
 

  

 

 

 

 

 

 

 

IMPROVED SPECIFICITY  OF MATRIX ASSESSMENT OF NORMAL AND 

REPAIR CARTILAGE USING INFRARED IMAGING ANALYSIS  

AND MULTIVARIATE METHODS  

 

 

 

A Dissertation 

Submitted to  

the Temple University Graduate Board 

 

 

In Partial Fulfillment 

of the Requirements for the Degree  

DOCTOR OF PHILOSOPHY 

 

 

by 

Arash Hanifi 

August 2012 

 

 

 

 

 

Examining Committee Members: 

 

Nancy Pleshko, Ph.D., Advisory Chair, Department of Mechanical Engineering 

Kurosh Darvish, Ph.D., Department of Mechanical Engineering  

Bin Wang, Ph.D., Department of Mechanical Engineering  

Richard Spencer, Ph.D., M.D., National Institute of Aging, National Institutes of Health  

Fayez Safadi, Ph.D., External Member, Northeastern Ohio Universities, College of 

Medicine and Pharmacy  

 

 

 

 

  



ii 
 

ABSTRACT 

Articular cartilage is a connective tissue that lines the long bones and provides a near 

frictionless load-bearing surface. Cartilage degeneration, which is associated with chemical 

and structural changes in its extracellular components including water, type II collagen and 

proteoglycans, can progress to severe forms of osteoarthritis. There are several approaches 

for repair of cartilage, and quality of the tissue formed correlates to the success rate of the 

clinical procedure. Conventionally, histology and immunohistochemistry have been used to 

evaluate tissue characteristics, but they are expensive, time consuming, and require tissue 

harvesting. Therefore, development of a method that can assess cartilage tissue molecular 

structure, and could ultimately be used for in vivo analyses, is of great interest. Fourier 

transform infrared (FT-IR) spectroscopy is a vibrational spectroscopic technique that is 

sensitive to tissue chemical and structural properties. The studies described in this thesis 

aimed to improve the FT-IR spectroscopy applications in cartilage tissue assessment in the 

following areas: 1. Validation of FT-IR derived parameters developed in previous studies for 

tissues sectioned on the newly developed low emissivity infrared slides. 2. Evaluation of the 

clinical outcome of the autologous chondrocyte implantation (ACI) cartilage repair process 

using histology, immunohistochemistry and FT-IR parameters. 3. Development of an in situ 

infrared data collection method using infrared fiber optic probe (IFOP) spectroscopy to assess 

quality of degenerative cartilage. 4. Development of multivariate data analysis models to 

predict chemical changes in repair and normal tissue and to map the distribution of 

biochemical components in cartilage. 5. Assessment of the sensitivity of FT-IR parameters 

for evaluation of collagen crosslinks compared with biochemical methods, and 6. Assessment 

of cartilage water content using the mid infrared region of the spectra. Infrared spectra were 
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collected from normal, degenerative and repair cartilage using different modalities including 

FT-IR analysis of bulk tissue samples, infrared fiber optic probe spectroscopy, and FT-IR 

imaging spectroscopy (FT-IRIS). Histology and immunohistochemistry were used as 

standards for comparison. Chemical and structural properties of matrix components including 

water, collagen and proteoglycan content, collagen fiber orientation, and collagen maturity 

were measured using univariate and multivariate analysis of infrared spectra. Results from 

the 6 studies showed: 1. FT-IR data collected in transflectance mode are significantly 

different from transmittance mode and these differences should be taken into account during 

analysis. 2. FT-IR derived molecular parameters, and histology and immunohistochemistry 

parameters, were correlated to clinical outcome of the cartilage repair process. 3. Quantitative 

data from multivariate analysis of infrared fiber optic probe spectroscopy evaluation of 

degenerated cartilage were correlated to histology grading. 4. A partial least squares model 

based on infrared spectra of pure components (collagen and proteoglycan) was able to predict 

tissue matrix components. 5. The FT-IR derived 1660/1690 cm
-1
 parameter previously 

correlated to collagen crosslinks was only sensitive to collagen maturity in cartilage and bone 

of different ages, but not to specific biochemically-determined crosslinks. 6. The mid-

infrared absorbance centered at 2125cm
-1
 was sensitive to water distribution in cartilage and 

likely arises from bound water, based on correlation with near-infrared data and collagen 

content. In conclusion, the potential of FT-IR spectroscopy in assessment of chemical and 

structural properties of articular cartilage and other connective tissues was established. The 

results of these studies lay the groundwork for application of FT-IR spectroscopy in clinical 

and in situ applications.    
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CHAPTER 1 

BACKGROUND  

Connective tissue 

Body tissues can be classified into four different types based on their function and 

structure: 

Á Epithelial tissue: covers body surfaces and lines hollow organs and body cavities. 

Á Connective tissue: protects and supports the body and its organs. 

Á Muscle tissue: generates the physical force needed to move the body. 

Á Nervous tissue: generates nerve signals that help to maintain homeostasis. 

Connective tissue is one of the most important and distributed tissues in the body. 

There are various types of connective tissue such as tendon, bone, meniscus, and cartilage 

with a variety of functions [1]. Figure 1 illustrates the anatomy of some connective 

tissues in a human knee joint [2]. Connective tissue consists of cells and matrix. The 

matrix fills the tissue spaces and is usually secreted by the cells. Matrix determines the 

quality of the tissue, e.g. in cartilage, matrix is soft, while, in bone it is hard. Connective 

tissues usually are highly vascular, except cartilage which is avascular and tendon which 

has a limited blood supply. Except for cartilage, connective tissues have a nerve supply 

[1, 3].  

Connective tissue cells 

Connective tissue cells are originated from mesodermal embryonic cells, called 

mesenchymal stem cells. Each type of connective tissue contains immature cells 

including fibroblast in tendon, chondroblast in cartilage and osteoblast in bone. Immature 
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cells are able to secrete the matrix. In cartilage and bone, once the matrix is produced, the 

cells differentiate into mature cells, called chondrocyte and osteocyte, respectively [1, 4].  

 

Figure 1: Sagittal section of human knee. Different connective tissues are shown [2]. 

Tendon 

Tendon is a dense connective tissue, in that, collagen fibers are arranged in 

parallel pattern. Tendon collagen network provides great strength and toughness. 

Fibroblasts, which produce the matrix, lie between the fibers. Type I collagen is the 

predominant macromolecule in tendon [5, 6]. In addition to type I collagen, tendon 

contains water, elastin (small amount), and type III collagen. The tissue color is silver 

white [1].  

Bone 

Bone is the main part of the skeletal system. Bone cells, osteoblast and osteoclast, 

produce and maintain a mineralized collagen based matrix. Type I collagen is the primary 
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protein of the bone. Mineralized bone consists of nano-size hydroxyapatite particles. 

Bones store calcium, phosphorous, bone marrow cells, and triglyceride. Bone tissue is 

categorized as compact (cortical) and spongy (trabecular) depending on its structure. 

Compact bone is composed of Haversian system which has four different parts: lamellae, 

lacunae, canaliculi and central canal. Spongy bone lacks Haversian system and is composed 

of columns of bone called trabeculae [3, 7].  

Meniscus 

Inside some joints, such as knee, there are cushion like tissues that lie between the 

articular surfaces. These pads are called meniscus and composed of fibrocartilage and 

hyaline cartilage, produced by fibroblasts and chondrocytes respectively. Meniscus tissue 

is primarily composed of water (74%), collagen (25%), and proteoglycans (1%). 

Collagen represents 60ï70% of the dry tissue weight [1]. Type I collagen has been 

detected in outer region of meniscus (fibrocartilage), while inner region is composed of 

type II collagen (hyaline cartilage) [8].  

Cartilage  

Cartilage is a flexible connective tissue that can be found in different parts of the 

body. It is composed of a dense network of collagen fibers and proteoglycans (PGs) [9]. 

Cartilage can endure more stress than tendon and bone. The strength of cartilage is due to 

its collagen fibers and its compressibility is due to water absorption by negatively 

charged PGs. Cartilage cells, chondrocytes, occur within spaces called lacunae in the 

matrix. A membrane called perichondrium covers the surface of the all cartilage except 

articular cartilage. Three kind of cartilage are recognized [1, 2]:  

Á Fibrocartilage  
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Á Elastic cartilage  

Á Hyaline cartilage 

In fibrocartilage, fibroblast like chondrocytes are embedded among type I 

collagen bundles. This tissue combines strength and rigidity and can be found in 

intervertebral disks [1]. Elastic cartilage contains chondrocyte in elastic matrix. It 

provides strength and elasticity in some locations like external ear [1].  

Hyaline cartilage is a white shiny tissue. It provides a low friction and wear-

resistance tissue, which is designed to bear and distribute load [9]. Articular cartilage is a 

hyaline cartilage which covers articular surfaces and provides a near-frictionless load-

bearing surface via interactions between its components, chondrocytes and extracellular 

matrix (ECM) [10-12]. Articular cartilage matrix is composed of fluid phase (water, ions) 

and solid phase (type II collagen and proteoglycans). Anionic charge of PGs causes water 

absorption by the cartilage and makes a fluid pressurization in the tissue which 

contributes 90% of the load bearing function of cartilage [13]. Solid phase and fluid 

phase interaction provides the stiffness and the viscoelastic properties of cartilage [9]. 

Because of its avascular nature, articular cartilage exchanges gases, nutrients and waste 

by diffusion through synovium [14]. 

Water 

Water comprises almost 80% of the cartilage volume. The amount of water, its 

distribution, and interaction with other matrix components (collagen and proteoglycan) 

are important to determine cartilage mechanical properties, diffusion of small molecules 

and their distribution [2]. Traditionally cartilage water content is measured using the wet 

and dry weight of the tissue [15, 16]. It has been shown that there are four different types 
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of water in cartilage including, free water, bound to collagen, bound to proteoglycan, and 

trapped in collagen network [15]. Water content is higher at superficial zone and 

decreases with depth. Cartilage diseases that degrade collagen and proteoglycans increase 

water content of the tissue [15, 17].  

Proteoglycans 

Proteoglycans (PGs) are biological macromolecules that are responsible for 

compression resistance of cartilage due to their affinity for water. They consist of a link 

protein attached to bottle brush like molecules called aggrecan. Aggrecan composed of 

core protein and glycosaminoglycans (GAGs) [18]. GAGs are polysaccharides include 

hyaluronic acid, chondroitin sulfate, dermatan sulfate, and keratan sulfate. Except 

hyaluronic acid, other GAGs are associated with proteins to make aggrecan. Hyaluronic 

acid attaches the link protein and is a viscous and slippery substance that binds cells 

together and lubricates joints. Chondroitin sulfate provides support and adhesiveness in 

cartilage and bone. Tendon contain dermatan sulfate whereas bone and cartilage contain 

keratan sulfate, which are responsible for linking components to each other and to the 

surface of cells [9, 19]. In cartilage, aggrecan consists of a long protein core, with up to 

100 chondroitin sulfate and 50 keratan sulfate chains (Figure 2) [9].  

 

Figure 2: Diagram of aggrecan molecule [9]. 
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Collagen 

Collagen is the main structural protein of connective tissue. Collagen is first 

synthesized as a poly peptide precursor molecule and post translational modification is 

done on the molecule before its assembly into fibrils [20]. Triple helix structure which is 

the common structural element of collagen family is composed of collagen fibrils. The 

fibril diameter changes in the range of 20-100 nm from fetal tissue to adult cartilage. 

Collagen synthesis is minimal in the mature animal [2]. In the amino acid sequence of the 

molecule, glycine (Gly) is repeated every third residue which generates a repeating 

pattern, Gly-X-Y. High proportion of X and Y amino acids are the proline and 

hydroxyproline [21].  

There are more than 28 different types of collagen discovered. Collagen type I, II, 

and III are among the most common proteins in human and called structural collagens. 

Type II collagen is the main component of articular cartilage matrix [22]. Type II 

collagen is a homotrimer of ŬI (II) chains which is the product of COL2A1 gene.  

Collagen crosslink 

Collagen undergoes extensive changes in primary and tertiary structure after it is 

secreted into ECM. Specific peptidases cleave the amino and carboxyl extension 

peptides, preparing the molecule for crosslink process. The mechanical properties of the 

collagen, and therefore the cartilage, depend on triple helices intermolecular cross-

linking. The degree of stable collagen crosslink increases with age up to fourth decade of life [2].  
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Table 1: Major collagen types and their tissue distribution [23]. 

 

The main residue in the structure of type II collagen which makes the cross-links 

is hydroxylysyl pyridinoline (HP) [22, 24, 25]. The pyridinoline structure is formed by 

the interaction of two ketoamines which themselves are the products of a reaction 

between hydroxylysine aldehyde (Hyl
ald

) and hydroxylysine. This cross-linked fibrilar 

structure provides a framework that entraps PGs [22, 24].  



8 
 

The collagen cross-linking has been studied using different methods, including 

reducible crosslink with titrated borohydride, isolating crosslink for structural analysis 

after proteolysis or acid hydrolysis as titrated peptides or amino acids and pursuing 3-

hydroxypyridinium crosslink residues [25-28]. Using relatively standard methods of 

peptide isolation by high performance liquid chromatography (HPLC) and other 

separation techniques followed by sequence analysis, many of crosslink interaction sites 

have been detected [25]. 

Zonal structure of cartilage 

Adult cartilage has a zonal architecture which can be determined by the chemical 

composition and the alignment of its collagen fiber. Cartilage is usually divided into four 

zones: superficial, middle, deep and calcified cartilage zones. Superficial zone makes 

10% to 20% of the thickness and provides smooth surface. The chondrocytes in this layer 

are characterized by an elongated shape. The middle and deep zone make 70% to 80% of 

the volume. Chondrocytes are more rounded and columnar in middle and deep zone 

respectively [9, 14].  

Collagen fibers are aligned parallel to the articular surface in the superficial zone 

and normal to the surface in the deep zone. There is a middle zone between the 

superficial and deep zones where the fibers are crossing over each other with a random 

orientation [9, 29]. The orientation of collagen fiber determines their functionality and 

has been assessed using different techniques including, X-ray diffraction, magnetic 

resonance imaging (MRI), polarized light microscopy (PLM), and Fourier transform 

infrared (FTIR) spectroscopy [29].  
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Cartilage disease  

Damage or degeneration of cartilage is frequently associated with joint pain and 

with changes in the macromolecular structure and content of the primary cartilage 

components [10, 11]. Articular cartilage lesions reduce or disturb skeletal function. As a 

result, these lesions are believed to progress to osteoarthritis (OA) which is a 

progressively disabling disease of the joints resulting in impaired motion, severe joint 

pain and reduced quality of life [30]. Macroscopic changes in OA cartilage can be seen as 

softening (chondromalacia), fibrillation, and erosion [9]. Histology of damaged cartilage 

shows, loss of cartilage layers, cellular necrosis, chondrocyte cloning and duplication of 

the tidemark. OA process is directly led to the loss of PG [31, 32]. Change in collagen 

orientation has also been seen in OA cartilage [9, 32, 33]. After these changes, tissue 

swells which allows water to flow out of the tissue. Therefore, the mechanical properties of 

the cartilage diminishes [34]. Characterization of molecular change in cartilage is a critical 

element in development of therapeutic approaches to cartilage diseases.  

