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ABSTRACT 

 

The molecular composition and hierarchical structure of bone tissue are important 

determinants of bone strength and fragility. Vibrational spectroscopic techniques have 

frequently been used to investigate bone composition, including attenuated total 

reflection (ATR) and Fourier transform infrared (FTIR) imaging spectroscopy. However, 

with these approaches, the spatial resolution of analysis is limited to several micrometers, 

which cannot capture properties at the nanoscale level of mineralized collagen fibrils 

(~500 nm), the building blocks of bone. Recent advances in optical photothermal infrared 

(O-PTIR) spectroscopy allows investigation of bone composition with submicron spatial 

resolution. In this thesis, we hypothesize that higher resolution information related to 

bone composition will provide new insights into factors underlying bone function. In two 

Aims, we:  1. Investigated whether O-PTIR-derived spectral parameters correlated to 

standard ATR spectral data from homogenized serially demineralized bone samples. 2. 

Examined whether O-PTIR-derived spectral parameters, including nanoscale 

heterogeneity of tissue, contribute to prediction of bone stiffness. Bovine tibial cortical 

bone was homogenized into powder and serially demineralized using EDTA. ATR and 

O-PTIR spectra were collected at six timepoints (n=6) over 5 days. Femoral neck bones 

from human donor cadaver tissues were sliced into 1mm sections. Line scans of 10 

different trabecula were collected for each sample, with a total of 15 samples. Spectral 

images were collected from the intact femoral neck samples, which also had sex, age, and 

BMI information, as well as experimentally-determined stiffness parameters, associated 

with them. There was a correlation of R = 0.96 between the 2nd derivative phosphate 
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(PO4) /amide II peak intensity ratio for ATR to O-PTIR. Principal component analysis 

(PCA) yielded insight into the variance between O-PTIR and ATR spectra being mainly 

attributable to the phosphate absorbance peak (PO4). We also found that O-PTIR 

nanoscale assessment of bone parameters was more sensitive to the acid phosphate peak 

(HPO4) associated with newly formed bone. Partial least squares (PLS) regression 

analysis showed that combining multiple O-PTIR parameters (HPO4 content and 

heterogeneity, collagen integrity and CO3 content) can significantly predict whole-bone 

proximal femoral stiffness with an R2 of 0.74. Overall, this study highlights a new 

application of O-PTIR spectroscopy to assess bone composition at a submicron scale, 

which may provide new insights into molecular-level factors underlying bone mechanical 

competence.   



iv 

 

 

 

 

 

 

 

 

 

 

 

 

 

DEDICATION  

This thesis is dedicated to my parents, Colleen and Michael Reiner, for constantly 

supporting and encouraging me in my passions. To my older sister, Dr. Elizabeth Reiner 

for igniting my interest in the sciences and paving a path for me as a fellow woman in 

STEM.  

 

  



v 

ACKNOWLEDGMENTS 

 

I need to express my sincere appreciation and thanks to my research advisor Dr. 

Nancy Pleshko. I can say with 100% honesty that I would not have made it through this 

master’s program without Dr. Pleshko and Dr. Ann Valentine’s continued support. Both 

of these women are amazing researchers, innovators, and leaders in their respective fields 

and I am honored to have worked with them. I joined Dr. Pleshko’s lab four years ago 

and have stayed with her through two undergraduate research programs, two independent 

studies, and my master’s thesis. She created a lab here at Temple with amazing vibes and 

I am heartbroken to be leaving. Dr. Nancy Pleshko constantly chooses lab members who 

are some of the kindest and brightest people I have met. It is rare when you find a 

collective of such amazing individuals so I am thankful to Dr. Pleshko for bringing us all 

together and allowing me to be a part of it.  

Dr. William Querido, my Co-advisor, deserves a million thanks as well. He 

helped this thesis become a reality by teaching techniques, explaining processes, and lots 

of editing. I am appreciative of Dr. Querido patience and understanding. He always made 

time for me and other lab members. Working with him in this lab was a truly enjoyable 

experience.  

Finally, thank you to my boyfriend, friends, and family for supporting me though 

this journey. I am so lucky for the amazing support system I have.   

  



vi 

TABLE OF CONTENTS 

 Page 

ABSTRACT ....................................................................................................................... iii 

DEDICATION ................................................................................................................... iv 

ACKNOWLEDGMENTS ...................................................................................................v 

LIST OF TABLES ............................................................................................................ vii 

LIST OF FIGURES ......................................................................................................... viii 

 

CHAPTER 

1. INTRODUCTION: Bone Composition and Analysis ...................................................1 

1.1 Bone structure ....................................................................................................1 

1.1.1 Building Blocks ..................................................................................1 

1.1.2 Types of Bone .....................................................................................2 

1.1.3 Fragility Fracture ................................................................................3 

1.1.4 Bone Remodeling................................................................................3 

1.2 Clinical Bone Assessment..................................................................................4  

1.2.1 Bone Mineral Density and Bone Strength ..........................................4 

1.2.2 Multivariate Analysis ..........................................................................4 

1.2.3 Current Techniques  ............................................................................5 

1.2.4 Optical Photothermal Infrared Spectroscopy  .....................................5 

1.2.5 Spectral Parameters  ............................................................................6 

1.3 Previous Work ...................................................................................................7  

 



vii 

2. METHODS ....................................................................................................................8 

2.1 Bone Samples.....................................................................................................8 

2.2 Bone Mechanics Assessment ...........................................................................10 

2.3 Spectroscopic Data Collection and Analysis ...................................................11 

2.3.1 ATR................................................................................................11 

2.3.2 O-PTIR ...........................................................................................12 

2.3.3 O-PTIR Imaging ............................................................................14 

2.4 Statistical Analysis .........................................................................................15 

2.4.1 Correlation Analysis ......................................................................15 

2.4.2 Principal Component Analysis ......................................................15 

2.4.3 Multivariable Regression Model Development .............................15 

3. RESULTS ....................................................................................................................17 

3.1 Validation of O-PTIR Spectral Parameters......................................................17 

3.2 Bone Nanoscale Analysis ................................................................................19 

4. DISCUSSION ..............................................................................................................26 

4.1 Summary of Results .........................................................................................26 

4.2 Comparison of O-PTIR and AFM-IR ..............................................................26 

4.3 O-PTIR and Bone Strength ..............................................................................27 

4.4 Heterogeneity Impact on Bone Strength ..........................................................28 

4.5 Future Work .....................................................................................................29 

5. CONCLUSION ............................................................................................................30 

