat model of chronic kidney
injury [66]. Both Bap c-axis orientation and Raman measure of pentosidine/matrix ratio
were identified as significant determinants of elastic bone material strength. Impaired
mechanical function has also been reported in a rodent model of osteoblastic bone
metastasis, where the preferential alignment of both collagen and Bap in PCa-bearing long
bones was disrupted [67]. Third, lamellae thickness and lamellae birefringence in the
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Haversian system of iliac crest biopsies obtained from postmenopausal women were
reported to improve after treatment with parathyroid hormone (PTH) for 36 months [68]. It
was proposed that increased lamellar thickness following PTH treatment altered the
distribution of birefringence and therefore the distribution of collagen orientation. Fourth,
extinctand bright lamellae width were also reported to be reduced by 8% and 5% in iliac
crest biopsies from fracturing patients compared to non-fracturing patients [52]. However, it
is unclear whether changes in lamellae width could also help explain why 1244/1268 cm™1
ratio decreased and 1044/959 cm™! ratio increased in cases in the current study. This
requires further investigation. Notwithstanding, a recent FTIR and nano-indentation study
showed that brightand dark osteon types in femoral human bone exhibit distinct local
compositional profiles that reflected their local mechanical environment [69].

In regards to a biological rationale into why lamellae width and birefringence were reduced
in fracturing patients, it was recently hypothesized that certain genes related to osteoblast
Wht signaling participate in establishing collagen orientation in bone [52]. Wnt signaling is
also known to be active during bone fracture repair [70-72] and cooperates with other
systemic bone growth regulators (e.g. PTH) [73], while its mutation or deletion is associated
with some rare forms of osteoporosis [74, 75]. Changes in Wnt signaling patterns could,
hypothetically, explain why Raman measures of 1244/1268 and 1044/959 cm™ ratios were
significantly altered in cases compared to controls in this current study. Although, Wnt
signaling was not assessed in this current study, it has been shown to indirectly impact
Raman spectra and Raman compositional measures of bone quality in experimental models
of aortic value calcification [76], osteocyte mineralization [77], lead exposure [78], tooth
damage [79], and bisphosphonate-induced osteonecrosis [80].

In regard to Raman Carb/141PO, ratios, a measure of the amount of B-type carbonate
substitution for phosphate ions in apatitic mineral, no significant differences were found
between cases and controls for either cortical or cancellous bone (Table 2). This contrast
with the significant outcome reported in the previous Raman imaging study [23], whereby
cortical Carb/v1PQOy4 ratios were increased in iliac crest bone biopsies from women with
osteoporotic fractures (7=14) when compared to women without fractures (/7=8). Although,
comparative studies between osteopenic and osteoporotic patient populations are limited or
underpowered, some differences in bone quality and microarchitectural properties have been
reported [81-83]. The contradictory Carb/11POy, ratio outcomes obtained between these
Raman spectroscopic studies could be the result of analyzing biopsies from two different
patient populations, with osteopenic patients perhaps displaying a different turnover
phenotype than osteoporotic patients. However, the contrasting FTIR carbonate/phosphate
[15] and Raman Carb/v3POyq ratio (this study) outcomes obtained from the same case-
controlled study could be attributed to instrumental differences.

The absence of significant mineral crystallinity differences between cases and controls in
this study (Table 2) echoes the similar non-significant crystallinity outcomes reported by the
parallel FTIR imaging study [15]. At least from our Raman spectroscopic perspective,
osteopenic fractures were not strongly associated with changes in mineral crystal size and/or
lattice perfection [84]. The non-significant outcome of the corresponding Raman Carb/
11POy4 ratios (Table 2) would support this argument as the latter parameter is known to be
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reciprocally correlated with changes in the mineral crystallinity parameter [30]. Moreover, in
vitroand ex vivo spectroscopic studies performed on murine models of bone development
have shown that mineral crystallinity rapidly reaches a plateau during early bone growth,
while mineral/matrix ratios may continue to increase linearly with time [85, 86]. A similar
pattern has also been reported in iliac trabecular bone biopsies from pediatric patients [87].
However, the spatial assessment of mineral crystallinity by bone surface was not examined

in this study. As such, averaging mineral crystallinity measurements from all cortical bone
surfaces (periosteal, mid-cortical, bone and endosteal bone) may have masked any
underlying spatial differences due to bone remodeling.