Cartilage repair 

Metabolically cartilage is almost an inactive tissue that grows slowly. It is widely 

accepted that cartilage injuries do not heal spontaneously [11], which is related to the 

avascular nature of the tissue, low activity of chondrocytes and the limited ability of 

mature chondrocytes to proliferate and regenerate new cartilage [35]. However, a variety 

of approaches have been investigated to improve cartilage healing, including 

microfracture, subchondral drilling, osteochondral grafting, bone-marrow stimulation and 

autologous chondrocyte implantation (ACI) [11, 30, 36, 37]. Microfracture and other 

classical techniques rely on the potential of non-differentiated cells to migrate into the 
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defect region and then to differentiate into active chondrocytes[38]. ACI aims to 

stimulate autologous cells to make the ECM components and the spatial structure similar 

to normal cartilage [11, 37]. Brittberg et al. [38] applied the ACI technique clinically for 

the first time with good to excellent results. A number of studies followed with similar 

results, suggesting that ACI is an effective procedure for healing cartilage defects of the 

knee with success rate between 65% and 90% [11, 39-41]. Studies have shown that 

different treatment methods make different types of repair tissue. Microfracture forms 

fibrocartilage with less PG content and poor mechanical properties [32], whereas 

following ACI, a mixture of hyaline cartilage and fibrocartilage with a greater amount of 

type II collagen, the main collagenous protein of normal articular cartilage, is generated 

[35]. The presence of hyaline cartilage containing type II collagen is correlated with good 

clinical results. Therefore, it has been reported that, producing more type II collagen is 

the ideal goal to obtain healthy articular cartilage [35].  

Lysholm score 

A positive clinical outcome is an important parameter that has to be demonstrated 

for a new treatment to be accepted. The Lysholm scale is a well validated functional and 

pain score designed for knee injuries and has been utilized to assess the clinical outcome 

of ACI procedures [37, 41, 42]. Obtaining long-term clinical outcome data is very 

important and requires several years of follow-up, which contributes to the expense of 

clinical trials [41]. Development of methodology to predict clinical outcome based on 

initial repair tissue properties could be a viable, shorter term, alternative to assist in 

outcome assessment. 
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Cartilage evaluation  

New treatment approaches, e.g. cell based therapy techniques, are evolving to 

generate repair tissue with higher quality, which increases the need for measuring the 

outcome of the treatment process and assessment of the repair tissue. This assessment 

includes the evaluation of clinical outcome, tissue structure and tissue composition via 

histology, immunohistochemistry (IHC) and imaging techniques [32, 35, 43]. 

Histology 

The histological evaluation of cartilage is considered to be one of the most 

important methods to evaluate the level of cartilage pathology and success of its 

treatment [44]. Tissue sampling, fixation, staining and microscopic assessment are the 

main steps of histology. Fixation aims to preserve tissue stable as much as possible. 

Fixation usually is performed in formalin or ethanol. It has been shown that formalin and 

ethanol have some effect on collagen crosslink and also protein structure [45, 46]. So, the 

type of fixative should be taken into account during data evaluation. Cartilage usually is 

harvested with subchondral bone, thus requires decalcification to facilitate the following 

processes [47]. Chelating agents such as ethylenediaminetraacetic acid (EDTA) have 

been used for decalcification. This process is slow and takes more time than 

decalcification using stronger acids. However, it preserves cellular and molecular 

morphology. Next step is sectioning. A good knowledge of sectioning and also high 

quality equipments is necessary to obtain proper sections. Seven micron sections are 

usually prepared for cartilage tissue. Staining is the next step. Several dyes have been 

utilized for the histochemical visualization of cartilage. Hematoxylin and Eosin (H&E) 

staining is used to detect cytoplasm and cell nuclei. Glycosaminoglycans (GAGs) can be 
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visualized using Safranin-O staining. The Alcian Blue staining has also been used to stain 

GAGs, however, Safranin-O produces more reproducible data. A combination of Alcian 

Blue and Picrosirius Red has been utilized to detect the collagenous structure [44, 47]. 

Histology grading systems 

Over the past years different grading systems have been developed to evaluate the 

histological properties of the cartilage tissue, including Collins [48], modified Mankin 

[49], OôDriscoll [50], OARSI [44], ICRS II [43], and OsScore [37]. Each of these 

systems consider some characteristics of stained tissue like morphology, structure, cell 

density and surface roughness to grade the tissue. Collins developed a scoring system 

using macroscopic classification of OA changes of human patella [48].  

 

Figure 3: Different validated histological scoring system [44]. 
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Mankin developed a well known histological grading system using microscopic 

evaluation of tissues [49]. Then, OôDriscoll presented a grading system for analysis of óin 

vivo repairò cartilage [50]. Osteoarthritis Research Society International (OARSI) and 

International Cartilage Repair Society (ICRS) also established committees to develop 

standard scoring system [44]. The OsScore is originated in the laboratory in Oswestry - 

UK (so called OsScore) and has been utilized to assess following parameters in repair 

tissue: cartilage type, surface integrity, degree of Safranin-O staining, formation of 

chondrocyte clusters, presence of blood vessels or mineralization, integration with the 

calcified cartilage and underlying bone, and tissue morphology [37]. Tissue morphology 

is classified as ñpredominantly hyaline, predominantly fibrocartilage, a mixture of the 

two (mixed), or fibrous tissue with no true cartilageò [35]. A maximum score of 10 

corresponded to normal articular cartilage [35]. Different histological scoring system has 

been summarized in Figure 3 [44]. 

Immunohistochemistry  

Assessment of collagen type in cartilage repair is frequently done using 

immunohistochemistry (IHC) techniques [35]. IHC is a powerful tool to assess specific 

component in the tissue. Immunological and biochemical techniques are combined in 

IHC. Specific antibody is used to interact with target molecule (antigen) for identification 

of tissue components. In this method, antibodies are tagged with visible label [51].  

The presence of type II collagen in repair tissue can be considered as the ñgold 

standardò of articular cartilage repair [44], as 70-90% of the total collagen in the normal 

adult hyaline cartilage tissue is type II collagen. In comparison, typical fibrocartilage is 

composed primarily of type I collagen with a much smaller proportion of type II collagen 
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[52]. A major concern that surrounds cartilage repair techniques, however, is that the 

repair tissue that is produced tends to be of the mechanically and biologically inferior 

fibrocartilaginous type [37, 53]. Therefore, it is important to localize type II collagen in 

repair tissue as an indicator of presence of hyaline cartilage. IHC is a standard method to 

prepare a map of type I and type II collagen distribution in the tissue. However, IHC, and 

also histological methods, are costly, destructive, and time consuming. 

Imaging techniques 

Compare to histology and immunohistochemistry, imaging techniques are able to 

assess the repair tissue faster, and when the evaluation methods are established, the 

results would be reproducible and easier to interpret. Structure and distribution of 

cartilage ECM components are important indicators of the quality of repair tissue, and 

have been evaluated using different imaging methods [54]. These techniques can be 

utilized clinically or on the harvested tissue. MRI has been used clinically as a non 

invasive method to assess osteoarthritic cartilage with respect to parameters like volume, 

thickness and surface characteristics [55]. However, it is not very sensitive to the changes 

in chemical composition [32]. Polarized microscopy provides just structural, not 

chemical, information on collagen fiber organization. Fourier transform infrared imaging 

spectroscopy (FT-IRIS) is done on harvested tissue and provides more detailed 

information on the chemical and structural changes of the tissue [56].  

Infrared  

Infrared (IR) is located between the visible light and microwave regions of 

electromagnetic spectrum. A wave can be generated in the space by changing of the 

electric and magnetic fields. This wave has amplitude which is the brightness of the light, 
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wavelength which is the color and energy of the light, and an angle of vibration which is 

called polarization [57]. Electromagnetic waves, as it is shown in Figure 4, range from a 

wavelength of 10
-16

 m (ɔ rays) to 10
8
 m (radio waves).  

 

Figure 4: Electromagnetic spectrum. 

The frequency of electromagnetic wave can be calculated using equation: ɜ =c/ɚ. 

Where, c is the speed of the light and ɚ is the wavelength [58]. Infrared region of 

electromagnetic wave is divided into three regions, near IR, mid IR and far IR which are 

different in wavelength. The ISO 20473 suggests the wavelength range of 0.78-3 µm, 3-

50 µm, and 50-1000 µm for near, mid and far IR respectively [59]. Energy of the 

electromagnetic wave is related to the wavelength (frequency) by Planckôs equation: E= 

(h. c)/ɚ. Where, E is the energy, h is the Planckôs constant and ɚ is the wavelength [58]. 

In IR region, near IR has the highest level of energy and far IR the lowest.  

Infrare d spectroscopy 

Infrared spectroscopy is the spectroscopy using the IR region of electromagnetic 

waves. Abney and Festing measured the IR absorption of organic molecules for the first 

time in 1881 [60]. Their work showed that molecules absorb IR in specific frequencies 

that are characteristic of their structure. Different functional groups in a molecule vibrate 
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with a specific frequency, which is related to the strength of the bond and the mass of the 

atoms [61]. These functional groups absorb IR radiation when the frequency of the IR 

radiation matches their vibrational frequency. There are different types of molecular 

vibration; symmetric and asymmetric stretching, and bending (scissoring and rocking) 

(Figure 5). A molecule with n atoms has 3n-5 vibrational degree of freedom for a linear 

molecule and 3n-6 for a non-linear molecule [62].  

The Michelson interferometer was one of the greatest developments to advance 

IR spectroscopy. It consists of a beamsplitter, a fixed mirror and a moving mirror. The 

beamsplitter is designed to transmit half of the radiation and reflect the other half of it. 

Each beam travels a path to reach a mirror (Figure 6). Therefore, the path length is 

changing for the beam that travels to the moving mirror depending on the mirror position, 

while it is a constant number for the other beam [58]. After reflecting back from the 

mirrors, the two light beams recombine at the beamsplitter and then leave the 

interferometer.  

 

Figure 5: Different mode of molecular vibrations. 
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Figure 6: Schematic diagram of Michelson interferometer. S: light source, M0: grating mirror, M 1: 

moving mirror, M 2: fixed mirror, d: optical path difference. 

The resulting IR beam is focused on to the sample, and then, is collected by the 

detector [58, 63]. There are two common detectors in IR spectroscopy. Deuterated 

triglycine sulfate (DTGS) detectors operate at ambient temperature. However, their 

sensitivity is not good for relatively weak signals. More sensitive liquid nitrogen cooled 

mercury cadmium telluride (MCT) detectors have been used recently for IR spectroscopy 

application [64]. They operate in photoconductive mode. When the photon reaches the 

detector, it promotes electrons from valence layer to energy level. Increase of 

conductivity is measured as the intensity of the beam (A) and is recorded versus OPD or 

wavelength (ɚ) to make a spectrum of IR absorption which is called interferogram [61]. 

The total interferogram measured by the detector is the summation of all the 

interferograms of all the different infrared wavelengths [58]. Fourier transform is then 

performed on the interferogram to obtain a spectrum. The latter IR spectroscopy process 

is called Fourier transform infrared spectroscopy (FT-IR) [63].  
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In an FT-IR spectrum, intensity is plotted versus wavenumber (cm
-1

) which is 

reciprocal of wavelength. A single spectrum obtained without a sample in infrared 

spectrometer is called background. The background spectrum can be used to remove the 

effect of substrate and also environment molecules such as water vapor and carbon 

dioxide in the sample spectra. So, the absorbance spectrum can be calculated form 

equation 1:  

Equation 1: A = -log I/I 0 

Where, A is the absorbance, I is the intensity measured with a sample in IR beam, 

and I0 is the intensity of background spectrum. Infrared absorption is related to the 

concentration of different molecular species in a sample according to Beerôs law: 

Equation 2: A = Ů. c. l 

Or, 

Equation 3: A = ů. l. N 

Where, A is the intensity, Ů is the wavelength dependent absorptive coefficient, c 

is the concentration, l is the optical path length of the light, ů is the density of the 

particles in the sample and N is the number of the particles [58, 63].  

Signal to noise ratio 

Experimental measurements are never perfect, and there are always errors. 

Random errors in which there are unpredictable variations in the measured signal from 

measurement to measurement are called noise. Signal-to-noise ratio (SNR) parameter is 

used to describe the quality of a signal quantitatively. SNR is the ratio of the signal 

amplitude to the standard deviation of the noise [61, 65]. By adding the IR spectrum of a 

sample, random noise is reduced. The magnitude and sign of the noise is random, by 
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adding the spectra to each other the positive and negative fluctuation in noise cancel each 

other out. This process is called co-adding [58]. SNR is correlated to the number of co-

added scans (SNR Ŭ N
1/2

) [66]. Some other parameter like the energy of the IR source, 

the time of scan, spectral resolution, sensitivity of the detector and optic of the instrument 

are also able to change the SNR [61].  

Spatial resolution and spectral resolution 

The spatial resolution of IR spectroscopy is determined by diffraction of the 

radiation. Based on definition, two individual particles can be resolved if their distance is 

at least equal to the radius of Airy disk which is defined as: 

Equation 4: R = 0.61 (ɚ/NA) 

Where, R is the radius of Airy disk, ɚ is the wavelength and NA is numeric 

aperture of the instrument. Numeric aperture is described as: NA = n. sine ɗ. Where, n is 

the refractive index of the medium (n=1 for air) and ɗ is the half angle of the maximum 

cone of light that can enter or exit the objective and condenser. Therefore, the spatial 

resolution depends on the wavelength of the radiation [61, 67]. Spatial resolution in IR 

spectroscopy can be diffraction limited or pixel size limited. The former is the condition 

in that, the wavelength of the radiation is bigger than detector pixel size. Pixel size 

limited spectroscopy is the spatial resolution limited by detector pixel size [61].  

Spectral resolution is determined by the number of the points, in a determined 

range of wavenumber, that data are collected (or the interval between each two 

wavenumber). Higher value of spectral resolution indicates data collection with bigger 

intervals between wavenumbers. Lower spectral resolution results in higher signal to 

noise ratio [58].  
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IR spectroscopy operation modes 

There are two modes of operation in IR spectroscopy, transmittance and 

transflectance (Figure 7). In transmittance mode, the beam from interferometer is focused 

into a small spot where the sample is mounted. The radiation that is transmitted through 

the sample is then guided to the detector.  

 

Figure 7: Typical schematic of a FT-IR [61]. 

In transflectance mode, beam is passed to the top of the sample via a small 

deflective mirror. The size and location of this mirror are such that half of the beam goes 

to the sample. The beam is then focused on the sample, which is in the same position as 

for transmittance. The reflected beam from the sample is then collected by the detector 

[58, 61].  

Sample substrates 

Substrates support a sample to be analyzed. The substrate which is conventionally 

used in transmittance spectroscopy is made from a material that allows infrared to pass 
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through the slide without additional absorption. Potassium bromide (KBr) and barium 

fluoride (BaF2) are among the common materials for slides used in transmittance mode 

[68].  

In transflectance mode, the beam passes through the sample, is reflected back 

from the substrate, and then again passes thorough the sample before being collected by 

the detector. Therefore, a special type of the slide, called low emissivity (low-e) slides 

(Kevley Technologies, Chesterland, OH, USA), should be utilized in this mode of 

operation. Low-e slides are fabricated by coating the regular microscopy slide with a very 

thin layer of silver doped tin oxide. The coating is thin enough to transmit the visible 

light, while is highly reflective in the mid-IR region. Therefore, the tissue sample on 

these slides can be assessed by visual microscopy, and reflectance spectroscopy 

spontaneously [69, 70]. Low-e slides show some advantages compare to other substrates. 