BIBLIOGRAPHY ..............................................................................................................31 

APPENDIX 



viii 

A. Additional Data ............................................................................................................40 

  



ix 

LIST OF TABLES 

Table Page 

1. Bone Spectral Parameters of Interest ………………….……………..……….....6 

2. Femur Donor Information……………………………….……………..………. 10 

3. ATR vs. O-PTIR Correlations ……..……....…………….……………………..22 

4. Correlation Matrix ATR, O-PTIR, and Heterogeneity                                                   

vs. Stiffness, Age, BMI………...…………………….……………………….....23 

5. PLS Model to Predict Whole Bone Proximal Femoral Stiffness……………......25 

6. Peak Height Ratios ATR………...…………………….………………………...40 

7. Peak Height Ratios O-PTIR………...………………….………………….….…41 

8. O-PTIR Heterogeneity Ratios………...…………………….………………….. 41 

  



x 

LIST OF FIGURES 

Figure Page 

1. Hierarchical Structure of Bone and Hydroxyapatite Structure ….……………. 2 

2. Overview of Methods and Aims………………………..…..…………………. 9 

3. Heterogeneity Histograms ……..……....……………………………………… 14 

4. O-PTIR verses ATR- Demineralization ……………………………..................18 

5. O-PTIR verses ATR- Femoral Neck ……………………………..…...………  19 

6. Submicron O-PTIR Spectral Images ………………………………………….. 21 

  



 1 

CHAPTER 1 

INTRODUCTION: BONE COMPOSITION AND ANALYSIS   

1.1 Bone Structure  

1.1.1 Building Blocks  

Bone is the primary organ that provides musculoskeletal support to the body and 

the functional properties of bone depend on the composition at all spatial levels. Bone has 

a hierarchal structure and changes in the composition at any level can impact bone 

strength (Figure 1). The building blocks of bone begin at the nanoscale with mineralized 

collagen fibrils. (1-3) Previous studies have postulated that amorphous calcium phosphate 

is the initial mineral phase formed, and that phase recrystallizes into hydroxyapatite. (4-9) 

Collagen fibrils provide a template for hydroxyapatite formation Ca10 (OH)2 (PO4)6. The 

chemical structure of hydroxyapatite crystals is shown in Figure 1.  Mineralized collagen 

fibrils can be visualized at approximately 500 nm (10-13), and the nanoscale structure of 

the bone matrix is highly conserved across different types of bone. (12) Figure 1 

illustrates the different macro, micro and nanoscale structural elements of bone.  
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1.1.2 Types of Bone 

Bone is comprised of two main types at the micro and macro scale, cortical and 

trabecular. Cortical bone  is strong, compact bone primarily made up of osteons in a 

lamellar matrix in humans and larger mammals. (14, 15) The presence of osteons results 

in a very heterogeneous cortical bone micro- and nanostructure. Macroscopically, cortical 

bone surrounds trabecular bone to provide additional strength and rigidity. (16) 

Trabecular bone is cancellous, heterogenous bone found at the epiphyses of long bones. It 

contains a 3D latticework of bony processes, called trabeculae, arranged along lines of 

stress. The mechanical competence and composition of trabecular bone are important due 

to their ability to transfer loads from joints to surrounding cortical bone. (17) Structural 

changes and a substantial loss of trabecular bone are generally associated with fragility 

fractures. (17-19) 

 

Figure 1.  Hierarchical structure of human bone ranging from macroscale 

skeleton  (100’s mm) to microscale cortical bone made up of an osteon matrix and the 

trabecular network (100 μm) to  nanoscale mineralized collagen fibrils (500 nm) and 

hydroxyapatite crystals. Hydroxyapatite chemical formula is:  Ca10(PO4)6(OH)2, with 

carbonate and acid phosphate substitutions not shown.  
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1.1.3 Fragility Fractures  

Femoral fragility fractures are associated with significant morbidity and mortality 

for the elderly population, in particular with the disease osteoporosis. (20) Approximately 

50% of all femoral fragility fractures occur at the proximal femur neck which is the most 

common hip fracture site for osteoporosis patients. (21-23) Osteoporosis affects over 200 

million people worldwide, by impairing mechanical bone strength and resulting in 

fractures and hospitalization. It’s incidence is continuing to rise with the increasing aging 

population. (24-26) 

 

1.1.4 Bone Remodeling  

Throughout life bone is subjected to stress and responds by continuously 

replacing old and damaged bone with new bone, known as the bone remodeling process. 

Remodeling serves to replaces load-bearing bone that has undergone fatigue 

microdamage. (27) Approximately 5% of cortical and 20% of trabecular bone are 

renewed each  year. (28, 29) Trabecular remodeling starts with bone resorbing cells, 

osteoclasts, resorbing bone. It is coupled with formation of new mineralized bone along 

the exterior of trabeculae by bone-forming cells, osteoblasts, which results in 

thickening trabeculae in growing skeletons. (27, 29-31) As trabeculae undergoing more 

remodeling in life, bone becomes more heterogenous. Regions of heterogeneous material 

act as intrinsic toughening mechanisms in bone. (32, 33) However, the underlying factors 

contributing to this nanoscale heterogeneity are poorly understood.  
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1.2 Clinical Bone Assessment  

1.2.1 Bone Mineral Density and Bone Strength  

Femoral neck bone mineral density (BMD) is the main bone parameter used in the 

assessment of hip fracture risk in routine clinical settings. (34, 35) BMD is typically 

determined at the femoral neck, spine and radius using dual xray absorptiometry (DXA). 

(36, 37)  Current studies stress the importance of combining BMD with additional bone 

properties to aid in prediction of bone strength. (38-41)  Bone mechanical strength has 

been shown to be dependent on a combination of multiple factors including 

microarchitecture, bone geometry, tissue thickness, turnover rate, tissue mineralization, 

collagen and mineral quality, porosity, water content, stiffness and tissue heterogeneity. 

(42-48) With so many factors to consider, defining clear nanoscale parameters that 

contribute to bone strength has proved challenging.  