The measurement of mineralization in bone is recognized as the mainstay of bone quality
assessments. In Raman spectroscopy, mineralization assessments are based on mineral/
matrix ratios, which have been correlated with ash content [44], Calcium mass fraction [88],
or tissue mineral density [89], including being validated against synthetic bio-apatitic
standards [90]. However, there is still no agreed upon consensus on which variant of the
Raman mineral/matrix ratio(s) should be used to evaluate fractures as each variant has its
own unique strengths and weaknesses in terms of practicality, sensitivity, and polarizability
[17, 44, 91]. In this study, four variants of the following mineral/matrix ratios, based on the
normalized intensity of the 1,PO,4 band at ~959 cm™1, were examined: v;PO4/Amide I,

1 PO,4/Pro+Hyp, 11PO4/Pro, and 11PO,4/Phe ratios (Table 2). Regardless of the mineral/
matrix ratio used, no significant differences between cases and controls were found for
either cortical or cancellous bone. The lack of any significant differences in mineral/matrix
ratios was not entirely unexpected given that the study was designed to control for BMD
(within 10% on hip) and to ensure that only statistical differences associated with low-
trauma fractures were identified. Similar non-significant mineral/matrix ratios and degree of
mineralization of bone (DBM) outcomes have been reported by parallel FTIR imaging [15]
and quantitative digitized microradiography [16] studies, respectively. Furthermore,
mineralization assessments based on Raman 14PO4/Amide |11 ratios have also recently been
performed on a small sub-set of biopsies [92]. The latter parameter was considered less
sensitive to the intrinsic orientation (or polarization) of mineralized collagen fibrils in bone
[91]. The »PO4/Amide Il ratio was not found to be significantly different between cases
(rm=6) and controls (/=6) for either cortical or cancellous bone [92].

Collectively, the lack of compositional differences in mineral crystallinity, carbonate
substitution, or mineral/matrix ratios in the current study could also be attributed to
measurements not taken at the actual fracture site. In a previous study, Raman measurements
were taken at the damaged region and 2-mm away in femoral specimens obtained from
postmenopausal women who had sustained fracture(s). Trabecular carbonate/phosphate,
phosphate/amide-1, and carbonate/amide-I ratios were reported to be borderline different at
the damaged region compared to 2-mm away. In the same publication, cortical carbonate/
phosphate ratios were found to be significantly higher in iliac crest biopsies obtained from
postmenopausal women who have sustained fracture(s) compared to those women who had
not, despite the fracture location being far-removed i.e. within the femora and vertebra.
Although, not appreciated at the time, both phenomena speak to possible regional and
systemic effects of fracture(s) on bone quality, respectively [93, 94]. While the impact of
systematic changes to bone composition remains to be investigated, skeletal fracture may
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initiate systematic changes in bone quantity, which in turn increase the risk of fracture at all
skeletal sites.

Although not statistically significant, Hyp/Pro ratios were found to be marginally elevated in
cortical cases compared to controls (Table 2). Such elevations could reflect increased intra-
strand stability of the collagen triple helix or increased post-translational hydroxylation of
proline residues in collagen [34, 35]. While bone and urinary hydroxyproline levels have
frequently been used as biomarkers of bone remodeling in postmenopausal women with
osteoporosis [95-97], the Hyp/Pro ratio used in this study was not calibrated to provide an
absolute measure of proline hydroxylation. Alternatively, the marginal increase in Hyp/Pro
ratio could be attributed to indirect effects that are not related to post-translational
modifications but to changes in collagen secondary structure. In a recent /n vitro glycation
study [36], Raman Hyp/Pro ratios were increased in glycated human cortical bone due to the
accumulation of advanced-glycation endproducts (AGEs). It was proposed that collagen
molecules in glycated bone samples may have undergone a supra-molecular rearrangement,
whereby the intensity of the hydroxyproline band became more Raman sensitive compared
to the intensity of the adjacent proline band. Such an effect could account for the marginal
increase in Hyp/Pro ratios found in cortical cases in this study. Although, the accumulation
of AGEs have been linked to osteoporosis [98] and proposed by other co-authors involved in
this multicenter study [92], additional blinded studies will be needed to determine their
relevance to osteopenic women with low-trauma fractures.