They cost approximately 1/50th of an IR-transparent substrate made of BaF2 or CaF2 

[71]. Low-e slides are reflective to radiation. As a result, the IR beam is passed through 

the sample twice, before passing to the detector. This double pass through the sample 

provides better signal in many cases [68]. In addition, the low-e slides are larger and 

easier to handle than the other substrates. Thus, there is a developing interest in using 

low-e slides in IR spectroscopy. 

Scattering  

Infrared spectra could be changed by distortion of the transmittance/transflectance 

spectra caused by the changing of the interaction of beam-tissue which is known as 

scattering. It can be affected by the size and shape of particles and functional groups.  
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Based on the size and shape of the particles there are two different types of scattering, 

Rayleigh and Mie scattering. The scattering caused by the interaction of electromagnetic 

radiation with particles much smaller than the wavelength of the light is called Rayleigh 

scattering which was studied first by Lord Rayleigh [72]. Therefore, when the detailed 

spectral properties of the interaction of submicron-size proteins (e.g. collagen) with 

infrared are studied, the effects of particle size and shape have to be considered. On the 

other hand, if the wavelength of the light is comparable to the size of the particle, another 

kind of scattering would be happened. Gardner et al. [73, 74] demonstrated that the size 

and shape of the particles affect the spectra via a process called Mie scattering, which 

was first described by Mie [75]. The origin of Mie scattering and its effect on 

transflection spectra have been studied by several groups [73-76]. Diem et al. reported 

that the Mie scattering is responsible for the changes of the spectral absorption of 

individual cells [75].  

These spectral effects have been observed for tissues sectioned on low-e slide. 

Transflected spectra have the disadvantage that radiation reflected back from the front 

face of the sample will also reach the detector and give rise to a distortion of the pure 

spectrum [61]. Scattering is related to the path length (l) which is two times bigger for 

low-e slide. In addition, low-e slide has a reflective surface which reflects back the light 

towards the tissue. So, the scattering pattern is different in low-e slide [77].  

The amount of scattering is also related to the size and number (concentration) of 

particles which are located in the light path and so is different for each component [77]. 

In addition, the amount of Rayleigh scattering is related to the wavelength to the power of 

four (ɚ
-4
) [78]. Therefore, the resulting heterogeneity of the spectra caused by scattering, 
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need to be understood before FT-IR spectroscopy can be utilized as an indicator of total 

tissue quality. 

IR spectroscopy instruments 

There are several IR spectroscopy instruments developed to be utilized in 

different application [79]. Fourier transform infrared (FT-IR) spectroscopy is a well-

known technique which uses the combination of IR spectroscopy and Fourier transform 

function. FT-IR provides a finger print-like spectrum of the sample using the vibrational 

modes of molecular bonds [80, 81]. FT-IR is a reliable tool to study changes in the 

structure of living tissue [56]. The conformation of the molecule determines the 

frequency at which the molecule absorbs infrared radiation. Then, this frequency can be 

used to obtain information on protein structure. Using the polarized beam results in the 

information on orientation of the protein [29].  

Infrared fiber optic probe (IFOP) is an IR spectroscopy system for infrared sampling of 

biological tissues. This technology enables a more flexible sampling approach, particularly for 

an in situ assessment of the tissue [82]. The use of infrared spectroscopic techniques via fiber 

optic enables sampling of tissues in situ, without biopsy [82]. 

Fourier transform infrared imaging spectroscopy (FTïIRIS) is an extension of 

conventional infrared spectroscopy, where, an FT-IR spectrometer is coupled to an optical 

microscope [83]. This assembly creates infrared images of tissues at a pixel resolution of 

1.25ɛm to 50ɛm in combination with microscopic visualization of the samples [84]. FT-IRIS 

has been used to characterize the structure, distribution and orientation of extracellular matrix 

molecules in histological sections of connective tissues [29, 84], and in particular, in cartilage 

tissue in osteoarthritis research [32]. An infrared array detector permits the characterization of 
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the inhomogeneous nature of tissue composition and has the capability to provide applicable 

data to distinguish between normal and repair tissue.  

FT-IRIS has the advantage of easy sample preparation, rapid measurements and 

no use of chemicals in contrast to traditional methods [85]. Previous studies have 

monitored collagen and PG components in cartilage as well as collagen helical integrity 

in a semi-quantitative fashion [84, 86]. It also has the ability to determine the orientation 

of collagen fibrils when polarized FT-IRIS is used [84]. These analysis is based on 

changes in protein molecule vibrations [29].  

FTIR analysis of protein structure 

Proteins are linear biological polymers of amino acids (Figure 8). Twenty 

different amino acids are used to make different type of proteins in there the ñRò group is 

different [87]. Amino acids are linked by the amino group on one amino acid to the 

carboxylic acid group on another group to form an amide bond, which is also called 

peptide bond (Figure 9).  

 

Figure 8: The structure of an amino acid. 
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Figure 9: Amide bond is made by linking two amino acids. 

Proteins are distinguished from one another by the number of amino acids units 

and by the identity and sequential order of the amino acids. The genetically determined 

sequence of amino acids is the primary structure of protein. Then, amino acids make 

internal hydrogen bond to each other to make the secondary structure of the protein, 

which are called Ŭ-helix and ɓ-sheets. When various elements of secondary structure 

pack tightly together the tertiary structure of protein arises [1, 87]. The FT-IR finger print 

of proteins is affected by their structure. 

FT-IR analysis of cartilage  

Infrared (IR) spectroscopy can be used to evaluate biological tissue based on the 

interaction between the light and the tissue molecules. The FT-IR derived spectrum of a 

protein, as it is shown in Figure 10 [56], has two well-known features, the amide I (AM I, 

1594ï1718 cm
-1

) and amide II (AM II, 1492ï1594 cm
-1

) bands, which arise from the 

C=O stretching and CïN stretching/N-H bending vibrations of the peptide backbone, 

respectively (Figure 11) [56]. Previous studies have correlated the content of collagen 

and PG with the integrated area under the protein amide I band and the proteoglycan 

sugar C-O-C absorbance (985ï1140 cm
-1

), respectively [84]. The ratio of the integrated 

area of the PG absorbance to the amide I collagen absorbance (PG/AM I) shows the 

relative quantity and distribution of the PG component [83]. Yin et al. used IR 
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spectroscopy to evaluate collagen and PG anisotropy in articular cartilage quantitatively. 

Anisotropic flipping was observed at the deeper part of cartilage in the absorption profile 

of the PG band. This might be caused by the orientation changes in collagen fibrils [88]. 

IR analysis of amide anisotropy was studied in Ramakrishnan et al. work. They used a 

schematic model to explain the origins of this anisotropy in cartilage and tendon [89]. 

The area under the absorbance centered at 1338 cm
-1

 (1326ï1356 cm
-1

), a feature 

attributed to CH2 side-chain vibrations in collagen, has previously been shown to 

decrease in intensity as the collagen denatures [90]. This absorbance ratioed to the AM II 

band demonstrates the integrity of collagen [90].  

 

Figure 10: A typical FT -IR spectrum of cartilage [56]. 

 

Figure 11: The vibrations responsible for the Amide I and Amide II bands in the infrared spectra of 

proteins. 
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Earlier studies on the biochemical analysis of collagen model peptides showed 

that pyridinoline (Pyr) crosslink resulted in a band at 1660 cm
-1

 and 

dehydrodihydroxyllysinonorleucine (de-DHLNL) crosslink in a band at 1690 cm
-1

 [91]. It 

is known that the content of de-DHLNL decreases with collagen maturity, while Pyr 

increases, because the former matures into latter [28]. Thus 1660/1690 cm
-1

 peak height 

ratio was found to be an indicator of collagen crosslink [56, 91].  

It is also possible to investigate collagen orientation and anisotropy. 

Ramakrishnan et al. studied the correlation of infrared anisotropy (variation in IR 

spectrum versus polarization angle) of amide I, amide II and amide III bands [92]. It has 

previously been shown that the ratio of the amide I and amide II polarized absorbances 

from collagen can be used as an index of collagen fibril orientation [29]. Polarizers are 

used in spectroscopic assessment to study the sample orientation.  

Light is considered as an electric field which is propagating along the z axis and 

composed of electric vectors in x and y axis. Using the linear polarizer, the relative 

magnitude of x and y components can be changed [93]. Using polarizers, one component 

can be transmitted through the polarizer and the other one can be reflected, redirected or 

absorbed. Very fine conducting elements or grid are placed in a transparent material to 

make the polarizer. Ruled or holographic wire grid polarizers are commonly used in the 

mid-infrared range. The angle of the polarizer orientation can be adjusted by an angle 

scale [93]. 

The collagen fibril orientation has been quantitated using FTIR as: (i) an amide 

I/II polarized ratio Ó2.7, representing fibrils parallel to the articular surface, (ii) an amide 
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I/II ratio Ò1.7, implying fibrils perpendicular to the articular surface, and (iii) amide I/II 

ratios between 2.7ï1.7 indicating random or mixed fibril orientation [29]. 

FT-IR spectroscopy has also been used to detect molecular changes during 

maturation and osteoarthritis progression. Saarakkala and his co workers reported a 

depth-wise analysis of OA progression in human articular cartilage using IR analysis. 

Their result indicated that FT-IR is able to detect changes in collagen orientation and PG 

content during OA [31]. IFOP analysis of human articular cartilage degeneration was 

reported in West et al. study. IR spectra were collected by IFOP contact with articular 

surface. This study revealed that it might be possible to detect changes related to early 

cartilage degeneration using IFOP which has the potential to perform clinically during 

arthroscopy [82].  

Signal processing 

When the FT-IR data are collected, a post- data analysis process, called signal 

processing, can be performed on the spectra to reduce the noise, enhance the resolution, 

remove the artifacts, decompose complex signals to their components, and some other 

purposes [61, 94-96]. Following functions have been used to process FT-IR spectra. 

Smoothing 

In some spectra, many noises are seen as random changes in the amplitude of 

signal from point to point. Smoothing is a process that can be used to reduce the noise. In 

smoothing, the fluctuation in data points, caused by random noises, can be adjusted by 

reducing the individual points that are higher than the adjacent points, and increasing the 

points that are lower than the adjacent points. This process results in a smoother signal 

[94, 97]. The simplest way to do smoothing is the moving average. In this method, each 
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point in the signal is replaced with the average of n adjacent points. The number of 

adjacent points (n) is called smooth width and is a positive number (minimum 3). 

Smoothing can also be done using Gaussian filter and Savitzky-Golay function. In 

Gaussian filter, each point can be re-defined by a fitted value determined by a Gaussian 

filter function of its n nearest points. Savitzky-Golay is a function that fits a polynomial 

equation to n adjacent points. The smoothed value of each data point can be predicted 

from this polynomial equation [96].  

Normalizing 

Normalizing is used to get all the data in the same scale. There are different ways to 

normalize a data set. Area normalization, mean normalization, maximum normalization, and 

peak normalization can be performed to normalize the data based on the area under a specific 

region of the spectra, mean value of the spectral matrix, maximum value of the spectral 

matrix, and height of a specific peak of the spectrum, respectively [96].  

Multiplicative scatter correction 

Multiplicative scatter correction (MSC) is a signal processing method which is used to 

reduce the multiplicative and additive effect in the spectrum. It is used to remove the scattering 

and offset effect in the spectra. The correction is done by two transformation using two correction 

coefficients, that are calculated from an average spectrum in the dataset [96, 98-100].  

Baseline correction 

Baseline correction is used to adjust the offset in the dataset either by adjusting 

the data to the minimum point in the data or by making a linear correction based on two 

defined point of the spectra. Offset in the dataset is usually caused because of the non-

uniformity in the background spectrum [61]. 
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Differentiation  

The differentiation of signals has many uses in analytical signal processing. The first 

derivative of a signal is the rate of change of y with x, dy/dx, which is interpreted as the slope 

of the tangent at each point. The second derivative is the rate of change of the slope. It 

represents the curvature of the signal. Where a signal ascends up, its derivative is positive; 

where a signal descends down, its derivative is negative. For a signal with a zero slope, the 

derivative is zero. Derivative amplitude is smaller for a wider peak. This effect is more 

noticeable for higher derivative orders [101]. The peaks that are superimposed on stronger 

but broader background peaks can be analyzed quantitatively by this method.  

There are three main application of derivative in analytical spectroscopy: (a) 

spectral discrimination; derivatives can be used qualitatively to reveal small structural 

differences between nearly identical spectra; (b) spectral resolution enhancement; 

differentiation increases the apparent resolution of overlapping spectral bands; (c) 

quantitative analysis; derivative spectra facilitates multi-component analysis [101]. 

Because of the linearity in differentiation process, the amplitude of a derivative is directly 

correlated to the amplitude of the original signal. Therefore, it is possible to do 

quantitative analysis on derivative data. If differentiation is used in combination with 

proper smoothing, the signal to noise ratio is optimized and quantitative analysis is 

improved. There are different methods to do smoothing during differentiation, e.g. gap 

segment and Savitzky-Golay. Gap segment uses a segment with a defined smoothing size 

to smooth the spectrum during differentiation. Norris gap derivative is a specific type of 

gap segment, where the smoothing size is small. Savitzky-Golay uses a polynomial 

function to do smoothing during differentiation [96].  
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Univariate and multivariate analysis  

Univariate data analysis methods use one variable at a time to process the data. In 

FT-IR spectroscopy this single variable is derived from the spectra which can be the 

height of the absorption peak or the area under specific region of the spectrum. 

Calculating the height of the peak or the area of a region, it is possible to do basic 

statistics on the result and try to correlate them to specific chemical or structural 

properties of the cartilage. Beer-Lambert law relates the absorption of IR to the 

concentration of specific chemical components [58].  

Camacho et al. did univariate analysis on FT-IR spectra to measure the 

concentration of collagen and PGs [84]. The area under the PG region was ratioed to the 

AM I absorption peak to increase the specificity of calculations [83]. They also 

demonstrated that the absorption at 1338cm
-1
 ratioed by the area under AM II absorbance 

band decreases by collagen degradation [90]. The ratio of the area under AM I and AM II 

polarized peaks was also suggested to determine the orientation of collagen fibers [29].  

After the pioneering work of Camacho et al., the univariate analysis was 

performed extensively to correlate the chemical and structural properties of normal, 

degenerated and repair tissue to FT-IR spectra. It was shown that FT-IR derived spectra 

are able to reveal the changes in the composition of the articular cartilage [31], the 

integration of collagen fibers [90] and also the orientation of the collagen in the tissue 

[29]. The cartilage composition changes during maturation were also investigated. It 

showed that the absorption of collagen peak increases with age [102].  

However, it has been reported that the specificity of the method to predict the PG 

content is limited in the superficial zone and is not in the level of gold standard, histology 
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[103]. Rieppo and co workers showed that univariate analysis of IR spectra lack the 

specificity to measure PG content of articular cartilage quantitatively [103]. There is also 

some overlapping in the spectra that can make some differences in pure component data 

analysis. So, when univariate analysis is applied on the FT-IR dataset, these limitations 

should be taken into account and more advanced calculations and larger region of the 

spectrum should be considered to provide specific information. Here, some sophisticated 

processes like second derivative and multivariate analysis come to the play to obtain 

more applicable results from the spectra.  

The second derivative improves the resolution of the spectra [104]. Univariate 

analysis has been done on the second derivative plot using the height of the absorption 

peak. However, it has been reported that the second derivative decreases the signal to 

noise ratio, although Savitzky-Golay smoothing can compensate the problem, but it is not 

sufficient [105, 106]. On the other hand, for higher spectral resolution of the spectrum, 

the height of the peaks in second derivative increases. So, a constant spectral resolution 

should be chosen for all data analysis to be able to compare the samples [104]. Second 

derivative analysis was done to determine the PG content of the cartilage. It was shown 

that the 1060cm
-1
 peak in second derivative plot can be used to quantify the PG content [103].  