 

1.2.2 Multivariate Analysis   

One approach used to address the complex problem of determining bone strength 

has been to perform multivariate analysis where many parameters contributing to bone 

strength can be considered simultaneously. Investigators have looked at how age, sex, 

BMI, lifestyle factors (smoking, etc..) impact bone strength in multiple studies. (42, 49, 

50) This analysis is also useful for processing large datasets in order to asses significant 

relationships between multiple variables and prediction outcomes. (51) The field of 

infrared spectroscopy often uses these methods which include principal component 

analysis (PCA), multiple linear regression (MLR), linear discriminant analysis (LDA), 

cluster analysis (CA) and partial least squares regression (PLS) to process and evaluate 

spectral data. (52)  Recent spectral studies of biologic tissue that have used these methods 

include assessment of bone water and MRI imaging spectral parameters and 
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identification of collagen type in connective tissues using FTIR imaging and fiber optic 

probe spectroscopy. (53, 54)  

 

1.2.3 Current Techniques  

There are many approaches commonly used to assess bone composition and 

structure, including DXA for bone mineral density, and micro CT, histology, and 

biochemical analyses. (55-58) However, none of these approaches can be used to obtain 

quantifiable data from intact bone at the nanoscale. Here, we are utilizing a novel 

spectroscopic approach to assess bone composition at the nanoscale.  Spectroscopic 

techniques commonly used to study bone composition include attenuated total reflection 

(ATR), Fourier Transform Infrared (FTIR) spectroscopy and Fourier transform Infrared 

imaging (FTIRI). (4, 59, 60) These studies have defined gold standard bone 

compositional parameters related to mineral and matrix.  However, with these 

approaches, the spatial resolution of images and spectra are limited to the micrometer 

range. Thus, they cannot capture properties at the molecular level of mineralized collagen 

fibrils (~500 nm). 

1.2.4 Optical Photothermal Infrared Spectroscopy  

Recent advances in optical photothermal infrared (O-PTIR) spectroscopy allows 

investigation of bone composition and heterogeneity at the nanoscale with submicron 

spatial resolution. O-PTIR is a non-contact, non-destructive technique that requires 

minimal sample preparation. In O-PTIR, absorption occurs after the infrared laser is 

tuned to a wavelength that excites a molecular vibration in the sample, inducing a 

photothermal response. The IR laser is coupled with a green visible probe laser (532 nm), 

focused to ~0.5 μm spot size. The photothermal response of the sample is detected via the 
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surface deflection of the green laser during absorption. Since the wavelength of the 

visible probe laser does not change the spatial resolution is uniform for the entire usable 

infrared spectrum. (61, 62) O-PTIR overcomes the wavelength dependence in ATR and 

FTIR to achieve submicron resolution. The tunable IR laser is made up of four quantum 

cascade lasers (QCL) for a wavenumber range of 1850- 800 cm-1. The four QCL’s have 

three chip transitions in-between each laser wavenumber range.  

 

1.2.5 Spectral Parameters  

Infrared spectroscopy can provide information on collagen and mineral content to 

characterize bone. Bone spectral parameters of interest are summarized in Table 1. 

Mineral-to-matrix ratio is represented by relative amount of phosphate (PO4) to amide II 

with absorbance ratio at 1040/1550 cm-1. Mineral maturity is evaluated by the intensity 

ratio of acid phosphate (HPO4) to PO4 (1110/1040 cm-1), with immature, recently formed 

mineral presenting greater content of HPO4. (63) Collagen integrity is attributed to the 

ratio of peak intensities at collagen (1338 cm-1) /amide II (1550 cm-1), and has been 

shown to vary with tissue type and fibril integrity. (64) The carbonate content of 

bioapatite is monitored through the carbonate (CO3) to PO4 peak  ratio of 880/1040 cm-. 

This parameters reflects mineral quality, as biological apatite typically contains carbonate 

as part of its normal structure. (65) 

 

Table 1. Bone Spectral Parameters of Interest 

Attribute Ratios Wavenumber

Mineral-to-Matrix Phosphate (PO4)/ Amide II 1040/1550 cm-1

Mineral Maturity Acid phosphate (HPO4)/ PO4 1110/1040 cm-1

Collagen Integrity Collagen/ Amide II 1338/1550 cm-1

Carbonate-to-Phosphate Carbonate (CO3) /PO4 880/1040 cm-1
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1.3 Previous Work 

Previous work with atomic force microscopy-infrared spectroscopy (AFM-IR) has 

been done to assess the nanoscale composition of bone. (66-68) The studies mainly 

focused on the validation of the technique by comparing bone spectra collected from 

AFM-IR to spectra from FTIR imaging. They confirmed AFM-IR is capable of assessing 

relevant peaks such as amide I and phosphate. In this study we use a similar approach to 

validate O-PTIR by comparing it to ATR for the phosphate (PO4)/ amide II. While AFM-

IR has provided new insights into bone composition, that approach requires thin, careful 

sectioning of samples, which is very labor intensive. Using an O-PTIR approach, it is 

possible to obtain spectral data from intact bone samples. A recent thesis dissertation 

collected O-PTIR bone spectra from fully hydrated mouse femoral bone as a function of 

different tissue ages and genotypes. The primary O-PTIR results determined from this 

thesis concluded that the phosphate (PO4)/ amide II ratio values vary from location to 

location and animal to animal regardless of genotype. (69)  Here, we aim to validate O-

PTIR spectral data against gold standard ATR data for bone assessment, and present a 

comprehensive multivariable analysis of the role of multiple bone tissue compositional 

and heterogeneity parameters in femoral bone stiffness. 
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CHAPTER 2 

METHODS 

 

2.1 Bone Samples 

Demineralized bones Young bovine tibiae (Research 87) were pulverized to 

powder using a Spex Freezer/Mill 6770. For demineralization one gram of bone powder 

was mixed with 10 mM of 100 mL ethylenediaminetetraacetic acid (EDTA)-Tris solution 

(Sigma Aldrich). It was stirred together for five days with intermittent EDTA changes. 

Aliquots of bone were collected at six progressive time points over the five-day period. 

Aliquots were washed with a phosphate buffered saline (PBS) solution and lyophilized 

for ATR-FTIR and O-PTIR analysis. The bones were analyzed following the study 

design illustrated in Figure 2a.  

Cadaveric bones: Fifteen whole femurs from donors (five females, ten males; 

aged 44–93) were obtained from the National Disease Research Interchange (NDRI, 

Philadelphia, PA). All tissues were tested for infectious diseases, fresh-frozen at -80°C, 

shipped in dry ice, and stored frozen until assessment. Age, sex and body mass index 

(BMI) of each donor are shown in Table 2. The bones were analyzed following the study 

design illustrated in Figure 2b. 
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Figure 2. (a) ATR-FTIR and O-PTIR spectra were collected from serially demineralized 

bone powder to validate this new technique. (b) Human femur bones were mechanically 

tested to determine whole bone stiffness. The femoral neck was then sliced into 1mm 

sections. Line scans of hyperspectral data across 10 different trabecula were collected for 

each sample (N =  15 samples). Spectral images at discrete frequencies were also collected.  