Statistical measures of compositional heterogeneity (FWHM) and sample variance (SV)
were also examined in this study. Although the contribution of heterogeneity measures to
fracture risk is currently being debated [37-39], the loss of compositional or material
heterogeneity is often associated with reduced bone remodeling or diminished material
properties. Despite the non-significant outcomes of all eight Raman mapping FWHM and
SV parameters (Tables 4 and 3), one significant and one borderline significant SV outcome
was identified in two of the four peak-fitted Raman parameters (Table 3). More specifically,
cortical SV Hyp/Pro ratios were significantly higher i.e. more heterogeneous in cases
compared to controls, with collagen molecules at various stages of supra-molecular
rearrangement. In contrast, cancellous SV MMA/(Pro+Hyp) ratios were marginally lower in
cases compared to controls (Table 3). In our study, the MMA/(Pro+Hyp) ratio was a variant
of the surrogate PMMA/amide 111 ratio used [99, 100] to indirectly assess tissue water
content (or nanoporosity) of bone at the sub-micron level. The use of MMA/(Pro+Hyp) ratio
was necessary because an algorithm was used to remove spectral interference from cured
PMMA but not of residual uncured MMA, which was represented by a distinct minor
Raman band at ~835 cm™1 [47]. As a compositional measure, increased MMA/(Pro+Hyp)
ratio would reflect a greater infiltration of uncured MMA into tissue spaces that was once
occupied by water. We propose that the narrow water distribution found in cancellous cases
was related to the inability of collagen to properly interact or bind water, but this requires
further validation. Notwithstanding, increased cross-linking in connective tissues have been
reported to impair the ability of collagen to bind water [101].

Despite some evidence for altered matrix heterogeneity in this cohort of osteopenic women
with low-trauma fracture(s), mineral heterogeneity FWHM and SV assessments were
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unremarkable (Tables 4 and 3). Non-significant FTIR mineral/matrix heterogeneity and
DBM heterogeneity index outcomes were also reported on the same set of biopsies [15, 16].
Interesting, in parallel nanoindentation heterogeneity assessments performed on second
biopsy specimens [14], fracturing women (/7=60) consistently displayed reduced SV
hardness and/or modulus than non-fracturing women (77=60). The different Raman and
nanoindentation SV outcomes could be attributed to where the measurements were made. In
nanoindentation, cortical indent sites were localized to interstitial tissues, while both cortical
interstitial and osteonal tissues were mapped by Raman spectroscopy. Although,
nanoindentation and Raman mapping were localized to the center of each trabeculae, the
spatial area probed by the latter technique was considerably larger. Averaging Raman
mapping datasets together without first parsing out bone microstructural features may have
also obscured some of the more localized mineral heterogeneity differences. The importance
of spatially localized Raman spectroscopic and nanoindentation measurements were recently
highlighted [102], whereby unresorbed osteons in human bone were reported to be more
heterogeneous compared to resorbed osteons. Similarly, parallel FTIR and nano-indentation
studies performed on dark and bright osteons demonstrated the coupling of localized
compositional and mechanical properties [69]. More specifically, dark osteons with their
longitudinally oriented collagen fibers and high mineral/matrix ratios and mean calcium
content conferred higher stiffness, while bright osteons with their oblique-angled collagen
fibers provided more ductility and ability to dissipate energy more efficiently. Furthermore,
the time-lag of up to 5 years between the occurrence of low-trauma fracture(s) and the
biopsy collection may have allowed bone remodeling enough time to change mineral
heterogeneity post-fracture.