Multivariate methods, on the other hand, analyze several variables at a time. 

Euclidian distance, cluster analyses, multiple linear regression, and principal component 

analysis are among the most common multivariate methods. Potter et al. did the first 

multivariate analysis on FT-IR spectra [86]. They used Euclidean distance between 

digested and control bovine nasal cartilage. Euclidean distance function was also 

performed on cartilage IR spectra by David-Vaudey to find the relative concentration of 



33 
 

collagen and PG [107]. Cluster analysis is another type of multivariate analysis which 

separates tissue regions to two or more classes that have similar spectral properties, 

qualitatively. Rieppo et al. did the cluster analysis to differentiate porcine repair tissue 

from normal one [108]. Cluster analysis was also done on IR spectra to assess changes in 

rabbit cortical bone during maturation and growth. The clustering method combined with 

IR spectroscopy was able to predict the correct age group for all bone samples [109].  

Multiple linear regression 

Multiple linear regression (MLR) is a multivariate analysis technique. It is 

basically a classical regression analysis which is applied on several set of predictors [94]. 

MLR combines different variables (X) in a linear combination, which correlates as 

closely as possible to a corresponding response (Y).  

Principal component analysis 

Principal component analysis (PCA) is a multivariate analysis method which can 

be used to reveal the hidden structure within data sets. It provides a visual representation 

of the relationships between samples and variables. PCA decomposes information carried 

by the original variables and projects them onto a smaller number of latent variables 

called principal components (PCs) as it has been shown in following equation [110, 111]: 

Equation 5: D = TP
T
 + E 

Where D is the data matrix, T is the score (see below), P
T
 is the loading (a linear 

combination of matrix variables composed of a few PCs) and E is the experimental error 

[61]. Each PC explains a certain amount of the total information contained in the original 

data. The first PC usually contains the greatest source of information in the data set. PCs 
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are orthogonal vectors, where each PC represent spectral information of specific part of 

the spectrum [94, 96].  

Mathematically, principal components can be measured using covariance matrix. 

Each PC has a corresponding ñscoreò for each spectrum in the dataset that describes the 

properties of the spectrum with respect to that PC. Scores generally show spectral 

differences or similarities [111, 112]. Spectra with close scores along the same PC are 

similar (Figure 12). Principal component analysis combined with regression can be used 

make models which are able to predict unknown parameters. This combination is called 

principal component regression (PCR) which is trying to correlate PCs of variable matrix 

(X) to the numeric values of response matrix (Y).  

 

Figure 12: Schematic diagram of first PC of a dataset with three variables. Each point represents one 

data point (spectrum). The distance of each point to the PC axis is its score [113]. 

PCA processing of IR spectra have been used in different studies to discriminate 

samples with different characteristics. In a chemometric study of IR spectra, different 

types of glycosaminoglycans were classified based on a principal component analysis 

model of FT-IR spectra. The result showed the best discrimination can be achieved in the 

finger print region of the spectrum (below 2000 cm
-1

) [114]. Hashim and co workers 

differentiated bovine and porcine gelatin using PCA of FT-IR spectra. The result showed 

a clear distinction between two groups of samples. Second derivative spectra were used 
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to provide a better qualitative assessment [115]. In another study, FT-IR spectra of 

murine embryonic stem cell were processed by PCA to monitor cell differentiation. The 

model distinguished stem cell spectra into separate clusters corresponding to different 

differentiation time [116].  

Partial least squares 

Partial least squares (PLS) is a multivariate analysis method which is developed 

based on MLR and PCA. It uses the PCs of the variable matrix (X) and PCs of the 

response matrix (Y), in contrast PCR which uses numeric values of response matrix, to 

make a regression model which is able to predict the response from given variables 

(Figure 13). PLS is also called projection to latent structure, because it reveals the hidden 

structure of the data [96, 117, 118]. The PLS components are similar to principal 

components but are called ñfactorsò. PLS scores are interpreted the same way as PCA 

scores. The u-t plot which is shown in Figure 13, is unique plot for PLS process which 

tries to maximize the covariance between X and Y variables in first calculated factors. 

Root mean square error of calibration (RMSEC) or prediction (RMSEP) are usually 

reported within the PLS result to show the amount of deviation from perfect correlation.  

In FT-IR spectroscopy the variables of PLS process are the intensities of the spectra and 

the response can be any property of the sample such as concentration of a chemical 

components. Once a reliable model is built in PLS, it should be validated and then it can 

be used to predict properties of an unknown data set. The PLS analysis has not been used 

extensively for FT-IR analysis of articular cartilage yet. However, initial studies that 

demonstrated the use of PLS to predict visual grade of cartilage using an infrared fiber 

optic probe support the application of this method for mid-IR derived spectra. Li et al. 
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developed a chemometric model using PLS analysis of IR spectra to detect cartilage 

degeneration [119]. This IFOP based chemometric model has the potential to be 

performed in situ. PLS has also been used to analyze near IR spectra derived from 

engineered cartilage [120].  

 

Figure 13: Schematic diagram of PLS procedure [113]. 
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CHAPTER 2 

HYPOTHESIS AND OBJECTIVES 

Evaluation of cartilage chemical composition, structural properties, disease, and 

repair still needs to be optimized to obtain more specific tissue characteristics. This Ph.D. 

thesis focuses on improvement of specificity of Fourier transform infrared spectroscopy 

and multivariate analysis methods to assess normal and repair cartilage. Specifically this 

study aims to introduce FT-IR as an alternative method for histology and 

immunohistochemistry to evaluate normal, degenerated and repair cartilage composition 

in-vitro and ex-vivo.  

Accordingly, the overall hypotheses and specific aims of this work are as follows: 

Hypotheses 

1. The chemical composition of connective tissue can be predicted using multivariate 

analysis of FT-IR spectra. 

Aims 

1. Evaluation of differences in FT-IR spectroscopy data of connective tissues obtained in 

transflectance and transmittance modes. 

2. Development of an FT-IRIS method as an alternative for histology and 

immunohistochemistry to assess the clinical outcome of the cartilage repair process. 

3. Development of a multivariate analysis method based on infrared fiber optic probe 

spectra of cartilage tissue in different stage of degeneration to assess tissue quality as an 

alternative for visual and histology grading.  
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4. Development of a multivariate analysis model based on FT-IR spectra of pure 

components to predict matrix composition and collagen type of different connective 

tissues.  

5. Assessment of bone and cartilage collagen maturation and crosslink variation with age, 

using FT-IRIS and biochemical assays.  

6. Development of a new method to measure cartilage water content using the mid-IR 

region of FT-IR spectra. 

 

Separate studies were designed for each aim (six studies total). Chapter 3 gives a 

short summary of materials and methods of all studies. An introduction, specific aims and 

complete details of sample preparation, data collection, data analysis, and results of each 

study are presented separately in Chapters 4 to 9 in manuscript format.  
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CHAPTER 3 

METHODS 

This thesis includes six studies. This chapter presents a short summary of the 

materials and methods of each study. A complete detail of sample preparation, data 

collection, and data analysis for each study have been described in Chapters 4 to 9.  

Deparaffinization and histology staining were done according to protocols in 

Appendices I and II, respectively. All spectral and image analysis and multivariate 

analysis were done using ISys v. 5 (Malvern Instrument, Columbia, MD) ï Appendix III, 

and Unscrambler v. X (Camo, Norway) ï Appendix IV. Microsoft Excel and 

Unscrambler were used for statistical analysis. 

 

Study I : Differences in infrared spectroscopic data of connective tissues in transflectance 

and transmittance mode. 

Sample/Tissue Location Tissue Processing Analytical Tests Data analysis 

-Bovine articular 

cartilage 

-Femur 

-Fixation 

-Decalcification 

-Paraffin embedding 

-Sectioning 

-FT-IRIS 

-Polarized FT-IRIS 

-Spectral 

analysis  

-Image analysis 

-ANOVA 

- F-Test 

-Bovine tendon 

-Patellar 

ligament 

-Mice cortical 

bone 

-Tibia and 

femur 
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Study II : Clinical outcome of autologous chondrocyte implantation is correlated with 

infrared spectroscopic imaging-derived parameters.  

Sample/Tissue Location 

Tissue 

Processing 

Analytical 

Tests 

Data analysis 

-Human articular 

cartilage (normal 

and repair) 

-Femur 

-ACI surgery 

-Biopsy 

-Cryosectioning 

-Clinical 

outcome 

-Histology 

-IHC 

-FT-IRIS 

-Lysholm score 

-OsScore 

-IHC score 

-Spectral analysis  

-Image analysis 

-Pearson correlation 

-Multiple linear regression 

-F-test 

 

Study III : Infrared fiber optic probe evaluation of degenerative cartilage correlates to 

histological grading.  

Sample/Tissue Location Tissue Processing Analytical Tests Data analysis 

-Human articular 

cartilage  

-Tibial 

plateau  

-Fixation 

-Decalcification 

-Paraffin 

embedding 

-Sectioning 

-Visual grading 

-Histology 

-IFOP 

-FT-IRIS 

-Polarized FT-IRIS 

-Collins grade 

-Mankin score 

-Spectral analysis  

-Pearson correlation 

-PLS 

-ANOVA 
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Study IV : Discrimination of type I and II collagen of connective tissues using multivariate 

analysis of FT-IRIS data.  

Sample/Tissue Location Tissue Processing Analytical Tests Data analysis 

Model A 

-Calf aggrecan 

-Chick type II 

collagen 

-Nasal 

cartilage 

 -FT-IR 

-Spectral analysis  

-Image analysis 

-PLS model 

-PLS prediction 

-Cluster analysis 

Model B 

-Bovine type I 

collagen 

-Bovine type II 

collagen 

-Skin 

-Knee 

articular 

cartilage 

-Bovine cortical 

bone 

-Tibia 

-Fixation 

-Decalcification 

-Paraffin embedding 

-Sectioning 

-Histology 

-IHC 

-IFOP 

-FT-IRIS 

-Bovine tendon 

-Patellar 

ligament 

-Bovine knee 

meniscus 

-Lateral 

meniscus 

-Bovine articular 

cartilage 

-Femur 

-Human articular 

cartilage (repair) 

-Femur 

-ACI surgery 

-Biopsy 

-Cryosectioning 

 



42 
 

Study V: Comparison of spectroscopic and biochemical determination of collagen 

crosslinks in bone and cartilage.  

Sample/Tissue Location Tissue Processing Analytical Tests Data analysis 

-Bovine articular 

cartilage  

(Fetal ï young ï 

mature) 

-Femur  

-Fixation: 

Formalin or 

ethanol 

-Decalcification 

-Paraffin 

embedding 

-Sectioning 
-Biochemical assay 

-Histology 

-FT-IRIS 

-Pyridinoline 

-DHLNL 

-Mature/immature 

crosslink 

-Image analysis 

-Spectral analysis 

-PLS 

-ANOVA 

-Bovine cortical 

bone 

(Fetal ï young ï 

mature) 

-Tibia 

-Fixation: 

Formalin or 

ethanol 

-Decalcification 

-Paraffin 

embedding 

-Sectioning 
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Study VI : Assessment of cartilage water content using mid infrared spectroscopy. 

Sample/Tissue Location Tissue Processing Analytical Tests Data analysis 

-Bovine articular 

cartilage  

-Femur  

-Fixation  

-Decalcification 

-Paraffin 

embedding 

-Sectioning 

- Lyophilization 

-FT-IRIS 

-Image analysis 

-Spectral analysis 

 

-Human articular 

cartilage (repair) 

-Femur 

-ACI surgery 

-Biopsy 

-Cryosectioning 
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CHAPTER 4 

STUDY I 

Title: Differences in infrared spectroscopic data of connective tissues in transflectance 

and transmittance mode. (under review, Journal Biomedical Optics) 

Introduction  

Characterization of molecular changes in connective tissues such as bone and 

cartilage is a critical element in the development of therapeutic approaches for 

degenerative tissue diseases. Many studies have used Fourier transform infrared imaging 

spectroscopy (FT-IRIS) to evaluate the primary components of bone and cartilage in 

normal and disease states, including for assessment of apatitic mineral, type I and II 

collagen, and proteoglycans (PGs) [56, 84]. These studies include evaluation of the 

relative quantity of components, as well as information on collagen helical integrity and 

crosslinks, and fibril orientation [82-84, 86]. In articular cartilage, the concentration and 

direction of type II collagen fibers vary zonally, with collagen fibers aligned roughly 

parallel to the surface in the superficial (surface) zone, randomly oriented in the middle 

zone, and perpendicular to the surface in the deep zone [121, 122]. Cartilage degeneration 

is associated with chemical and structural changes in the matrix and includes changes in 

the quantity and quality of the primary macromolecular components, such as loss of PGs 

and changes in collagen fiber orientation [31, 32, 123]. 

The orientation of collagen molecules has been investigated in bone, articular 

cartilage and tendon by polarized FT-IRIS, where the IR beam is polarized before contact 

with the sample [56, 84, 124]. For highly oriented molecules, infrared absorbance band 

amplitude and line width will change with rotation of the polarizer [125, 126]. It has been 

shown that the transition moments of the collagen amide I (1594ï1718 cm
-1

) and amide II 
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(1492ï1594 cm
-1

) absorbances that arise from the C=O stretch and the N-H bending/CïN 

stretching vibrations of the peptide backbone, respectively [80], are approximately 

perpendicular to each other with respect to the long axis of collagen fibrils [29]. This 

permits evaluation of fibril orientation through measurement of the ratio of the amide I 

absorbance to the amide II absorbance under polarized infrared radiation [29, 32]. 

Previous studies on non-polarized and polarized infrared radiation to assess 

chemical composition and collagen orientation have investigated tissues in transmittance 

mode on salt windows, such as BaF2, where the infrared beam passes through the sample 

without reflection (Figure 14A) [68]. However, the high cost of these IR-transparent 

substrates can be impractical for biologic studies where hundreds of samples are 

sometimes required. Low emissivity (low-e) slides (Kevley Technologies, Chesterland, 

OH, USA), glass microscopy slides coated with a layer of silver-doped tin oxide, have 

been increasingly used for infrared imaging of biological tissues. The coating is 

sufficiently thin to permit transmission of visible light, while remaining highly reflective 

in the mid-IR region. Therefore, tissue samples sectioned onto these slides can be 

assessed by both visual light microscopy and transflectance spectroscopy [69, 70]. In 

addition, the cost of a low-e slide can be as little as 1/50th the cost of an IR-transparent 

substrate made of BaF2 or CaF2 [71]. 

Low-e slides are reflective to infrared radiation, so that the beam passes through 

the sample twice before entering the detector (Figure 14B). This form of reflectance 

spectroscopy reduces flux incident into the detector by roughly 50% compared to 

transmittance mode, but generally results in spectra with adequate signal-to-noise ratio 

[68, 71]. 
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Figure 14: Illustration of the light path in A) transmittance and B) transflectance FT-IRIS. 