(a) Validate O-PTIR using standard ATR-FTIR to accurately assess bone mineralization

(b) Investigation of O-PTIR nanoscale assessment of bone properties at the submicron level as 
predictors of whole bone proximal-femoral stiffness.
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2.2 Bone Mechanics Assessment (performed in collaborator’s lab at 

University of Pennsylvania) 

The proximal femur mechanical competence (combined influence from head, 

neck and greater trochanter) was tested under loading conditions that mirror a sideways 

fall onto the hip, taking into account that 90% of hip fractures are the result of a fall. (24, 

70) Following previously established protocols (38, 71-74), the heads of the femurs were 

positioned in a polymethylmethacrylate (PMMA) cup engineered to imitate the 

acetabulum and placed under the actuator of a Model 8874 servohydraulic mechanical 

test frame using a 25kN load cell (Instron Inc.). The greater trochanter of each femur was 

aligned in a rigid base of PMMA over a metal base allowing for unrestricted translation 

in the X-Y plane. A 3-degree of freedom vise will securely hold the femoral shaft roughly 

10° above the horizontal to model the contact orientation of a sideways fall onto the hip. 

(75, 76) Contact was defined when a nominal amount of compressive load (<10 N) was 

observed on the load cell. All femurs were subjected to three triangular waveforms of 

Table 2. Donor information  

Donor Stiffness (N/mm)
Sex 

(Male/ Female)
Age Height (cm) Weight (Kg) BMI

D01 1244 M 73 177.8 109 34.5

D02 1376 M 44 190.5 105 28.9

D03 1175 M 72 175.6 58 18.8

D04 1478 M 87 170.2 83 28.7

D05 1288 M 93 185.4 92 26.8

D06 1409 M 90 188

D07 1879 M 49 178 70 22.1

D08 1679 M 81 167.6 79 28.1

D09 963 F 65 160 119 46.5

D10 1161 M 90 160 44 17.2

D11 1076 F 81 160.02 81 31.6

D13 448 F 63 157.48 54 21.8

D14 1078 M 52 182.88 100 29.9

D15 F 76 165.1 81 29.7

D16 1336 F 66 170.18 59 20.4
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non-destructive loading force at a loading rate of 1.67 mm/s between -50N and -1200N. 

Time (in sec), displacement (in mm), and force (in N) were recorded at 100 Hz 

throughout the test. The slope of the linear (elastic) region of the load-displacement curve 

was quantified as structural bone stiffness. Femurs were not tested to failure so that the 

proximal femur morphology could be maintained, which enabled precise selection of 

subsequent regions of analysis. 

Preparation of bone cross-sections:  Five 1 mm thick sections from the femoral 

neck of each femur were cut with a bone saw (IsoMet 1000 Precision Cutter). The 

sections were cleaned to remove fat and marrow using 1% tergazyme solution under 

sonication for 60 min at 37 °C (3 washes of 20 min each)(77). One section was chosen 

per sample to analyze based on flatness, smoothness, and presence of trabeculae .  

 

2.3 Spectroscopic Data Collection and Analysis 

Several tissue compositional properties of the bone powder and intact  femoral 

neck samples were obtained using ATR and O-PTIR spectroscopy, as detailed below, and 

previously described. (59, 78-83)  

 

2.3.1 ATR 

 Demineralized bone and intact tissue sections were lyophilized and analyzed 

using a Nicolet iS5 FTIR spectrometer coupled to an iD7 ATR accessory with a ~2 mm 

diameter diamond crystal (Thermo Scientific). The powder or tissue surface was placed 

in close contact with the crystal, and spectra were collected with 8 cm-1 resolution and 32 

co-added scans at the 4000–400 cm-1 range. ATR spectra were collected from three to 

five regions in trabecular bone in each femoral neck section. 
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2.3.2 O-PTIR 

Powdered bone and tissue sections were analyzed using a mIRage IR Microscope 

(Phothermal Systems) that uses a quantum cascade laser source, 532 nm visible probe, 

and avalanche photodiode detector (APD) to detect localized photothermal effects. 

Background spectra were obtained  from low-e slides (Kevley.com). High speed spectra 

were collected at 1000 cm-1 /s with 500 nm resolution and 5 averaged scans at the 1850–

800 cm-1 range. Settings were at 77% for IR power, 0.5% for probe power, and 

wavelength at 1550 cm-1. O-PTIR signal should be about 0.5 mV and the DC voltage will 

be around 2.8 V. 

 Obtaining O-PTIR spectra from the homogenized bone powder initially proved 

extremely challenging. One of the main reasons was due to the challenge with focusing 

on very uneven powdered samples.. To achieve useable data, the instrument must be 

focused on the sample. The bone powder had a flaky, crystal composition, which made 

focusing at specific regions in the sample almost impossible . To resolve this issue,  we 

tried packing the powder down into a small hole in a fabricated sample holder. The 

spectra resembled bone spectra,  but were still very noisy. We finally developed a best 

practice which was to “sandwich” the powder between two slides and press it flat. Single 

spectra were collected from each timepoint. Useable spectra were achieved, but the data 

were still noisy. Additional smoothing points were needed to process this data compared 

to the intact bone. For the femoral neck sections, line scan spectra were collected across 

individual trabecula of approximately 50 to 150 µm in length, autofocusing before every 

spectrum. O-PTIR spectra were collected from ten individual trabecula for each section 

and sample.  
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Spectra were analyzed using the Unscrambler software (CAMO), applying 

standard Savitsky-Golay smoothing, principle component analysis outlier removal and 

second derivative filters as a mathematically objective approach to resolve and quantify 

spectral peaks. (47, 48) The spectra were inverted via multiplication by -1, to plot and 

visualize positive peaks. Analysis of frequency positions, shape and intensities of the 

second derivative peaks were used to inform on the presence, molecular environments 

and amount of different components, as previously described. (32) ATR of O-PTIR 

outcomes were: mineral content (1040/1550 cm-1 ratio), carbonate-to-phosphate 

(880/1040 cm-1 ratio), mineral maturity (1110/1040 cm-1 ratio) and collagen integrity 

(1338/1550 cm-1 ratio). Heterogeneities were determined for the respective O-PTIR peak 

intensity ratios based on the full width at half maximum (FWHM) of the normal 

distribution of the gaussian curve. An example of the distributions for each of the four 

parameters is shown in Figure 3 with the normal fit gaussian curve overlayed in green. 