Embedding effects on key Raman 1244/1268 and 1044/959 cm™~1 parameters identified in
this study also need to be discussed. Studies have shown that dehydrating or embedding
bone tissues may impact bone compositional and structural outcomes determined by Raman
spectroscopy [49, 103]. While collagen fibrils in bone tissues may shrink due to solvent
dehydration or embedding, their hierarchical organization is expected to be largely
preserved, and thus possible to still obtain relative structural and compositional information
between experimental groups. In early polarized Raman imaging studies performed on
human bone, the orientation of the osteonal lamellae amide | and 111 images were resolvable,
despite the tissues being fixed in ethanol and embedded in PMMA [91]. In a correlative
study, cortical Raman ,LPO4/amide 111 ratios were found to be correlated with calcium
content, despite the tissues being dehydrated in ethanol and embedded in PMMA [88]. All
118 bone biopsies used in the current study were dehydrated, defatted, and embedded in
PMMA in the same way, and thus any compositional or structural differences between cases
and controls is expected to be relative. Additionally, supplemental data on the embedding
effects on select bone Raman band positions, intensities, and/or ratios related to 959, 1044,
1244, 1268, 1662 cm~1 bands were provided in this study using canine bone specimens. The
shift in the amide 111 sub-band positions (Figures S7-8 and Table S2) after embedding canine
cortical bone in PMMA was not as dramatic as compared to the amide-1 band position,
which shifted by ~8 cm™ to 1668 cm-1. At the molecular level, C-N) and &(N-H) bonds
associated with the amide 111 sub-bands appeared to be less affected by embedding in
PMMA compared to the amide-1 carbonyl C=0) bonds. Similarly, canine cortical
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~1045/960 ratios decreased slightly from 0.052 £ 0.005 to 0.045 + 0.003 upon embedding,
while cortical ~1243/1268 cm™1 ratios increased slightly from 1.14 + 0.04 to 1.16 + 0.04
upon embedding (Table S2 and Figure S8). At least for the key 1244/1268 cm™1 ratio metric
used to analyze iliac crest bone biopsies, embedding effects appeared to be small compared
to thermal denaturation effects reported recently for bovine bone. In more detail, Raman
1245/1270 cm™1 ratio was reported to increase from 1.050 + 0.028 to 1.179 + 0.076 after
cortical bone was boiled in water for 90-120 mins [104]. Interestingly, a recent CPL study
found that corresponding extinctand bright lamellae width were reduced by 8% and 5% in
iliac crest bone biopsies from fracturing patients compared to non-fracturing patients [52].
The latter biopsies were embedded in the same way as the biopsies analyzed by Raman
mapping in the current study and by FTIR imaging in the previous parallel study [15]. While
fresh tissues are often preferred for spectroscopic analyses, the use of embedded specimens
is an acceptable alternative given the design of the multi-center study.

Certain bone Raman bands used in ratio parameter calculations are known to exhibit some
specimen orientation bias [49]. To minimize such biases, it has been recommended that the
Raman laser should always be aligned transversely or longitudinally with respect to the
specimen surface. Given that cortical 1044/959 and 1244/1268 cm™1 ratios may exhibit some
orientation bias, a similar laser-specimen orientation control experiment was performed in
this study. For a single biopsy, compositional maps were taken with the Raman laser line
aligned perpendicular to the thick (Ct.A) and thin (Ct.B) cortices before the specimen was
rotated by 90° to allow Raman maps to be taken in the parallel direction at the same
location. The slight differences in mean 1044/959 and 1244/1268 cm™1 ratio values obtained
between Ct.A and Ct.B for a given laser orientation could be attributed to differences in
bone morphology, with one cortex perhaps containing more lamellae bone compared to the
other cortex [42, 105]. As expected, 1044/959 and 1244/1268 cm™ ratios exhibited some
orientation bias (Figure S5). For this reason, the Raman laser line was always aligned
perpendicular to the surface at each cortex for all of the 118 biopsies analyzed in this study
(Figure 2). Moreover, the distribution of all 1044/959 and 1244/1268 cm™ ratio data points
were not skewed in one cortex over the other (Ct.A vs. Ct.B, n7=59 per group) and that they
varied consistently between cases and controls (Figure S4). Reporting averaged cortical
(Ct.A+Ct.B) 1044/959 and 1244/1268 cm™! ratio values for each biopsy specimen may have
also helped further minimize any specimen orientation bias.