Therefore, both traditional transmittance spectroscopy, with detection of radiation 

after a single passage through the sectioned sample and its underlying salt window, and 

transflectance spectroscopy, with detection after a total of two passages through the 

sample and a single reflection from the surface of the low-e slide, are viable means of 

data collection. However, it remains to confirm that FT-IRIS-derived spectral parameters, 

and related semi-quantitative chemical and structural features, collected in these two 

modes are comparable. This study compares non-polarized and polarized FT-IRIS data 

obtained from bovine articular cartilage and highly oriented bovine tendon, as well as 

non-polarized data obtained from mouse tibial bone, using transmittance and 

transflectance, to assess comparability of these two modes. 
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Methods 

Soft tissue preparation  

Full-depth cartilage explants (medial femur) and tendons (patellar ligament) were 

harvested from 2-3 month old bovine knee joints. The explants were decalcified in 10% 

EDTA-Tris buffer solution for 4 weeks. Cartilage explants (3 mm diameter, 2 mm height) 

and tendons (3 x 1 x 1 mm) were fixed in formalin, embedded in paraffin, sectioned at 7 ɛm 

thickness perpendicular to the articular surface for cartilage, and along the tendon long axis, 

and mounted onto either low-e slides or BaF2 windows (Spectral Systems, Hopewell 

Junction, NY). Data were acquired from three tissue samples for each substrate. 

Hard tissue preparation  

Wild-type mice (DBA/1 inbred) were purchased from Taconic Laboratory 

(Albany, NY) and bred at Temple University, School of Medicine, Central Animal 

Barrier Facility, according to the guidelines of the Institutional Animal Care and Use 

Committee (IACUC). At eight weeks of age, animals were sacrificed as part of a different 

study, and one tibia and three femurs were fixed in formalin, and embedded in 

polymethylmethacrylate (PMMA). Sections of 5 µm thickness were obtained from 

cortical bone and placed onto either a low-e slide (tibia and femur) or a BaF2 window 

(tibia). Tissue sections were de-plasticized using acetone and alcohol.  

FT-IRIS data acquisition and analysis 

FT-IRIS data were acquired at 8 cm
-1

 spectral resolution and either 6.25ɛm pixel 

resolution (for cartilage and tendon) or 25ɛm pixel resolution (for bone) using a 

Spectrum SpotLight 400 FT-IR Imaging system (PerkinElmer, Shelton, CT) for both 

polarized and non-polarized data. For the tissues sectioned on low-e slides and BaF2 
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windows, data were collected in transflectance and transmittance mode, respectively. In 

transmittance mode, the IR beam passes through the sample and substrate once (Figure 

14A). In transflectance, the infrared beam passes through the sample, is reflected from 

the substrate, and again passes thorough the sample before reaching the detector (Figure 

14B). ISys 5.0 software (Malvern Instruments, Columbia, MD) was used to create FT-IR 

images based on the integrated areas of the absorbance bands that reflect the quantity and 

quality of specific components of the tissues [56]. In addition, second derivative spectra 

were used to accurately define the wavenumbers of the identified peaks. For the non-

polarized cartilage and tendon data, collagen and proteoglycan (PG) were identified in 

the 1594ï1718 cm
-1

 (amide I absorbance) and 985ï1140 cm
-1

 (sugar C-O-C ring 

absorbance) spectral regions, respectively. The ratio of the integrated area of the PG 

absorbance to the amide I collagen area was evaluated to obtain the relative quantity and 

distribution of the PG. The ratio of the area of the absorbance centered at 1338 cm
-1
 

(1326ï1356 cm
-1

) to that of the amide II band (1492ï1594 cm
-1

) was used to evaluate the 

helical integrity of collagen [56]. The mineral-to-matrix ratio was calculated for the bone 

sample as the ratio of the area of the phosphate mineral absorbance band (900-1200 cm
-1

) 

to that of the amide I absorbance, centered at 1660 cm
-1

 [56]. Finally, it has been shown 

that the ratio of the heights of the absorbance bands at 1660 cm
-1

 and 1690 cm
-1

 is 

correlated to mature/immature collagen crosslinks in bone [56], although this has not 

been confirmed in other tissues. This parameter was evaluated in all tissues and reported 

as the collagen maturity. 
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Polarized FTIR data  

A silver bromide (AgBr) wire grid polarizer (PerkinElmer, Shelton, CT) was 

inserted in the light path to polarize the IR beam [56, 93]. For direct comparison to 

previous work from our group where tendon was used as a standard for a tissue with 

oriented collagen fibrils [29], the angle of polarization was varied from 0° to 180° in 5° 

increments in the 0-20° and 80-105° regions, and in 15° increments from 20° to 80° and 

110° to 180° regions. The ratio of the areas of the collagen amide I and II bands under 

polarized IR was plotted against polarization angle. It was expected that for tendon, 

where collagen fibrils are oriented along the long axis of the tissue, the amide I 

absorbance would be maximal at an angle of ~0° and minimal at an angle of ~90°. 

Conversely, the amide II absorbance would be maximal at angle of ~90° and minimal at 

an angle of ~0°. The entire data acquisition procedure through all angles was repeated on 

three separate samples of bovine tendon and bovine cartilage, and for both low-e and 

BaF2 substrates. FT-IRIS images based on the amide I/II ratio at a polarization angle of 

0° were created with red indicating higher values (collagen fibers parallel to surface), 

deep blue indicating lower values (collagen fibers perpendicular to surface), and 

intermediate colors indicating random or mixed orientation [29].  

Statistical analysis 

Analysis of variance (ANOVA) and paired t-tests were used to assess differences 

between mean values, with p Ò 0.05 considered significant. Nonlinear fits were performed and 

evaluated using MATLAB (MathWorks, Natick, MA), with the F-test used to evaluate the 

difference between models fits for data collected in transflectance as compared to transmittance. 

All statistical analyses were performed using Microsoft Excel 2010 (Microsoft, Redmond, WA). 
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Results 

FT-IR imaging spectroscopy of soft tissue 

Spectra obtained from superficial and mid-zone cartilage sectioned on low-e and 

BaF2 slides are shown in Figure 15A, B. Transflectance measurements generally showed 

higher absorbances in both the superficial (Figure 15A) and middle zones (Figure 15B). No 

differences were seen in PG absorbance in the superficial zone between transflectance and 

transmittance, as there is almost no proteoglycan in the superficial zone of articular cartilage. 

Second derivative spectra (Figure 15C, D) indicated small shifts to higher frequencies in the 

amide I and amide II bands. Higher values were obtained in transflectance compared to 

transmittance for all measured collagen and PG absorbance bands (Figure 16, Table 2). 

 

Figure 15: Comparison of cartilage spectra sampled in transflectance and transmittance for samples 

obtained from A) superficial and B) middle zone. Second derivative FT-IRIS spectra from C) 

superficial and D) middle zone show shifts in peak positions of the amide I and amide II sub-bands. 
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Table 2: Differences in FT-IRIS derived parameters for tissues sampled in transmittance (sectioned 

on BaF2 slides) and sampled in transflectance (sampled on low-e slides).  

 Cartilage ï BaF2 vs. low-e Tendon ï BaF2 vs. low-e 

 (%)*  p-value (%)  p-value 

AM I  54 0.003 30 0.02 

AM II  59 0.007 37 0.01 

1338 cm
-1
 65 0.009 56 0.005 

PG 30 0.02 25 0.04 

PG/AM I  -15 0.11 10 0.09 

1338 cm
-1
/AM II  11 0.1 32 0.007 

Collagen Maturity  -10 0.08 -20 0.06 

* % = [(absorbance or ratio value in transflectance-value in transmittance) / (value in transflectance)]*100  

 

Figure 16: FT-IRIS derived parameters (integrated areas, mean ± SD); A) collagen amide I, B) 

collagen amide II, C) collagen 1338cm
-1 

and D) PG sugar. Higher values are observed for the tissues 

sampled in transflectance (sectioned on low-e slides) compared to those sampled in transmittance 

(sectioned on BaF2 windows). Car=Cartilage, Ten=Tendon. * p < 0.05. 
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No significant difference for relative PG content of cartilage and tendon was 

observed between the two data acquisition modes (Figure 17A). Collagen helical integrity 

(1338cm
-1

/amide II) did not vary with substrate for cartilage, but was significantly higher 

(p=0.007) in transflectance compared to transmittance in tendon (Figure 17B). No 

significant differences between the two modes were observed in the collagen maturity 

parameter for either tissue type (Figure 17C).  

 

Figure 17: FT-IRIS derived parameters (mean ± SD): A) PG/amide I, B) collagen helical integrity, 

and C) collagen maturity for tissues sampled in transflectance and transmittance. Higher values of 

collagen helical integrity was found for the tendon tissue sampled in transflectance compared to 

transmittance. Car=Cartilage, Ten=Tendon. * p < 0.05. 

FT-IR imaging spectroscopy of hard tissue 

The area of the phosphate absorbances of bone sampled in transflectance were 

lower than the area obtained in transmittance (Figure 18A). In addition, the band shape 
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differed between the two modes, and for transflectance, was atypical of what is usually 

observed for biological hydroxyapatite [56]. The transflectance absorbance band shows 

two defined peaks at 1112 cm
-1 

and 1000 cm
-1
, in contrast to the single broad peak 

centered at 1032 cm
-1

 observed in the transmittance spectra. A higher mineral-to-matrix 

ratio was observed for the tissue sampled in transmittance compared transflectance, 

although no differences were seen in the collagen maturity (Figure 18B).  

 

Figure 18: Typical FT-IRIS spectra (A) and FT-IRIS parameters (B) of cortical bone tissue, sampled 

in transflectance and transmittance. Differences in phosphate band shape, position and peak height 

are observed between two data collection modes. Absorbance from residual methacrylate (plastic) 

can be seen in the spectra, and the protein amide I vibration and major apatitic phosphate vibration 

are labeled. 

Polarized FT-IR imaging spectroscopy  

Tendon 

The areas of the collagen amide I and amide II absorbances for bovine tendon 

sampled in transflectance and transmittance (Figure 19) displayed a periodic variation, as 

expected.  
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Figure 19: Light microscopy image, amide I and amide II peak integrated area and amide I/II 

integrated area ratio for bovine tendon sampled in A) transflectance and B) transmittance. The 

range of amide I/amide II values is slightly larger for transflectance spectroscopy. 

Amide I exhibited a maximal amplitude at angles close to 0° and 180°, and amide 

II exhibited a maximal amplitude at 90°. The positions of these maxima and the 

corresponding minima are consistent with the known orientation of the respective 

transitions moments of these bonds [29]. The ratio of the amide I to the amide II area also 
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varied periodically, ranging from 3.6 at zero and 180°, to 1.1 at 90° for transflectance 

measurements (Figure 19A), and 3.5 to 1.4 for transmittance (Figure 19B). This ratio is 

of particular importance in evaluating the architecture of tissue [29], so a statistical 

comparison of the amide I/amide II ratio curves for the two modes was performed. Both 

curves were well-fit to cosines: 

 

Transflectance: AmideI / AmideII low- e = Alow- eCos(Blow- eq +j low- e)+ Dlow- e
 

Transmittance: AmideI / AmideII BaF2
= ABaF2

Cos(BBaF2
q +j BaF2

)+ DBaF2
 

 with parameters given in Table 3. However, F-test analysis demonstrated that 

Alow- e ¹ ABaF2
(p < 0.01).  

Table 3: Amide I/Amide II cosine equation parameters for polarized tendon data collected in 

transmittance and transflectance.  

 
General Model 

Coefficients  

(95% confidence interval) 
Goodness of fit 

Transmittance f(x) = a*cos(b*ɗ + c)+d 

a = 1.27 (1.02, 1.52) 

b = 1.38 (1.13, 1.63) 

c = 43.29 (18.64, 67.95) 

d = 2.65 (2.37, 2.92) 

SSE: 191.5* 

 R
2
: 0.99 

RMSE: 3.57** 

Transflectance f(x) = a*cos(b*ɗ + c)+d 

a = 1.43 (1.32, 1.55) 

b = 1.68 (1.47, 1.89) 

c = 28.04 (9.82, 46.26) 

d = 2.37 (2.21, 2.54) 

SSE: 191.5* 

 R
2
: 0.99 

RMSE: 3.57** 

*SSE = Sum of squares for error; **RMSE = Root mean square error 

 

Cartilage 

Polarized FT-IRIS images of bovine articular cartilage were obtained to compare 

tissue architecture findings in transflectance and transmittance (Figure 20A, B). Although 

variations were observed, the normal zonal arrangement of articular cartilage, with 

collagen fibers oriented parallel to the articular surface in the superficial zone, oriented 
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randomly in the mid-zone, and running largely perpendicular to the articular surface in 

the deep zone, can be visualized in the images obtained in both acquisition modes. The 

most evident difference between the two modalities is the slightly higher values in the 

superficial zone and lower values in the deep zone for transflectance mode. 

 

Figure 20: Light microscopy image and FT-IRIS image based on amide I/II ratio at the polarization 

angle of zero for bovine cartilage sampled in A) transflectance and B) transmittance. Three different 

zones (superficial, middle, deep) can be distinguished in both modes based on collagen fiber 

orientation. Red indicates higher values (collagen fibers parallel to surface), deep blue indicates 

lower values (collagen fibers perpendicular to surface), and intermediate colors indicate random or 

mixed orientation. 

Discussion 

Several methods are available to evaluate the composition of native, repair, and 

engineered tissues. Among them, FT-IR imaging spectroscopy is extensively used to 

assess cartilage, tendon and mineralized tissue composition and structure. Commensurate 

with the development of advanced FTIR imaging technology over the past 25 years, 
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applications that use novel data collection modalities have evolved, including micro-ATR 

[127, 128], and data collection from low-e slides [56, 70, 129]. In this study, we explored 

the use of a low-cost alternative to the commonly used salt windows for FT-IR analysis 

of all three of these tissues. We found that results obtained using BaF2 slides in 

transmission mode were not equivalent to results obtained in transflectance using low-e 

slides, both in non-polarized and polarized IR experiments. Qualitatively, however, the 

zonal structure of articular cartilage based on polarized FT-IRIS of collagen orientation 

was similar between the two modalities.  

IR data collected in transflectance mode was found to have significantly higher 

absorbances areas for the collagen amide I, II and 1338 cm
-1

 bands, for the PG 

absorbances, as well as for collagen helical integrity (tendon only). This is consistent 

with the geometry of the transflectance measurement, in which the IR radiation passes 

through the sample twice (Figure 14). However, the absorbances were not exactly twice 

as large as for transmittance. This may be a result of departure from Beerôs law, which 

could arise for several reasons, including, e.g., instrumental deviation due to lack of 

monochromatic radiation, differences in the radiation incident angle, or interactions 

between absorber molecules [130]. In addition, there may be slight differences in sample 

thickness on low-e and BaF2 slides, or possibly variation in chemical composition, 

because of the use of different tissue sections on low-e and BaF2 slides. 

In addition to higher absorbances in transflectance, slight shifts in peak positions 

were observed. The frequency that an absorbance peak occurs in an FTIR spectrum is 

related to the interaction between the IR beam and the matrix molecules, and it is likely 

that light scattering plays a role in the peak shift to higher frequencies. While the effect of 
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scattering can be ignored in non-scattering media, tissues are indeed scattering media 

[131, 132]. Scattering is dependent on several factors, including the size and shape of 

particles, which specific functional groups are present in the tissue components, as well 

as pathlength [77], which is twice as large for data collection on low-e slides in 

transflectance mode. In addition, any deviation from a perfect reflection from the low-e 

slide reflective surface would also affect the scattering pattern. The scattering in soft 

tissues in the present experiment is likely Rayleigh scattering, which occurs when 

particles are much smaller (5 to 10%) than the wavelength of the light they interact with 

[72, 133]. The size of collagen microfibrils are ~5nm in diameter, with crosslinked fiber 

diameters up to 500 nm in diameter [134], while the wavelength of the IR radiation is in 

the range of 6 microns. 