The histogram plots and normal fit curves were calculated using JMP statistics software. 

The width of the Gaussian curve is controlled by the value c (standard deviation), so the 

FWHM = 2.35c. (84, 85) 
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2.3.3 O-PTIR Spectral Imaging  

Spectral images at specific frequencies were collected from the femoral neck 

sample with the highest stiffness (D7) and the lowest stiffness (D14) to visualize   the 

compositional differences. Three individual trabecula were imaged per sample. Images 

were focused at one singular z-value for the duration of collection. The dimensions were 

400 µm x 400 µm with 0.5 µm spatial resolution. High speed spectra were collected at 

1000 cm-1/s with 5 averaged scans at the 1850–800 cm-1 range. Settings were at 77% for 

IR power, 0.5% for probe power. Maps were derived from single wavenumber images 

acquired at five wavenumbers: 880 cm-1 (carbonate), 1110 cm-1 (acid phosphate), 1338 

cm-1 (collagen), 1040 cm-1 (phosphate), and 1550 cm-1 (amide II). Images were then 

ratioed using the O-PTIR studio software (61) to reflect the four ratios of interest: mineral 

Figure 3 Sample histograms for the spectral parameters of interest to evaluate 

the full width at half maximum of the standard gaussian curve (green line) 
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content: PO4/ amide II (1040/1550 cm-1 ratio), carbonate-to-phosphate: CO3/PO4 

(880/1040 cm-1 ratio), mineral maturity: HPO4 /PO4 (1110/1040 cm-1 ratio) and collagen 

integrity: collagen/ amide II (1338/1550 cm-1 ratio). Rainbow scale bars reflect the 

relative O-PTIR intensity ratios with dark blue as the lowest and red as the highest. 

2.4 Statistical Analysis 

2.4.1 Correlation Analysis 

The degree of correlation between any two spectral-derived bone parameters  was 

indicated as the Pearson's correlation coefficient (r), considering its sign to reflect 

relationship direction (+, direct or positive; –, inverse or negative). Correlations were 

considered significant at P < 0.05.  

 

2.4.2 Principal Component Analysis (PCA)  

PCA is a traditional statistical multivariate method used reduce the number of 

predictive variables that can summarize the data without losing information. A linear 

model is established and correlated variables are extracted from the original information, 

changing them into a smaller set of uncorrelated variables, called principle components 

(PCs). (86-88) The variance results are visualized on a score plot, using the projection of 

the objects, which in this case is ATR spectra verses O-PTIR spectra, on a set of 

orthogonal PCs. The contribution of variables, such as wavenumber from spectra, to each 

variation can be identified by loading plots. PCA was used to compare spectra of ATR 

and O-PTIR to determine the source of variance between the two techniques.  

2.4.3 Multivariable Regression Model Development  

Multivariable regressions models were developed to assess which demographic 

and spectral parameters are important for prediction of bone stiffness. The explanatory 
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variables (X) were age, BMI and/or tissue properties (composition and/or heterogeneity) 

for ATR and/or O-PTIR at the femoral neck; the response variable (Y) was the 

mechanically-determined bone stiffness. Three multivariable models were validated 

through partial least squares (PLS) regression applying leave-one-out cross-validation 

using The Unscrambler software (CAMO). (89, 90) This is a machine learning regression 

technique that is reliable and widely used to assess model predictive ability and fitting by 

using a k-fold cross-validation. The number of observations in the dataset is equal to the 

number of k subsets. It creates k–1 iterative models (training sets) in which a single data 

point at a time (testing sets) is excluded and processed as input to validate its independent 

prediction by the model created without it. This approach is optimal for models with 

many explanatory co-variates and small sample size. PLS is not affected by potential 

multicollinearity among the co-variates like multiple linear regression can be, and it is 

able to prevent model overfitting. (91, 92) Models were determined significant when P < 

0.05 and all predictor variable coefficients were significant contributors to the model, 

individually presenting P<0.05. Significant models were initially assessed based on their 

adjusted coefficient of determination R2 and root mean squared error normalized by the 

mean (nRMSE). 
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CHAPTER 3 

RESULTS 

3.1 Validation of O-PTIR Spectral Parameters 

To validate the application of O-PTIR to assess bone mineralization, we first 

evaluated powdered bone samples subjected to progressive demineralization. Data in 

Figures 4a and 4b show a clear downward trend of the phosphate peak absorbance 

following progressive demineralization in normalized ATR and O-PTIR raw spectra. 

This trend can also be observed by looking at the progressive demineralization graph in 

Figure 4d. Importantly, relative mineral content from the 2nd derivative intensity ratio 

phosphate (PO4) /amide II has a significant correlation (r = 0.96, p = <0.005 ) between 

ATR and O-PTIR data. This shows that O-PTIR spectroscopy is a valid assessment 

technique for evaluating mineral content in bone. Peaks can shift frequency depending on 

different modes of spectral collection. Overlaid spectra of ATR and O-PTIR in Figure 4c 

show the shifted carbonate peak from 875 cm-1 to 880 cm-1.  
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Clear differences in phosphate peak shape, position, and intensity can be seen 

between ATR and O-PTIR bone spectra; however, the peaks of interest can be observed 

in all spectra. The carbonate peak in O-PTIR is slightly shifted from 875 cm-1 to 880 cm-

1. This higher shifted carbonate peak at ~878- 880 cm−1 is assigned to type A carbonate 

which is when carbonate ions are substituted for OH− ions in apatite structure (93, 94), 

and could indicate that O-PTIR is more sensitive to this absorbance.  The phosphate peak 

in ATR is narrower with a higher intensity compared to O-PTIR. Overlaid ATR (red line) 

and O-PTIR (blue line) spectra from mineralized bone were normalized based on the 

amide I peak at 1660 cm-1 in Figure 5a; Figure 5b shows the 2nd derivative of the spectra. 
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The differences were confirmed using PCA scores and loadings plot. The score plot in 

Figure 5c shows that PC-1 explains 96% of the variance between ATR (red) and O-PTIR 

(blue). Loading plots for PC-1  in Figure 5d shows that the variance between ATR and O-

PTIR spectra comes primarily from the PO4 peak at 1000–1040 cm-1.  