5. Strengths, limitations, and conclusions

A number of strengths and limitations of this study may be considered. The strengths of this
study include the prospective design to control for participant study age and BMD; biopsy
collection from a representative and relatively large osteopenic population; and blinding of
the fracture status to the study investigators. However, this study has some limitations, some
of which have already been addressed by other investigators involved in this multicenter
study [14-16].

One potential limitation of this study is that biopsies were collected from osteopenic women
who had sustained low-trauma fracture within a 5 year period, but not less than 6-months
after the fracture. It is possible that for some biopsies, significant bone remodeling may have
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occurred over this time period. However, all study participants were at least 4-years
postmenopausal and thus their rate of bone remodeling was expected to be low. Additionally,
study participants were excluded from the study if they were on any medications that may
have affected bone remodeling.

While Raman spectroscopic measures of 1244/1268 and 1044/959 cm™1 ratios were found to
contain hierarchical organizational information that were predictive of past fracture risk,
they were not calibrated to provide absolute measures of the preferred orientation of
collagen fibrils or the angular distribution of the mineralized collagen lamella between cases
and controls. Such information could be obtained using polarized Raman microscopy, but
was not considered in our original study design. A recent polarized Raman microscopy study
found that mineral-crystal orientation oscillated between each lamella up to 35-um away
from the Haversian canal [31]. It follows that the intensity ratio of the 1240/1270 and
1046/960 cm~1 parameters used in the latter study would oscillate between each lamella
multiple times before reaching the outermost lamella. While our 1244/1268 and 1044/959
cm™1 ratio Raman maps were broadly featureless, they would have been large enough (~100
x 220 um? area after truncation) to have sampled over multiple lamellae. It is only through
statistical analyses that subtle differences in our cortical 1244/1268 and 1044/959 cm™ ratio
parameters became apparent between cases and controls. Unlike for cortical bone, the
orientation of the Raman laser line with respect to the trabecular surface could not be
controlled because of its more complex and varied lamellar organization. However,
univariate case-control analyses show that cancellous 1244/1268 and 1044/959 cm™! ratios
tracked in the same direction as that for cortical bone.

Spectroscopic measures of Hyp/Pro ratios provided some insights into collagen quality, but
additional validation studies are still necessary. Clarification is still needed to determine
whether Hyp/Pro ratio measures reflect changes in post-translational collagen modifications
(e.g. proline hydroxylation) or collagen secondary structure (e.g. supra-molecular
rearrangement due to formation in AGESs). If they reflect the former, then Hyp/Pro ratios
should be correlated with HPLC measures of bone Hyp/Pro content. Similar validation
studies are also necessary for our proposed MMA/(Pro+Hyp) ratio parameter, which was
used in this study as an indirect measure of bone water content. The importance of water
content to bone quality has already been highlighted indirectly in embedded bone specimens
[99, 100] and directly in fresh bone specimens [57, 106]. The bone biopsies used in this
study were already embedded and our Raman microscope was only equipped with a low
wavenumber grating. Thus, a direct and indirect spectroscopic comparison of bone water
content was not possible in this study. This requires further investigation.