The differences in the infrared spectral data acquired from the mineralized bone in 

transflectance vs. transmittance were dramatic. Differences in peak shape, peak position, 

and intensity of the mineral phosphate band were observed. In contrast to the soft tissue 

data, the phosphate peak intensities were lower in transflectance compared to 

transmittance, likely attributable to a different type of scattering phenomenon present in 

mineralized tissue that results either from differences in the refractive indices of the 

materials or from irregular hydroxyapatite (HA) particle sizes. HA, the primary mineral 

component of bone, typically exists as particles are on the order of 10-45 nm [135, 136]. 

If very irregular crystal shapes are present, scattering or dispersion within the tissue 

similar to that which occurs in diffuse reflectance can occur [128, 137]. In addition, 

hydroxyapatite may exhibit Reststrahlen bands in the phosphate absorbance region (900-

1200 cm
-1

), an effect attributable to a change in refractive index which can happen in 
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strongly absorbing compounds [137, 138]. Further, hydroxyapatite crystals can also cause 

anomalous dispersion near an absorption band, which is known as the Christiansen effect 

[139]. This would occur as a result of HA crystals having a high contrast edge and acting 

as a highly scattering point defect within the matrix [137, 140]. Although the specific 

origin of scattering in the mineralized tissue is not known, the spectral artifacts observed 

in the phosphate absorbance region in transflectance mode preclude use of the low-e 

substrate to assess mineral composition accurately.  

In previous studies, infrared spectral evaluation of collagen orientation in tendon, 

cartilage and bone has been performed in transmittance mode on tissues sectioned on 

BaF2 windows [29, 56, 84]. The results from the current study demonstrate that although 

the FT-IRIS-derived collagen orientation values for the amide I/amide II area ratio were 

qualitatively similar for data obtained in transflectance and transmittance, e.g. followed a 

cosine curve variation, the curves were in fact significantly different. A greater range of 

values was observed for the polarized transflectance measurements compared to the 

transmittance measurements, in particular for the non-ratio parameters of the amide I and 

amide II absorbances. Similar to the non-polarized absorbance data, these differences 

arise primarily from the double pass through the tissue in transflectance, combined with 

departures from Beerôs law. Nonetheless, FT-IRIS polarization images of the calculated 

amide I/II area ratio from articular cartilage sectioned on both BaF2 and low-e slides, and 

acquired in transmission and transflectance respectively, show the expected architecture 

of superficial, mid, and deep zones, which are distinguished based on the collagen fiber 

orientation. 
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Together, the results presented in this study confirm that, although qualitatively, 

polarized orientation data for the zonal structure of articular cartilage is similar for 

transmittance and transflectance, other polarized and non-polarized spectroscopic 

measures of soft and hard biological tissues are not always comparable when collected in 

transmittance and transflectance. Thus, care must be used if comparisons are made in 

infrared spectral studies undertaken with different data collection modes. 
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CHAPTER 5 

STUDY II  

Title: Clinical outcome of autologous chondrocyte implantation is correlated with 

infrared spectroscopic imaging-derived parameters.  

(Hanifi A, Richardson J, Kuiper J, Roberts S, Pleshko N. Osteoarthritis and Cartilage 2012; In Press) 

Introduction  

Damage or degeneration of cartilage is frequently associated with joint pain and 

with changes in the macromolecular structure and content of the primary cartilage 

components [9, 11, 12, 32, 141]. It is widely accepted that cartilage injuries do not heal 

spontaneously [11], which is related in part to the avascular nature of the tissue and low 

mitotic activity of chondrocytes [142]. A variety of approaches have been investigated to 

improve cartilage healing including microfracture [30], subchondral drilling [30], 

osteochondral grafting [36], bone-marrow stimulation and a one-step technique based on 

bone marrow-derived cell transplantation [143]. These techniques rely on the potential of 

non-differentiated cells located in the subchondral area to migrate into the defect region 

and to differentiate into active chondrocytes [144, 145]. More cell based methods for the 

repair of articular cartilage have also been developed on the basis of autologous 

cartilageïbone transplants or transplantation of cultured autologous chondrocytes [36, 

38]. Autologous chondrocyte implantation (ACI) is being used increasingly to treat 

cartilage defects [146]. This procedure aims to stimulate autologous cells to synthesize 

the extracellular matrix components of articular cartilage and to generate a zonal structure 

similar to normal articular cartilage [35]. Brittberg et al [38] applied the ACI technique 

clinically for the first time with good to excellent results for healing. A number of studies 
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followed with similar results, suggesting that ACI is an effective procedure for healing 

cartilage defects of the knee [11, 40, 147, 148]. 

Evaluation of the success of cartilage repair procedures can include assessment of 

tissue harvested from the repair site, and several scoring systems are in use for semi-

quantitative histological tissue evaluations [44], including the ICRS II score [43] , 

OôDriscoll score [50] and OsScore [37]. In general, these scoring systems consider tissue 

integrity, proteoglycan staining, chondrocyte clustering, presence of hyaline cartilage, 

and integration of repair with surrounding tissue. In addition, the presence of type II 

collagen in repair tissue is an important indicator of successful articular cartilage repair 

[149, 150], as mechanically inferior fibrocartilaginous tissue that contains type I collagen 

is often produced [151]. Therefore, immunohistochemical (IHC) assessment of types I 

and II collagen is often performed as well [35, 52]. The major drawback for both 

histological and IHC assessment is the requirement to harvest tissues for analysis, which 

limits these evaluations in a clinical scenario.  

Fourier transform infrared imaging spectroscopy (FT-IRIS) has been used to 

characterize the structure, distribution and orientation of extracellular matrix molecules, 

including types I and II collagen and proteoglycan, in histological sections of connective 

tissues [84], and in particular, in diseased and regenerative or engineered cartilage [32, 

56, 83, 120, 152-156]. Further, the use of infrared spectroscopic techniques via fiber optic 

enables assessment of tissues in situ, without biopsy [82, 119]. Thus, the possibility of 

utilizing these methods to monitor cartilage repair tissue quality, and thereby assist in 

disease management, is attractive. In particular, if parameters derived from infrared 

spectral characterization of repair tissue correlate with traditional histology-derived 
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scores or with patient clinical outcome, FT-IRIS would provide a means to non-

destructively assess the tissue status and could perhaps predict success of the repair 

procedure.  

To date, there has been limited success in correlating the clinical outcome of 

patients who have undergone cartilage repair procedures with the quality of the repair 

tissue formed [37, 150]. The aims of this study were, therefore threefold, namely (I) to 

investigate the molecular properties of cartilage repair tissue post-ACI procedure using 

FT-IRIS, (II) to assess correlations between FT-IRIS-derived properties and the gold-

standard techniques of histological grading and type II collagen IHC and (III) to 

investigate if FT-IRIS is a viable alternative to histological or immunochemical 

assessment by exploring the relationship between histological, IHC, or FT-IRIS 

assessment of tissue quality and clinical outcome. 

Methods 

Tissue preparation 

Patients, aged 28-53 years (N=14), with chondral or osteochondral defects on the 

femoral condyles or trochlea, were treated with ACI according to the technique of 

Brittberg et al [38]. Full-depth core biopsy samples (1.8 mm in diameter) were obtained 

from patients who had undergone ACI 9ï65 months previously. In addition, tissue from a 

healthy cadaveric knee (40 year old) with macroscopically normal cartilage was obtained 

within 24 hours of death from the UK Human Tissue Bank. A biopsy was obtained from 

the medial femoral condyle, similar to the region most commonly treated with ACI. All 

tissues obtained were under approval of the local Research Ethical Committee. The 

tissues were immediately snap frozen and stored in liquid nitrogen until processed.  
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Clinical outcome (Lysholm score) 

Patient clinical outcome was evaluated based on the Lysholm score [42, 157]. The 

Lysholm scale is a well-validated functional and pain score designed for knee injuries 

that has been utilized to assess the clinical outcome of ACI procedures [41, 42] and 

ranges from 0 (poor outcome) to 100 (best). The parameters that comprise the Lysholm 

score are summarized in Table 4 [158]. For each patient, the Lysholm score was assessed 

at the time of surgery (pre-operatively) and at the time of biopsy; the difference between 

these two values was reported as the actual improvement in Lysholm score, or percent 

Lysholm improvement.  

Table 4: Parameters evaluated in the Lysholm score (total 100 points) [158]. 

Parameter Point 

Limp  5 points 

Support 5 points 

Stair climbing 10 points 

Squatting 5 points 

Instability 25 points 

Pain 25 points 

Swelling 10 points 

Locking 15 points 

 

Histology and immunohistochemical (IHC) analysis 

Seven micron thick cryosections of the harvested biopsies were stained with 

hematoxylin and eosin (H&E) for histologic evaluation. The semi-quantitative OsScore 

was utilized for assessment of tissue quality [37], and ranges from 0 (worst) to 10 (best), 

based on the following features of the repair tissue: cartilage type present (hyaline 

cartilage, fibrocartilage or fibrous tissue), integrity of the tissue surface, degree of 

metachromasia (toluidine blue or safranin O staining), formation of chondrocyte clusters, 
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presence of blood vessels or mineralization, and integration with the calcified cartilage 

and underlying bone.  

IHC staining was performed on cryosections using antibodies specific to types I 

or II collagen. Separate tissue sections were incubated for 1 h at room temperature with 

primary antibodies against type I collagen (monoclonal antihuman, clone no 1-8H5; ICN) 

and against type II collagen (CIICI; Developmental Studies Hybridoma Bank, Iowa, 

USA). The type II collagen stained IHC images were scored in two ways. A semi-

quantitative assessment of the percentage of area of the section of cartilage tissue which 

was immunostained for type II collagen, termed óIHC Area scoreô, was obtained using 

image analysis software (NIS-Elements Basic Research, Nikon, Japan) [35].  

A second more detailed assessment of the staining intensity in defined regions 

was also undertaken on a number of samples and used to determine the relationship of the 

IHC intensity (termed óIHC Intensity scoreô) with FT-IRIS derived parameters. For this, 

each tissue section was divided into 9 regions and each region graded from 0 to 3 based 

on staining intensity, where grade 0 represents the minimum amount of type II collagen 

staining (white) and grade 3 represents the maximum amount of type II collagen 

immunostaining (dark brown).  

FT-IRIS data acquisition  

FT-IRIS data were acquired in the mid-infrared region, 4000 ï 800 cm
-1

, at 8 cm
-1

 

spectral resolution and 25-ɛm spatial resolution, with 2 co-added scans per pixel, using a 

Spectrum Spotlight 400 FT-IR imaging spectrometer (Perkin Elmer, CT, USA). Polarized 

FT-IRIS data were collected with an infrared polarizer inserted in the beam path. Data 

collection time was approximately 30 minutes per sample. 
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FT-IRIS data processing 

FT-IRIS images were created based on vibrational absorbances for the specific 

molecular components of interest in cartilage using ISys software v5.0 (Malvern 

Instrument, Columbia, MD) [56].  

Several studies have utilized IR spectroscopy to assess the composition of 

cartilage, based on absorbances from different components. An earlier study from our lab 

where spectroscopic evaluation of mixtures of pure collagen and aggrecan (the major 

proteoglycan (PG) in cartilage) was performed demonstrated that the integrated area 

under the protein amide I band (1594ï1718 cm
-1

) correlates with collagen content [84]. In 

the same study, it was shown that the integrated area of the infrared vibration from the 

sugar ring absorbance of PGs in the range of 985ï1140 cm
-1

 correlates with PG content. 

Although more recent studies have shown some improvement in specificity of PG 

assessment using multivariate methodology [103], the PG parameters used in the current 

study have been validated by correlation to both biochemical and histology data [83, 

152]. The ratio of the integrated area of the PG absorbance to the amide I collagen 

absorbance (PG/Am I) was evaluated to obtain the relative quantity and distribution of 

the PG component with respect to collagen. The area under the infrared absorbance 

centered at 1338 cm
-1

 (1326ï1356 cm
-1

), a feature attributed to CH2 side-chain vibrations 

in collagen, has previously been shown to decrease in intensity as collagen denatures [82, 

90], and thus is related to whether the collagen triple helix is intact. This absorbance was 

ratioed to the amide II band (1492ï1594 cm
-1

) to evaluate the helical integrity of 

collagen, and defined as ñcollagen integrityò [90].  
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The area ratio of the amide I and amide II absorbances from collagen were used to 

create the images from the polarized data. It has previously been shown that this ratio can 

be used as an index of collagen fibril orientation [29]. The collagen fibril orientation was 

defined as: (i) an amide I/II polarized ratio Ó2.7 representing fibrils parallel to the 

articular surface, (ii) an amide I/II ratio Ò1.7 reflecting fibrils perpendicular to the 

articular surface, and (iii) amide I/II ratios between 2.7ï1.7 indicative of random or 

mixed fibril orientation [29]. 

Statistical analysis 

A Pearson correlation analysis was used to assess the relationship between the 

FTïIRIS data, Lysholm score improvement, histology OsScore and IHC data. Mean 

values, p-value and 95% confidence intervals (95% CI) were calculated for descriptive 

statistics. To assess whether FT-IRIS derived data have the potential to replace 

histological and immunohistochemical assessment, a multiple linear regression analysis 

was used to investigate the relationship between tissue quality as reflected in FT-IRIS-

derived properties, OsScore, or IHC data, or a combination of these data and the clinical 

outcome (Lysholm score improvement). In this analysis, Lysholm score improvement 

was regarded as the dependent variable and all other variables as independent. The 

strength of the relationships was assessed based on R-squared (R
2
) values and root mean 

square errors (RMSEs) of the models from the regression analysis. An F-test was used to 

assess whether addition of extra variables improved the models significantly [159]. 

Significance was determined at p < 0.05 for all analyses. All data were analyzed in 

Unscrambler X software (Camo, Norway) and Microsoft Excel 2010. 
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Results 

There was a wide range of change in Lysholm scores following treatment with 

ACI, with an improvement in Lysholm score occurring in 11 of the 14 patients (79%; 

Figure 21A). There was no significant correlation between the percentage improvement 

in Lysholm score and the age of the patient (Figure 21B, R = 0.1, 95% CI -0.43 to 0.58, p 

= 0.72), or time of biopsy (Figure 21C, R = 0.02, 95% CI -0.49 to 0.52, p = 0.94).  

 

Figure 21: Percentage Lysholm score improvement 9-65 months post-ACI treatment A) for each 

individual patient, B) versus patient age, and C) versus time of biopsy. 

Immunohistochemical staining demonstrated the presence of types I and II 

collagen in the tissue samples (Figure 22). The type II collagen immunostaining typically 

occurred in the lower part of the biopsy core, close to the underlying bone, covering an 

average of 60% area of the cartilaginous section, while staining for type I collagen was 

present throughout the majority of the cores. 
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Figure 22: IHC staining for type I and II collagen of a subset of ACI-treated biopsy samples. 

FT-IRIS analysis demonstrated that collagen (Figure 23A) and PG (Figure 23B, C) 

were also distributed zonally in the repair tissue, where more abundant collagen and PG were 

present in the middle and deep zones of the cartilage, respectively. Both PG and collagen 

content were higher in the normal cartilage sample compared to repair cartilage biopsies. 