 

3.2 Bone Nanoscale Analysis  

O-PTIR Spectral Images: Bone tissue at the nanoscale level is not homogenous 

and composition can vary within individual trabecula. Figure 6 shows submicron O-PTIR 

spectral images that were taken of six individual trabecula, three from the male sample 
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15 O-PTIR (blue line) from 1800-800 cm-1 normalized to amide I peak at 1660 cm-1. (b) 

2nd derivative ATR (red line) and O-PTIR (blue line). (c) Principal component analysis 

(PCA) score plot of PC-1 (explained variance 96%) based on infrared spectra (n = 30) 

showing the difference between ATR (red) and O-PTIR (blue) bone spectra. (d) Loading 

plots for PC-1  
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with the lowest stiffness (D14) and three from the highest stiffness (D7).  We can see that 

although there is significant variation throughout the trabeculae, the highest stiffness 

tissue generally has higher compositional values, and is more heterogeneous, compared 

to the lower stiffness tissue. This motivates the question of whether the addition of 

heterogeneity data will be useful for prediction of bone stiffness. 
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Figure 6. O-PTIR images of the four spectroscopic ratioed parameters acquired from two male 

cancellous bone sample from the highest stiffness (D7) and the lowest stiffness (D14). Images from 

three individual trabecula were collected per sample, with two shown here. Maps were derived from 

single wavenumber images acquired at five wavenumbers: 880 cm-1 (carbonate), 1110 cm-1 (acid 

phosphate), 1338 cm-1 (collagen), 1040 cm-1 (mineral band), and 1550 cm-1 (amide II). Color scales 

are O-PTIR intensity ratios with highest (red) and lowest (purple). It should be noted that red areas 

along the edges of bone are artifacts. 
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In femoral neck trabecular bone, correlations between ATR and O-PTIR spectral 

parameters reflective of bone quality were also evaluated. Table 3 depicts significant 

correlations (r > 0.515, P < .05) found between ATR and O-PTIR quantifications of 

mineral HPO4 and CO3 content. However, there were no correlation between relative 

mineral content and collagen integrity (molecular structure) assessed by the two 

techniques, indicating that standard bulk ATR measurements may not adequately reflect 

analyses of a heterogeneous material at the nanoscale. 

 

Table 4a examines correlations between spectral parameters from ATR, O-PTIR, 

and nanoscale heterogeneity and stiffness, age, and BMI,  including all fifteen samples 

(10 males and 5 females). There were few significant correlations involving ATR 

parameters and stiffness with O-PTIR parameters.  Interestingly, analysis with only male 

tissues (Table 4b) reveal additional significant correlations, including between stiffness 

and nanoscale O-PTIR quantification of HPO4 content. There is more variation in 

females more hormonal state or tendency for osteoporosis. Further evaluation of gender 

on bone strength and nanoscale properties should be investigated in the future.  

Table 3. Correlations (R values) of 2nd derivative peak intensity ratios for O-PTIR 

spectral parameter in rows versus the ATR spectral parameter in columns. Significant 

correlations (r > 0.515 , P < 0.05 ) are highlighted in green (positive).  

 

Table 3. ATR vs. O-PTIR Correlations

Bone Properties 1 2 3 4

1. PO4/Amide II (1040/1550) 0.42

2. HPO4/PO4 (1108/1040) - 0.75

3. CO3/PO4 (883/1040) - - 0.66

4. Collagen/ Amide II (1338/1550) - - - 0.24
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Table 4. (a) Correlations (R values) of 2nd derivative peak intensity ratios for ATR 

(green), O-PTIR (blue), and heterogeneity (yellow) spectral parameter in rows versus 

mechanical stiffness, age, and BMI parameters in columns. Significant correlations (r > 

0.515 , P < 0.05 ) are highlighted in green (positive) and red (negative). (b) Males only 

significant correlations (r > 0.632 , P < 0.05 ) are highlighted in green (positive) and 

red (negative) 

 

Table 4a. Correlation Matrix ATR, O-PTIR, and Heterogeneity vs. Stiffness, Age, BMI

ALL (n=15) Age (yrs) BMI (kg/m2) Stiffness (N/mm)

ATR PO4 /Amide II (1040/1550) 0.03 0.04 0.55

ATR HPO4/PO4 (1108/1040) -0.26 0.19 -0.07

ATR CO3/PO4 (883/1040) -0.03 0.1 -0.13

ATR Collagen/Amide II (1338/1550) -0.66 0.02 -0.14

O-PTIR  PO4/Amide II (1040/1550) -0.02 0.3 0.3

O-PTIR HPO4/PO4 (1108/1040) -0.09 0.13 -0.06

O-PTIR CO3/PO4 (883/1040) 0.23 -0.12 0.32

O-PTIR Collagen/Amide II (1338/1550) 0.11 0.04 0.3

Heterogeneity PO4/Amide  II (1040/1550) 0.2 0.15 0.17

Heterogeneity HPO4/PO4 (1108/1040) 0 -0.06 -0.12

Heterogeneity CO3/PO4 (883/1040) 0.25 -0.25 0.06

Heterogeneity Collagen/Amide II (1338/1550) 0.28 -0.02 0.09

Stiffness 0.03 -0.12 1

Table 4b. Correlation Matrix ATR, O-PTIR, and Heterogeneity vs. Stiffness, Age, BMI

MALES ONLY (n=10) Age (yrs) BMI (kg/m2) Stiffness (N/mm)

ATR PO4 /Amide II (1040/1550) 0 -0.2 0.63

ATR HPO4/PO4 (1108/1040) -0.34 0.37 -0.62

ATR CO3/PO4 (883/1040) -0.04 0.42 -0.77

ATR Collagen/Amide II (1338/1550) -0.71 0.38 -0.01

O-PTIR  PO4/Amide II (1040/1550) -0.03 0.21 -0.03

O-PTIR HPO4/PO4 (1108/1040) -0.06 0.52 -0.71

O-PTIR CO3/PO4 (883/1040) 0.24 0.11 -0.51

O-PTIR Collagen/Amide II (1338/1550) 0.06 0.52 -0.23

Heterogeneity PO4/Amide  II (1040/1550) 0.23 0.34 -0.33

Heterogeneity HPO4/PO4 (1108/1040) 0.01 0.39 -0.56

Heterogeneity CO3/PO4 (883/1040) 0.32 0.23 -0.38

Heterogeneity Collagen/Amide II (1338/1550) 0.31 0.24 -0.4

Stiffness -0.16 -0.01 1
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Moreover, partial lest squares (PLS) regression analyses showed that combining multiple 