In conclusion, the outcomes of this blinded prospective study in part support our hypothesis
that Raman spectroscopy can detect changes to bone quality in osteopenic women with low-
trauma fractures. Based on aggregate univariate case-control and logistic regression
analyses, 1244/1268 and 1044/959 cm™1 ratios were found to be the most differential aspects
of bone quality in cortical cases compared to controls. In contrast, compositional and
associated heterogeneity measures of bone quality, namely mineral/matrix ratios, B-type
carbonate substitution, and mineral crystallinity, were not significantly different between
cases and controls. Taken together, our study highlights the importance of analyzing the
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organization of collagen compositional structure when evaluating postmenopausal women
with suspected low-trauma osteopenic fractures. Future studies will be aimed at improving
both sensitivity and specificity of our logistic regression models by inclusion of other
variables identified in parallel FTIR [15] and nano-indentation [14] studies.
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Highlights

A case-control evaluation of Raman spectroscopic measures of bone quality
was performed in osteopenic women with and without low-trauma fractures.

Aggregate univariate case-control and logistic regression analyses show that
the organization of mineralized collagen fibrils was significantly altered in
cortical cases compared to controls.

Bone compositional and heterogeneity parameters related to mineral/matrix
ratios, B-type carbonate substitution, and mineral crystallinity were not
significantly different between cases and controls.

This is the first blinded prospective-controlled study to show that Raman
spectroscopy can differentiate fractures cases from controls.
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> Remaining Biopsy Core

Upper Truncated Section:

\ 1. Histomorphometry and Apoptosis
analysis (30-40%, 2250-3000 um)

Lower Truncated Section:

2. Raman microscopy (surface analysis)
3. Micro-radiography (~10%, ~750 um)
4. FTIR microscopy (~5%, ~375 pm)

J \

> Remaining Biopsy Core

Figure 1.
Schematic of embedded cylindrical biopsy allocation and analysis. The surface of the lower

truncated section was analyzed by Raman microscopy (this study) prior to resectioning for
microradiography (Rizzo et al) and FTIR (Boskey et al) analysis. A second biopsy core was
also acquired from the same study participant for nano-indentation testing (\ennin et al).
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Figure 2.
Reconstructed longitudinal image of an iliac crest biopsy section showing the approximate

surface locations of all 18 cortical and 12 cancellous Raman maps (white boxes). The laser
line is ~135 pm in length and is aligned perpendicularly to the thick cortex (Ct.A) and the
thin cortex (Ct.B) prior to Raman mapping.
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Table 1.

Subject characteristics (mean + S.D.).Cases vs. controls.

Subject Characteristics Controls (n=59)  Cases (n=59) pa
Age (years) 61773 62.0+75 0.38
BMD of hip (g/cm3) 0.823 +0.072 0.827+0.083 057
BMD of hip T-score -0.978 + 0.586 0.947 £0.678  0.59
Low trauma fractures (1)

Wrist 0 20

Ankle 0 15

Humerus 0 7

Patella 0 4

Shoulder 0 3

Elbow 0 2

Hip 0 2

Other: fibula, foot, knee, lower leg, pelvis, and wrist & elbow combined. 0 6

Vertebral 0 23

a - . . " .
Case-control statistical comparisons performed using the Wilcoxon Signed Rank.

Abbreviations: S.D., standard deviation.
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Table 2.

Subject characteristics and Raman parameter data (mean + SDs). Cases vs. controls.