Collagen helical integrity was also greater in the normal cartilage compared to repair tissue 

(Figure 23D). In contrast to normal cartilage, where the collagen fibrils were oriented 

parallel to the articular surface at the superficial zone, random in the middle, and 

perpendicular to the surface in the deep zone, there was no completely normal zonal 

distribution of collagen fibril orientation in the repair tissue samples (Figure 23E). Most 

repair biopsy samples showed the FT-IRIS parameter reflecting collagen fibers to be more 

randomly oriented through the full depth of tissue than in normal cartilage.  

FT-IRIS derived PG/Am I integrated area ratio, indicative of the relative 

PG/collagen content of the repair tissue, was highest in the tissue adjacent to the bone for 

all samples (Figure 24A). Similarly, there were higher values for the collagen helical 

integrity in the areas near the bone than elsewhere in the repair tissue (Figure 24B). 

Qualitatively, the distribution of both these parameters was very similar to the 

distribution of type II collagen (Figure 24C). 
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Figure 23: FT-IRIS images from a subset of ACI-treated biopsy samples and from normal cartilage. 

The red and dark blue in the color scales indicate the highest and lowest content, respectively, for A) 

collagen, B) PG, C) relative PG, D) collagen helical integrity, and E) collagen fibril orientation, where 

values less than 1.7 indicate fibers perpendicular to the surface, between 1.7 and 2.7 indicate 

randomly aligned fibers, and larger than 2.7 indicate collagen fibers with orientation parallel to the 

articular surface, respectively. 

Histology showed that generally, the surface zone was smooth and there was good 

basal integration between the repair tissue and the underlying bone (Figure 24D). 

OsScore values ranged from 2.5 to 9, with cartilage morphology being predominantly 

fibrocartilage in eight cores, hyaline cartilage in three cores, and a mixture of hyaline and 

fibrocartilage morphology in the remaining four cores.  
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Figure 24: FT-IRIS derived parameters from a subset of ACI-treated biopsy samples. A) PG/collagen 

content, and B) collagen helical integrity. Corresponding IHC image of C) collagen type II staining, 

and D) histology image of H & E staining. 

 

 
Figure 25: Correlation of IHC area and intensity scores for type II collagen with FT-IRIS-derived 

parameters and histology or immunohistochemistry scores; A) IHC intensity score vs. PG content, p 

< 0.0001 (95% CI: 0.93 to 0.97), B) IHC intensity score vs. collagen integrity, p < 0.0001 (95% CI: 

0.96 to 0.98), C) IHC area score vs. OsScore, p = 0.001 (95% CI: 0.43 to 0.93). 
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The IHC intensity score was significantly correlated with PG/Am I (R= 0.95, 95% CI 

0.93 to 0.97, p<0.0001, Figure 25A), with collagen helical integrity (R= 0.97, 95% CI 0.96 

to 0.98, p<0.0001, Figure 25B) and with the OsScore (R= 0.78, 95% CI 0.43 to 0.93, 

p=0.001, Figure 25C). Percentage improvement in Lysholm score from pre to post-treatment 

(at the time of the biopsy) was significantly correlated with collagen helical integrity (R= 

0.78, 95% CI 0.43 to 0.93, p=0.001, Figure 26A), PG/Am I (R= 0.69, 95% CI 0.25 to 0.89, 

p=0.006, Figure 26B), the IHC area score (R= 0.70, 95% CI 0.27 to 0.90, p=0.005, Figure 

26C), and the OsScore (R= 0.68, 95% CI 0.25 to 0.88, p=0.007, Figure 26D). 

 

Figure 26: Correlation of FT -IRIS derived parameters with percentage Lysholm score improvement 

(LSI)  and IHC area score values; A) Collagen integrity vs. percentage LSI, p = 0.001 (95% CI: 0.43 

to 0.93), B) PG content vs. percentage LSI, p = 0.006 (95% CI: 0.25 to 0.89), C) IHC area score vs. 

percentage LSI, p = 0.004 (95% CI: 0.27 to 0.89), D) OsScore vs. percentage LSI, p = 0.006 (95% CI: 

0.23 to 0.88). 
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In line with the correlation analysis, regression models for the relation between 

percentage Lysholm score improvement (LSI) as dependent and either OsScore, IHC area 

score or the FT-IRIS parameters as independent parameters all reached significance 

(Equation 1, Table 5). Once the information from the FT-IRIS parameters was taken into 

account, addition of the IHC area score, the OsScore or both, slightly increased the 

coefficient of determination (R
2
) of the relation between the independent parameters and 

the LSI (Equation 4 and Equation 5, Table 5). However, this increase in R
2
 was not 

significant (p=0.07 or more; Table 5).  

Equation 1 

LSI= 9.22 * OsScore ï 33.89 

Equation 2 

LSI= 0.47 * IHC area score ï 15.17  

Equation 3 

LSI= 16.95 + 0.95* PG/Am I + 1.56* Collagen integrity 

Equation 4 

LSI = 12.72 + 0.51*IHC area score + 0.325* PG/Am I + 1.57* Collagen integrity  

Equation 5 

LSI = 3.41 + 2.57*OsScore + 0.4*IHC area score + 0.325* PG/Am I + 0.968* Collagen integrity  

Discussion  

In the current study, we found that the ACI procedure improves clinical outcome 

as measured using the Lysholm score in the majority of patients. The repair tissue was 

generally composed of both type I and II collagen, with highest concentrations of type II 

collagen in the cartilage deep zone near to the calcified tissue. The type II collagen 
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distribution was similar to the relative proteoglycan/collagen and helical integrity maps 

obtained from the FT-IRIS data.  

Table 5: Regression analysis parameters for prediction of Lysholm score improvement with 

histology, IHC and FT-IRIS variables.  

Variables*  R 
95% CI of 

correlation 
R

2
 RMSE 

p value 

(Regression) 

p value 

(F-Test) 

Histology  0.68 0.23-0.88 0.48 6.60 0.006 - 

IHC  0.70 0.27-0.89 0.5 7.07 0.004 - 

FT-IRIS 0.81 0.49-0.93 0.66 4.52 0.002 - 

Histology + FT-IRIS 0.82 0.51:0.94 0.67 4.88 0.003 

Compared to: 

Histology: 0.12 

FT-IRIS: 0.11 

IHC+FT -IRIS 0.84 0.55-0.94 0.71 4.72 0.004 

Compared to: 

IHC: 0.15 

FT-IRIS: 0.11 

Histology + IHC+FT -IRIS 0.85 0.58-0.95 0.72 3.63 0.013 

Compared to: 

Histology: 0.18 

IHC: 0.094 

FT-IRIS: 0.081 

IHC+FT-IRIS: 0.07 

* Histology: OsScore; IHC: Immunohistochemistry area score; FT-IRIS parameters: PG/Am I and collagen 

integrity; R = Correlation coefficient; R
2
= Coefficient of determination; RMSE = Root mean square error 

of prediction. 

 

Parameters calculated from the FT-IRIS data correlated highly and significantly 

with the histological and immunohistochemical data as characterized by OsScore and 

IHC Area, respectively. All three also correlated highly with the clinical outcome 

characterized by increase in Lysholm score post-treatment. Multiple regression analysis 

showed that once the information from the FT-IRIS parameters was taken into account, 

information from neither the OsScore nor the IHC score could significantly improve the 

relation between FT-IRIS and clinical outcome.  

Repair procedures for articular cartilage are particularly useful when the function 

of the joint can be significantly recovered and progression to joint degeneration can be 

inhibited or slowed [30]. It is important to monitor clinical progress, as well as tissue 

changes, post-treatment. In the current study, clinical improvement occurred in 79% of 
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patients, similar to previous studies that reported a 65 to 90% success rate of ACI 

treatments [11, 40, 147]. However, the range of values for magnitude of improvement is 

large, underscoring both the subjective nature of assessment, and the heterogeneity of the 

population and procedure. Increased understanding of the molecular basis that underlies 

the clinical improvement could aid in the management of the repair process.  

Immunostaining using antibodies that react with specific collagen types have been 

widely applied to assess collagen distribution in both normal and repair cartilage [20]. In 

the current study, immunopositivity for type I collagen occurred throughout the majority 

of the graft tissue, while type II collagen staining was primarily concentrated to the lower 

regions of the cartilage nearest the bone. Hence, a combination of type I and type II 

collagen was seen in all samples evaluated in this study. This reflects the presence of 

fibrocartilage, which, although not desirable, may go on to mature to hyaline cartilage in 

some of the repair tissue, a phenomenon that has been reported previously [35, 52, 149]. 

Since type II collagen is typically present in hyaline cartilage, it appears that the tissue 

remodeling may be originating from the cartilage deep zone, at the bone-cartilage 

interface. Nonetheless, a greater amount of collagen type II in this sample set was linked 

to a greater improvement in Lysholm score. Unfortunately, since histological analysis 

and immunostaining require actual tissue sections and corresponding removal of some 

repair tissue, it is unrealistic to expect these assays to be performed in a routine clinical 

procedure.  

FT-IR imaging spectroscopy has been used in cartilage tissue assessment for over 

15 years. The cartilage repair process has been evaluated by FT-IRIS in two pre-clinical 

studies in rabbit models by Kim et al [152], and by Terajima et al. [160]. In the Kim 
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study, it was shown that FT-IRIS analysis combined with MRI T2 can be utilized to 

assess progression of the repair process at the molecular level as an important step 

towards improved monitoring of repair tissue maturation. In the Terajima study, FT-IRIS 

evaluation of repair tissue was compared to biochemical analysis of collagen cross-links 

and composition. Although the FT-IRIS parameters paralleled the biochemical collagen 

data, there was no correlation with a previously described FT-IRIS ñcrosslinkò parameter 

validated for type I collagen [56] and biochemical crosslink data, likely due to the 

combination of types I and II collagen in the repair tissue. Clinically, cartilage repair 

tissue has not been evaluated by FT-IRIS extensively, although studies of degenerated 

human cartilage tissue have shown that FT-IR provides quantitative information on 

compositional changes of collagen and proteoglycan. In general, damaged tissue shows 

changes in collagen quantity and distribution, in collagen fiber orientation, and loss of 

PGs [32, 82, 107]. 

The similar correlation found between FT-IRIS-derived molecular parameters (of 

both relative proteoglycan/collagen content as well as the collagen helical integrity) with 

improvement in Lysholm score, compared to that seen with the IHC-determined type II 

collagen content or OsScore for histology evaluation, indicates the potential of FT-IRIS 

as a modality for assessing repair tissue. Moreover, our work suggests that 

immunohistochemistry and histology-derived scores provide very little additional 

information to that derived from the FT-IRIS parameters. It should be noted that recent 

studies have utilized other FT-IRIS determined parameters that can be more specific for 

assessment of PG content in cartilage under certain conditions [103, 153]. The data 
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presented here reflect an assessment of PG relative to collagen, which is likely to be an 

important indicator of the quality of the repair tissue.  

In addition to the data on the distribution of the macromolecular components of 

the repair tissue, FT-IRIS allows an assessment of orientation of collagen fibrils, which is 

an important indicator of tissue integrity and function [161]. In contrast to normal 

cartilage, the majority of collagen fibrils in the repair tissue showed a random alignment, 

with little zonal stratification. Further, collagen fibrils with an alignment parallel to the 

surface were found in the deeper regions, as opposed to on the surface, reflecting a 

suboptimal tissue organization, as assessed by FT-IRIS, regardless of collagen type. 

Collagen fiber orientation studies using polarized light microscope and magnetic 

resonance imaging have suggested that the collagen fibers in normal cartilage curve from 

being perpendicular to the surface in subchondral regions to being parallel to the surface 

at superficial regions [162-164], which is similar to the orientations found in the normal 

tissue analyzed in this study. Further, it has been shown that the orientation of collagen 

fibers is a key determinant of their functionality in cartilage [142]. Therefore, improving 

the zonal stratification in repair tissue would likely enhance the tissue quality.  

Interestingly, the collagen integrity parameter was greater in regions where type II 

collagen was more prevalent. Previous work on the origin of this molecular parameter 

found that a reduction in the ratio of the 1338 cm
-1

 absorbance to the amide II absorbance 

was related to type II collagen degradation [56]. However, assessment of the differences 

in absorbance in this spectral region between type I and type II collagen has not yet been 

investigated. Based on the current results, it is possible that changes in the spectral 
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signature of the 1338 cm
-1

 peak from the collagen molecule can be used as an indicator of 

the presence of type II collagen in repair tissue.  

Improvement in Lysholm score was significantly and positively correlated to the 

collagen helical integrity, to PG/collagen content, IHC area score and OsScore. Together, 

these data suggest that improvement in clinical outcome is related to the amount of 

hyaline cartilage in the repair tissue. Hyaline cartilage gives the desired biomechanical 

and viscoelastic properties to repair tissue which ultimately determines its quality, and 

the clinical outcome of cartilage repair process [41]. Henderson et al. have also found that 

improving the clinical outcome of ACI treatment is related to the amount of hyaline 

cartilage in repair tissue [165].  

Correlations of FT-IRIS-determined PG composition to cartilage histology data 

based on Alcian blue and Safranin O staining have been demonstrated previously [32, 56, 

103], but the current study is the first to show direct correlations between IHC-

determined type II collagen and two different FT-IRIS parameters, relative PG/collagen 

content and collagen helical integrity. Thus, the present data demonstrate the feasibility 

of assessment of the quality of the repair tissue post-ACI using a spectroscopic method 

without the need for biochemical assays and histology or immunohistochemistry. Clearly, 

the ability of infrared spectroscopy to probe several macromolecules simultaneously 

makes this a very powerful tool for assessment of repair tissue. 

 In spite of the advantages of FT-IRIS in evaluating post-ACI repair tissue, there 

are also limitations to the use of this technique. Although we were able to assess tissue 

properties, there are some parameters that we cannot obtain information on, such as how 

well the repair tissue integrates laterally to surrounding normal tissue, and mechanical 
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competence of the tissue. Here, with FTIR imaging spectroscopy, we were able to 

determine the tissue composition at relatively high pixel resolution (25 micron sampling). 

However, when transferring this methodology to an infrared fiber optic probe, the region 

sampled will be in the order of ~ 1 mm diameter [119], and thus only a few spectra per 

area of interest will be obtained. Further, the mid-infrared fiber optic probes that are 

commercially available acquire data in reflectance or attenuated total reflectance mode, 

which enables sampling of the tissue surface only. Nonetheless, infrared fiber optic probe 

spectra collected from the cartilage surface in degenerative cartilage have been shown to 

correlate to full-depth tissue composition, and as well as having the advantage of being 

non-destructive, also has the advantage of data acquisition in approximately one minute 

[119]. Using a near infrared probe, it would be possible to do full depth sampling, but 

data interpretation is not as well understood as that in mid infrared region [166]. Further 

development of the fiber optic technique for repair cartilage assessment would require 

additional validation, but such advances could result in an important prognostic tool to 

accurately predict the likelihood of treatment efficacy in a non-destructive manner. 
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CHAPTER 6 

STUDY III  

Title: Infrared fiber optic probe evaluation of degenerative cartilage correlates to 

histological grading. (accepted with minor revision, American Journal Sports Medicine) 

Introduction  

Articular cartilage provides frictionless movement between joints while 

withstanding repetitive mechanical stress. Cartilage has very limited capacity for self-

repair, so the end-stage of degeneration, as a result of injury or osteoarthritis (OA), often 

leads to total knee arthroplasty (TKA). OA of the knee is also one of the most common 

causes of mobility restriction in the United States [167] and the number of primary TKA 

procedures is projected to grow to 3.48 million by 2030 [168]. 