ATR and/or O-PTIR spectral parameters provided three significant models to predict 

whole-bone proximal femoral stiffness in males (Table 5). Comparing the PLS cross-

validation outcomes of each model, the model that contains only O-PTIR data was the 

best at predicting stiffness with R2 of 0.74 and nRMSE CV of 9.7%. These preliminary 

correlation and regression results highlight the relevance of nanoscale bone tissue 

composition as factors underlying bone mechanical function.   
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Table 5.  Multivariate Model to Predict Whole Bone Proximal Femoral 

Stiffness

Techniques  Parameters*
Partial Least Squares 

Regression Model

ATR • Collagen/Amide II peak 

intensity ratio

• Carbonate/ Phosphate peak 

intensity ratio

• BMI

• Age

R2 : 0.57

nRMSE CV : 25.0%

ATR and 

OPTIR

• OPTIR HPO4/Phosphate peak 

intensity  ratio

• ATR Carbonate/ Phosphate 

peak intensity ratio

• BMI

R2 : 0.46 

nRMSE CV : 28.1%

OPTIR • HPO4/Phosphate peak intensity 

ratio

• Collagen/Amide II peak 

intensity ratio

• Carbonate/ Phosphate peak 

intensity ratio

• HPO4/Phosphate heterogeneity 

R2 : 0.74

nRMSE CV: 9.7%

Table 5. Partial least squares (PLS) regression models for ATR, O-PTIR, and 

heterogeneity parameters using male femoral neck trabecula bone sections to 

predict whole bone proximal femoral stiffness 

*All parameters are significant  
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CHAPTER 4 

DISCUSSION 

4.1 Summary of Results 

Bone composition and heterogeneity are important for understanding mechanical 

bone strength and stiffness. ATR-FTIR is commonly used to evaluate bone tissue 

composition but resolution is limited to the micrometer range. O-PTIR can achieve the 

submicron spatial resolution needed to provide nanoscale compositional analysis of bone. 

In this study, O-PTIR analysis was validated through correlations of standard ATR 

mineral-to-matrix, PO4/ amide II ratios and comparison of O-PTIR spectra to traditional 

ATR spectra. A comprehensive multivariable analysis to determine significant bone 

tissue compositional and heterogeneity parameters for predicting femoral bone stiffness 

was also presented. 

 

4.2 Comparison of O-PTIR and AFM-IR 

According to the PCA loadings in Figure 5d. differences between ATR and O-

PTIR spectra are mainly attributed to the phosphate peak. O-PTIR has a lower phosphate 

peak intensity compare to ATR while the acid phosphate peak intensity is similar for 

both. When comparing the mineral maturity ratio based on presence of acid phosphate 

(more acid phosphate, less mature mineral), ATR spectra reflects a higher amount of 

mature mineral compared to O-PTIR. A recent study used AFM-IR to examine bone 

composition at the nanoscale compared bone spectra from FTIR and AFM-IR of newly 

formed bone, and AFM-IR of more mature bone(67). They found that in newly-formed 

bone, a shoulder corresponding to the HPO4 peak at 1128 cm-1 was more prominent. 

Overall conclusions were that the mineral-to-matrix ratio increased and the acid 

phosphate substitution ratio decreased as a function of bone maturity. In addition, FTIR 

spectra were very similar to AFM-IR spectra of more mature bone spectra(67). However, 
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nanoscale techniques such as O-PTIR and AFM-IR may be more sensitive to newly 

formed bone, corresponding to higher HPO4 peak, than bulk absorption measurements 

from ATR and FTIR. Additional experiments are needed to completely understand the 

changes in peak shape, position, and intensity in the phosphate and amide bands. Some 

variability may also be caused from the chip transitions between the four quantum 

cascade lasers in O-PTIR.  

 

4.3 O-PTIR and Bone Strength 

O-PTIR is a relatively new characterization technique in the field of infrared 

spectroscopy;  currently there are no peer reviewed studies of O-PTIR applications to 

bone. However, there have been several studies investigating how bone composition 

relates to bone strength using traditional FTIR techniques. In one study, spectral bone 

parameters of crystallinity, mineral maturity, mineral-to-matrix, and BMD were recorded 

in trabecular bone  and cortical bone using FTIR imaging.  Multivariate analysis was 

used to find two models to explain fragility fractures in bone, and hip BMD was a 

significant variable to for cortical bone but not for cancellous bone data (44). Since this 

O-PTIR study focuses on information from cancellous (trabecular) bone, BMD data may 

not be essential for understanding bone strength. Another hip fracture study discovered 

that a relationship exists between an increased fracture risk and a decreased carbonate-to-

phosphate ratio in both cortical and trabecular bone (95). For the carbonate-to-phosphate 

ratio the highest values are found at the center of the trabecula which is the oldest bone, 

regardless of patient age (96). The carbonate-to-phosphate ratio was also low in micro-

damaged areas of bone (97). Thus, newer, remodeled, or micro-damaged areas of bone, 

associated with a lower carbonate-to-phosphate ratio, may have a higher fracture risk (96-

98). Although the carbonate- to- phosphate was a significant explanatory variable in our 

PLS model, the correlation with stiffness is negative, which is in contrast to these earlier 
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studies. Future studies with larger samples sizes will help to clarify the contradictory 

data. The O-PTIR model also includes mineral maturity as well as mineral maturity 

heterogeneity as significant parameters for predicting bone stiffness. Both the carbonate-

to-phosphate ratio and mineral maturity ratio are associated with bone age and 

remodeling. Perhaps further nanoscale assessment of bone could provide more 

information on the role bone remodeling and tissue age play in bone strength.  

 

4.4 Heterogeneity Impact on Bone Strength 

Several studies have found that greater heterogeneity in bone composition is 

related to a stronger fracture resistant material due to heterogeneous properties acting as 

intrinsic toughening mechanisms in bone (32, 33, 85, 99, 100). The heterogeneity of 

mineralization increased with age in both cancellous and cortical bone (101, 102). Small 

changes in heterogeneity make it difficult to assess clinical significance because these 

changes may be due to sensitivity in the methodology and instrumentation, turnover 

changes, and tissue location. Several previous FTIR studies discuss the importance of the 

heterogeneity of the mineral to matrix ratio and the carbonate to phosphate ratio (95, 

103). However, the model in this study using O-PTIR identified the mineral maturity 

ratio heterogeneity (FWHM) parameter as significant. As discussed above this may be 

due to nanoscale techniques being more sensitive to the acid phosphate peak. The 

submicron images in Figure 6 show a heterogeneous bone composition for all of the 

spectral parameters within individual trabecula.  Changes in the structure and 

composition of individual collagen fibrils heterogeneity in bone is believed be important 

in energy dissipation (66). This mechanism could be an important part of bone damage 

progression, ductility and toughening (104). Recent finite element modeling showed that 

reduced compositional heterogeneity may increase susceptibility to bone fractures (105). 