Controls (n=59)  Cases (n=59) pa
Cortical Bone
Mineral/Matrix 11PO4/Amide | 8.76 £0.78 8.93£0.96 0.24
11PO4/Pro+Hyp 17.88+1.18 17.80 +1.17 0.60
11PO4/Pro 11.02 +0.59 10.96 + 0.66 0.54
11PO,//Phe 16.63+1.77 16.46 + 1.68 0.44
Crystallinity (cm™1) FWHM (le04)b 16.42 +0.21 16.43 +0.20 0.72
Carbonate/Phosphate ~ Carb/v;PO, 0.232 + 0.006 0.233+0.007 0.64
Carbonate/Matrix Carb/Phe 3.858 + 0.396 3.835+0.417 0.66
Organization 1248/1268 1.054 + 0.025 1.043+0.022 0.0061
1044/959 0.141 + 0.006 0.143+£0.005 0.0242
Collagen Hyp/pmb 0.582 +0.033 0.592+£0.046  0.0956
phe/(PrO+Hyp)b 0.495 + 0.053 0.505+0.069 0.50
Polymer infiltration MMA/(pro+Hyp)b 0.072 +0.024 0.071+0.023 0.93
Cancellous Bone
Mineral/Matrix 11PO4/Amide | 8.72 £ 0.66 8.93+0.88 0.15
11PO,4/Pro+Hyp 19.28 +1.82 19.17 +1.68 0.81
11PO,4/Pro 11.43+0.92 11.46 +0.88 0.63
11PO,//Phe 15.58 +2.25 15.41+2.27 0.91
Crystallinity (cm™) FWHM (leO4)b 16.35+0.24 16.38 £ 0.23 0.56
Carbonate/Phosphate  Carb/v;PO, 0.235 + 0.006 0.235.£0.007 0.80
Carbonate/Matrix Carb/Phe 3.629 £ 0.501 3.603.£0.496 0.90
Organization 1248/1268 1.045 +0.026 1.036 +£0.025 0.0154
1044/959 0.139 £ 0.007 0.141+0.006 0.0661
Collagen Hyp/pmb 0.577 £0.021 0.582+£0.025 0.42
phe/(pro+Hyp)b 0.555 + 0.066 0.561 +0.078  0.60
Polymer infiltration MMA/(prO+Hyp)b 0.080 +0.028 0.077+0.027 0.65

Abbreviations: S.D., standard deviation.

a . " . I . L S
Comparisons based on Wilcoxon signed rank test ( significant p values are in bold and borderline significant p values are in Jtalics).

bVaIues obtained from Gaussian-fitted Raman spectra.

Bone. Author manuscript; available in PMC 2022 July 01.

Page 30



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Mandair et al.

Table 3.

Sample Variance of Raman parameters (mean = SDs). Cases vs. controls

Controls (n=59)  Cases (n=59) pa
Cortical Bone
Mineral/Matrix 11PO4/Amide | 0.845 +0.620 0.974 £0.714 0.38
1,PO,/Pro+Hyp 2,601 + 1.633 295042037 031
1LPO,/Pro 0.903 +0.472 0962+0521  0.46
1,PO,//Phe 6.544 +3.277 6.870+3.069  0.61
Crystallinity (cm™1) FWHM (leO4)b 0.021 £ 0.010 0.020 £ 0.012 0.45
Carbonate/Phosphate ~ Carb/13PO, 0.043+0.022° 0051+0027¢ 0.22
Carbonate/Matrix Carb/Phe 0.318 £ 0.176 0.315+0.148 0.95
Organization 1248/1268 0.343+0.289°  0.338+0305° 063
1044/959 0.064+0031°  0073+0048° 042
Collagen Hyp/Pro? 1137+1577°  1954x4.100°  0.0302
Phe/(Pro+Hyp)? ~ 0.0102£0.0172  0.0097 0.0127 060
Polymer infiltration MMA/(Pro+Hyp)b 0.365+0277°  0329+0258° 053
Cancellous Bone
Mineral/Matrix 1LPO,/Amide | 0.911 + 0.480 0.839+0.444 050
1,PO,/Pro+Hyp 3.818 +2.290 364042332 079
1LPO,/PrO 1.041 % 0.475 1.068+0521  0.89
1,PO,//Phe 6.701 % 2.702 6.467+3009  0.73
Crystallinity ¢m™)  FWHM (15,P0,)?  0.024+0.11 0.025+0.14 0.64
Carbonate/Phosphate ~ Carb/13PO, 0.084 +0.037°  0090+0045° 046
Carbonate/Matrix Carb/Phe 0.312+0.151 0.321+0.170 0.82
Organization 1248/1268 1.098+1.150°  0.957+0.739° 097
1044/959 0101+0052°  0.115+0063° 020
Collagen Hyp/Pro? 0959+0924°  1113+1251° 090
Phe/(Pro+Hyp)?  0.0090+0.0110  0.0141+0.0229 0.1
Polymer infiltration  MmA/(Pro+Hyp)” 0320 +0243°  0.261+0.207°  0.0709

a . . . S . L L
Comparisons based on Wilcoxon signed rank test (significant p values are in bold and borderline significant p values are in /talics).

Abbreviations: S.D., standard deviation.

bVaIues obtained from Gaussian-fitted Raman spectra.

cDivide values by a factor of x1000.
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Table 4.

Heterogeneity data of Raman parameters (mean * SDs). Cases vs. controls.

Controls (n=59)  Cases (n=59) p?

Cortical Bone
Mineral/Matrix 11PO4/Amide | 2.772 £ 0.457 2.843 £ 0.443 0.34
11PO4/Pro+Hyp  5.867 + 0.956 5.924 +0.865 0.98

11PO4/Pro 3.939 £ 0.475 4.064 +0.491 0.37
11PO,4//Phe 8.691 + 1.343 8.663 + 1.120 0.75
Carbonate/Phosphate ~ Carb/v;PO, 0.043 + 0.005 0.044 +0.005 0.38
Carbonate/Matrix Carb/Phe 1.971 £ 0.262 1.974 £ 0.272 0.99
Organization 1248/1268 0.352 +0.039 0.350 £ 0.049 0.58
1044/959 0.0405 +0.0048  0.0411 +0.0055 0.65
Cancellous Bone
Mineral/Matrix 11PO4/Amide | 3.019 +0.424 3.051+0.416 0.38

1PO4/Pro+Hyp  7.518 + 1.394 7.259 +1.282 0.22

11PO4/Pro 4.672 +0.658 4.753 £0.791 0.94
1 PO,//Phe 8.559 + 1.444 8.402 + 1.475 0.58
Carbonate/Phosphate ~ Carb/v;PO,4 0.048 + 0.005 0.048 + 0.006 0.99
Carbonate/Matrix Carb/Phe 1.986 + 0.358 1.917 £ 0.319 0.43
Organization 1248/1268 0.394 + 0.042 0.383 +0.049 0.28
1044/959 0.0455 +£0.0047  0.0457 +0.0056 0.69

Abbreviations: S.D., standard deviation. Comparisons based on Wilcoxon signed rank test. Heterogeneity data based on the full-width height
(FWHM) of Raman map histograms.
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Reduced Logistic Regression Models and Odds Ratio (OR) Estimates Predicting Past Low-Trauma Fractures

in Osteopenic Women.

Model Action Explanatory Parameters OR 95% ClI p-value
Reduced model after elimination of non- explanatory .

1A parameters Ct. 1248/1268 ratio 0.617 0.406-0.938  0.024
Reduced model after elimination of non- explanatory :

1B parameters Ct. 1044/959 ratio 1.656 1.083-2.534 0.020

2A Add age and BMD#to Model-1A Ct. 1248/1268 ratio, Age, and BMD  0.620  0.405-0.947  0.027

2B Add age and BMD” to Model-18 Ct. 1044/959 ratio, Age, and BMD  1.697 1.095-2.632 0.018

Data expressed as Odds Ratio (OR) and corresponding 95% Confidence Intervals (CI).

#Bone Mineral Density (BMD) of the hip (g/cm3).
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Table 6.

Summary of false positives and negatives, sensitivity, and specificity in osteopenic postmenopausal women
with low-trauma fractures.

Model Explanatory Parameters TP() TN(@®) FP(n) FN(n) Sensitivity(%) Specificity (%)
1A Ct. 1248/1268 ratio 38 30 21 29 64.4 50.8
1B Ct. 1044/959 ratio 35 29 24 30 59.3 49.2
2A Ct. 1248/1268 ratio, Age, and BMD 38 31 21 28 64.4 52.5
2B Ct. 1044/959 ratio, Age, and BMD 37 29 22 30 62.7 49.2

Abbreviations: TP = True Positive, TN = True Negative, FP = False Positive, FN = False Negatives, Sensitivity = TP/(TP + FN) x 100%; and
Specificity = TN/(FP + TN) x 100%.
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