An FTIR imaging study that collected data from iliac crest biopsies of perimenopausal 
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women with and without fragility fractures has shown that the distributions of trabecular 

collagen maturity were 33% narrower in the fracture group relative to the nonfracture 

group (106). Collagen is an important parameter to consider in relation to bone strength 

and heterogeneity. While this current study did not examine collagen maturity due to a 

chip transition at 1648 cm-1 that made 2nd derivative processing challenging, collagen 

integrity based on the collagen to amide II ratio was investigated. The PLS model in 

Table 4 list the compositional based collagen integrity ratio as a significant explanatory 

variable for bone stiffness. The role of collagen composition and heterogeneity at the 

nanoscale is important to understanding bone strength and fracture risk but more work is 

needed to determine the specific role of these components.   

 

4.5 Future Work 

This study is the first to validate O-PTIR assessment of bone composition at the 

nanoscale and apply the technique to development of a significant model to predict whole 

bone proximal femoral stiffness. Future work will include further O-PTIR technique 

development for nanoscale analysis of specific regions of bone, including within lacunae 

and comparison of endosteal and periosteal cortical bone formation.  A recent study 

collected polarized hyperspectral images of bone and we have considered adding a 

polarizer to our instrument. (82) Previous work with AFM-IR investigated spectral 

parameters such as  mineralization as a function of distance from the trabecular edge and 

defined it as bone maturation. (67) A similar processing technique could be applied to O-

PTIR bone data. BMD data was not include in this study; however it is the clinical 

standard for determining fragility fracture and could provide additional insight when 

combined with nanoscale compositional data of cortical bone.  
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CHAPTER 5 

CONCLUSION 

In conclusion, this study used a novel nanoscale technique, O-PTIR, to investigate 

the composition and heterogeneity of individual bone trabeculae at 500 nm resolution. 

Standard ATR spectral data were compared to spectral data from this new technique in 

order to validated O-PTIR assessment of mineral content in bone. A significant 

correlation (r = 0.96, p = <0.005 ) was found between ATR and O-PTIR for the 2nd 

derivative mineral-to-matrix ratio, PO4/amide II. While ATR has a narrower and higher 

intensity phosphate peak compared to O-PTIR,  the peaks of interest as well as the effects 

of progressive demineralization can be observed in spectra from both techniques. Partial 

least squares regression analysis identified a significant model to predict whole bone 

proximal femoral stiffness using O-PTIR nanoscale bone composition and heterogeneity 

parameters. In addition to further technique development, future work will consider other 

factors that relate to bone strength in both cortical and trabecular bone, such as BMD, 

microarchitecture, bone geometry, tissue thickness, turnover rate, etc.. in combination 

with nanoscale bone composition data to achieve a better understanding of the 

multifactorial underpinnings of mechanical bone strength.  
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APPENDIX  

ADDITIONAL DATA  

Averaged peak intensity ratios for the four spectral parameters are shown below 

for ATR and O-PTIR in Tables 6 and 7, respectfully. O-PTR data are averaged from the 

10 trabecular line scans of the 15 intact human femoral neck bone sections. The 

heterogeneity parameter for the four parameters,  the full width at half maximum 

(FWHM) of the normal distribution of the gaussian curve (2.35*standard deviation), are 

also shown in Table 3.  

 

 

Table 6. Peak Height Ratios ATR

Phosphate/Amide II HPO4/Phosphate Carbonate/Phosphate Collagen/Amide II

D1 2.75 0.42 1.80 0.65

D2 4.43 0.35 1.37 0.86

D3 2.96 0.40 1.64 0.55

D4 4.57 0.31 1.42 0.65

D5 3.67 0.37 1.44 0.62

D6 3.16 0.31 1.20 0.55

D7 4.48 0.32 1.04 0.70

D8 3.39 0.30 1.21 0.71

D9 3.78 0.35 1.31 0.67

D10 3.58 0.31 1.31 0.68

D11 3.34 0.36 1.25 0.69

D13 2.59 0.29 1.13 0.75

D14 1.81 0.41 1.66 0.85

D15 3.39 0.30 1.06 0.53

D16 3.24 0.37 1.44 0.75
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Table 7. Peak Height Ratios O-PTIR

Phosphate/Amide II HPO4/Phosphate Carbonate/Phosphate Collagen/Amide II

D1 3.19 0.99 0.64 1.01

D2 3.01 0.98 0.62 0.93

D3 2.90 0.92 0.67 0.90

D4 3.05 0.87 0.76 1.06

D5 2.32 1.05 0.74 0.96

D6 2.47 0.77 0.56 0.71

D7 2.46 0.69 0.58 0.83

D8 2.40 0.88 0.57 0.86

D9 3.01 0.93 0.56 0.81

D10 2.53 0.86 0.65 0.88

D11 2.41 0.82 0.61 0.91

D13 1.88 0.74 0.46 0.72

D14 2.06 1.07 0.70 0.89

D15 1.81 0.71 0.53 0.66

D16 2.50 1.10 0.68 0.88

Table 8. O-PTIR Heterogeneity Ratios

Phosphate/Amide II HPO4/Phosphate Carbonate/Phosphate Collagen/Amide II

D1 2.27 0.83 0.51 1.03

D2 1.81 0.81 0.44 0.98

D3 2.08 0.84 0.54 1.18

D4 2.08 0.77 0.56 1.34

D5 1.88 1.10 0.66 1.31

D6 1.74 0.72 0.53 0.81

D7 1.42 0.63 0.47 0.73

D8 1.44 0.81 0.48 0.89

D9 1.65 0.69 0.38 0.86

D10 1.48 0.72 0.45 0.86

D11 1.51 0.73 0.45 0.96

D13 1.28 0.76 0.49 0.76

D14 1.46 1.10 0.60 1.03

D15 1.12 0.62 0.37 0.61

D16 1.52 0.86 0.45 0.96
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