Initial treatment of degenerated cartilage consists of symptomatic pain relief through 

the use of anti-inflammatory agents [169]. For most of the cases arthroscopic procedures are 

performed to minimize the impact of articular cartilage irregularities. Success of these 

procedures, which include joint lavage and debridement and smoothing of roughened 

cartilage surfaces, has been variable [170].  

At the microscopic level, histologic features of osteoarthritic cartilage include a 

damaged collagen network, loss of cartilage zonal properties, decrease in proteoglycan 

(PG), and proliferation of chondrocytes [169]. Detection of such matrix changes in the 

early stages of OA, when treatment may prevent further cartilage damage, is critical for 

OA management. For arthroscopic repair, knowledge of specific ultrastructural changes 

would be extremely beneficial in making decisions regarding salvaging or removing 

cartilage and meniscus.  
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Several imaging techniques, including magnetic resonance imaging (MRI), 

ultrasound, and computed tomographic arthrography, have been explored to characterize 

early signs of OA, with non-invasive MRI being the most widely used [55, 171-174]. 

Historically MRI has been used as a method for anatomic analysis, with the effect of 

disease progression on cartilage being evaluated with respect to such parameters as 

cartilage volume, thickness and surface characteristics [55, 175]. More recently, MRI has 

been used to study not only anatomy, but also biophysical properties of cartilage [176, 

177]. While it is clear that MRI has the potential for early detection of molecular changes 

based on such properties, MRI clinically applicable methods for widespread use have not 

yet been established. 

Fourier transform infrared (FT-IR) spectroscopy has been used extensively in 

recent years to characterize the structure and composition of normal and diseased 

cartilage. This technique provides information about the molecular structure of 

biomolecules, and is sensitive to compositional alterations in the tissue that accompany 

disease. Many studies use FT-IR imaging spectroscopy (FT-IRIS), a technique which 

couples an FT-IR spectrometer to an array detector and an optical microscope, thus 

allowing mapping of specific molecules in the tissue at high pixel resolution within a 

defined region of interest [29, 56, 83, 84, 92, 120, 123, 152, 156, 178-181]. An additional 

advantage of FT-IR is the coupling of an infrared fiber optic probe (IFOP) to an FTIR 

spectrometer. This device provides spectral acquisition from intact tissues in situ, with 

the potential for in vivo assessments.  

Our laboratory has previously reported the application of an IFOP to evaluate 

degenerative cartilage in harvested human tissues, in addition to identification of specific 
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spectral parameters that are related to early collagen degradation [82, 119]. A partial least 

squares (PLS) analysis method was used to correlate spectral data acquired from an IFOP 

to the Collins visual score for degenerative cartilage. Further studies were performed to 

monitor disease progression in an OA rabbit model [123], where a PLS model based on 

IFOP data obtained from femoral cartilage yielded a correlation to disease course with an 

accuracy of over 90%. Together, these studies support the potential use of an IFOP for 

clinical diagnosis and therapeutic evaluation.  

Ideally, IFOP investigations of cartilage would yield information on 

compositional changes in the tissue at the time of arthroscopy, and would therefore aid in 

disease management. Accordingly, this study investigated changes in the structure and 

composition of articular cartilage from human knee joints with early and progressively 

severe degrees of OA using an IFOP, and compared data to histological grading and FT-

IRIS data. The primary goal was to establish correlations between IFOP analysis of 

cartilage and a gold standard method of assessment of OA progression, histological 

evaluation according to Mankin [49]. 

Methods 

Human tissue collection 

Under an IRB-approved protocol (#28006), human tibial plateaus were acquired 

from 61 male and female patients, 46-87 years of age, undergoing knee replacement 

surgery. The tibial plateaus were immediately brought to the laboratory once harvested, 

visually examined and regions of interest identified and graded using the Collins visual 

grading system based on the severity of cartilage softening and erosion [48]. Grades 0, 1, 

2, and 3 represent a normal surface, slight superficial swelling or fibrillation, deeper 
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fibrillation or serious fibrillation, respectively. Digital photographs were obtained from 

each specimen to record the position of spectral acquisition (Figure 27). 

 

Figure 27: Tibial plateau used for spectroscopic analysis with the positions of data acquisition shown. 

Region I = Collins score 1, modified Mankin score (MMS) 4, region II = Collins score 1, MMS 4, and 

region III = Collins score 2, MMS 5.5. 

IFOP data acquisition 

The design of the IFOP system has been described previously [119]. Briefly, a 

Bruker infrared spectrometer (Billerica, MA) equipped with a mercury cadmium telluride 

(MCT) detector was coupled to a fiber optic probe, the end of which is a flat-tipped ZnS 

attenuated total reflectance (ATR) crystal of 1 mm diameter. The tip of the probe was 

placed in direct contact with individual regions on the tibial plateau specimen. Contact 

between the ATR crystal and the tibial plateau cartilage was controlled by a 5-lb load cell 

with pressure controlled at 0.7 lb. Infrared data collection was initiated after a period of ~ 

60 seconds of contact between the cartilage and crystal to permit relaxation of the 

cartilage around the crystal tip [82].
 
Spectral acquisition from 4000ï900 cm

-1
 with a 
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spectral resolution of 8 cm
-1 

took approximately 1 minute for 256 co-added scans. Two to 

three regions from each tibial plateau were selected for sampling and 1-3 spectra/region 

were collected. A total of 152 infrared spectra were used in the analyses, which 

corresponds to the number of spectra associated with tissues that were histologically 

graded by two independent observers. 

Tissue processing 

Immediately following IFOP data acquisition, full-depth cartilage explants were 

harvested with a 5 mm diameter biopsy punch from the regions of the tibial plateau from 

which IFOP data were acquired. Explants were embedded in paraffin following tissue 

dehydration with 80% ethanol, PG containment using 1% cetylpyridiniumcholoride 

(CPC), and decalcification with 10% EDTA/Tris buffer. Histological sections were cut 

perpendicular to the articular surface with thickness of 7 microns (for FT-IRIS) and 6 

microns (for histology) and mounted onto BaF2 infrared windows and glass slides for FT-

IRIS and histological analysis, respectively. All sections were deparaffinized using 

gradual washes of xylene and ethanol prior to FT-IRIS measurements.  

Histological evaluation 

Histological sections were stained with safranin O and with hematoxylin and 

eosin (H&E) for evaluation of PG content, and tissue and cellular morphology. The 

stained tissue slides were evaluated by two investigators in a random and blind-coded 

manner according to a modified Mankin grading system. The histological Mankin score 

is a standard grading system for cartilage based on structural fissuring, cell cloning, loss 

of PG, and tidemark integrity [49, 182]. The modified Mankin scoring (MMS) system 

used in the current study ranged from Grade 0, which represents normal cartilage, to 
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Grade 13, which represents severely degraded cartilage (Table 6). A final MMS was 

calculated as a mean of the two evaluations. Interobserver agreement was calculated 

using the Fleiss weighted Kappa statistic [183]. Correlations between individual 

components of the MMS and the total MMS were investigated using a Pearson 

correlation with significance determined at the p<0.05 level. 

Table 6: Modified Mankin Score [49, 182]. 

I . Structure 

a. Normal (0) 

b. Surface Irregularity (1) 

c. Clefts to Transitional Zone (2) 

d. Clefts to Radial Zone (3) 

e. Clefts to Calcified Zone (4) 

f. Complete Disorganization (5) 

II . Cells 

a. Normal (0) 

b. Diffuse Hypercellularity (1) 

c. Cloning (2) 

 

III . Tidemark Integrity  

a. Normal/Intact (0) 

b. Duplicated Tidemark (1) 

c. Vascular Invasion Through one Tidemark (2) 

d. Vascular Invasion Through Second Tidemark (3) 

IV . Safranin-O Staining 

a. Normal (0) 

b. Slight Reduction (1) 

c. Moderate Reduction (2) 

d. Severe Reduction (3) 

 

Partial least squares (PLS) analysis 

IFOP spectra (n = 152) obtained from tissues with modified Mankin scores that 

ranged from 2 ï 10 (this was the full range of MMSs found in tissues used in the current 

study) were analyzed using a partial least squares (PLS) regression algorithm [118, 123]. 

Prior to PLS analysis, spectra were processed by a multiplicative scatter correction 

(MSC) and 13-point SavitzkyïGolay second derivative calculation. As absorbances from 

molecules in varying tissue environments can contribute to the broad contours of infrared 

spectral bands, applying a second derivative calculation to the spectra can essentially 

improve the spectral resolution [104]. Several frequency regions were investigated for 

analysis, and ultimately, the preprocessed values for frequencies in the region of 1800 ï 
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984 cm
-1

 were used as variables to predict the average MMS of two investigators. This 

frequency range includes absorbances from all primary matrix components of cartilage.  

A leave-one-out cross validation was used to create three separate PLS models. Each of 

the three models included data from 100 randomly chosen spectra, with the remaining 52 

spectra serving as an independent prediction set. The number of factors for all models 

was calculated to be seven, based on the minimal residual sum of squares error (SSerr) 

calculated as follows:  

Equation 1 

SSerr = Ɇ (Yexperment(i) ï Yprediction(i))
2
, (i : number of samples = 1 to N) 

Yexperiment(i) = the actual modified Mankin score (MMS) for the i
th
 sample in the 

experiment. Yprediction(i) = the predicted MMS for the corresponding i
th
 sample.  

N = total number of samples 

Based on a leverage versus residual scatter plot of the PLS model [96], no outliers 

were detected in the PLS cross-validation models. The quality of the models was 

evaluated by assessment of the root mean square error (RMSE), and the regression 

coefficient (R
2
) of the cross validation model. RMSE measures the precision of the model 

and is calculated according to the equation below: 

Equation 2 

RMSE = 
В

 (i: number of samples = 1 to N) [184, 185]. 

The quality of the independent prediction of each sample MMS was assessed by 

evaluation of the root mean square error of prediction (RMSEP) and the correlation 

coefficient (R). The averaged results from the three PLS models are presented in Table 7.  
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For comparison, an analysis was also done using the MMS of Observer 2 as the response 

for the prediction of Observer 1 MMS. The Unscrambler software (CAMO Software, 

Oslo, Norway) was used for all calculations. 

FT-IRIS data acquisition and processing 

FT-IRIS data were collected from a subset of histological tissue sections cut at 7 

microns thickness with 8 cm
-1
 spectral resolution and 6.25-mm pixel resolution using a 

Spectrum Spotlight 300 FT-IR Imaging system (Perkin-Elmer, Bucks, UK), which couples a 

FTIR spectrometer with an array detector and a light microscope. Polarized FT-IRIS 

measurements were performed with a polarizer inserted in the incident light path at 0
o
. Figure 

28 illusturates a typical FT-IRIS spectrum of cartilage where the bands associated with the 

vibrations of collagen and the proteoglycan sugar ring absorbances are labeled.  

 

Figure 28: Typical IR spectrum from articular cartilage. The absorbance bands associated with 

collagen amide and side chain vibrations, and proteoglycan sugar vibrations, are shown. 
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IR images were created based on the area under each absorbance peak or peak 

height ratios according to previously established protocols [56] using ISys software v4.0 

(Malvern, UK). Integration of the areas under the baseline-corrected protein amide I band 

(1598 ï 1710 cm
-1

) and the sugar absorbance region of 950 ï 1150 cm
-1

 were used for 

correlations to collagen and PG, respectively. The area ratio of the IR absorbance 

centered at 1338 cm
-1

 (1300 ï 1356 cm
-1

), which arises from collagen side chain 

vibrations, to the amide II absorbance (1492 ï 1598 cm
-1

) was calculated to evaluate the 

helical integrity of collagen, a parameter previously shown to correlate to collagen 

degradation in cartilage [90]. The peak height ratio in the amide I band at 1660/1690 cm
-1
 

was used as an indicator of collagen maturity [186]. Collagen fibril orientation was 

calculated as the ratio of the area ratio of amide I and amide II bands of the polarized IR 

images. The collagen fibril orientation was quantitated as fibrils parallel to the articular 

surface for an amide I/II polarized ratio Ó2.7; fibrils perpendicular to the articular surface 

for an amide I/II ratio Ò1.7, and random or mixed fibril orientation for amide I/II ratios 

between 2.7ï1.7 [29]. 

Statistical analysis 

FT-IRIS parameters were calculated for Mankin-graded samples at each pixel. All 

data are presented as mean ° standard deviation. Statistical comparisons among the 

grades were performed by one way ANOVA followed by Bonferroni correction post-hoc 

tests for comparison of groups with values significant at the p < 0.05 level. A Pearson 

correlation was performed to assess the relationship between individual components of 

the Mankin score and the total Mankin score. 
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Results 

Histology grading 

Modified Mankin scores of the tissues ranged from 2 to 10, and the weighted 

interobserver agreement between graders was 86%, which is categorized as excellent 

agreement [183]. In general, tissue thickness decreases and fibrillation increases with 

increasing degradation (Figure 29A, B). Correlation between MMS and Collins visual 

grade did not reach significance (R = 0.29, p = 0.09, Figure 29C), indicating that the 

visual grade of the tissues may not reflect microstructure and composition.  

The greatest correlation between an individual component of the MMS and the 

total MMS was with structural fissuring (R = 0.64, Figure 30A), followed by tidemark 

integrity (R = 0.60, Figure 30B), cell cloning (R = 0.50, Figure 30C), and PG content (R 

= 0.40, Figure 30D). All individual components were significantly correlated to total 

MMS (p < 0.01).  

PLS analysis of IFOP spectra 

Qualitatively, progressive changes are seen in several regions of IFOP spectra 

from tissues with increasing degradation (Figure 31), including differences in the 

contours and relative intensity ratios of the amide I and amide II absorbances. It is known 

that there is a strong infrared water absorbance that overlaps the protein amide I region 

[82], and this likely contributes to the observed spectral changes. In addition, fewer 

distinct spectral features are observed across many frequencies in the more degraded 

tissues with higher MMSs. Together, these observations support the use of a multivariate 

analysis to evaluate spectral changes.  
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Figure 29: A) Safranin O stained images of tibial plateau cartilage tissue sections with modified 

Mankin scores (MMS) of 2 to 10. In general, tissue thickness decreases with increasing MMS, and 

surface fibrillation increases. *The surface of the tissue section is marked for clarity. B) Safranin O 

images of tissue with MMS 2, 5 and 10 with higher magnification that show increasing surface 

fibrilliation with increasing MMS. C) Correlation of Collins visual score with MMS did not reach 

significance ( p = 0.09). 
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Figure 30: Correlation of indvidual components of the modified Mankin score (MMS) with total 

MMS: A) Structure, B) Tidemark C) Cell cloning and D) Safranin-O. Surface structure shows the 

highest correlation with histological grade of the tissue, but all individual components were 

significantly correlated with MMS (p < 0.01). 

 

Figure 31: IFOP spectra obtained from tibial plateau cartilage with modified Mankin scores of 3, 6 

and 9, which are vertically offset for clarity. Changes in spectral features, such as relative peak 

height and contour of the amide I/water and amide II absorbances, and reduced spectral features 

across the rest of the spectral frequencies, are evident with OA progression. 
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The PLS models were able to predict the Mankin score with an average prediction 

error of 1.41. The average percentage of correctly predicted tissue grades for the three 

models was 72%, and the average percentage of tissue grades that were predicted within 

one of their actual grade was 96% (Table 7). Interestingly, the percentage of correct 

predictions was lower when the MMS of Observer 2 was used as the response to the 

prediction of the MMS of Observer 1 (Table 7). In this case, the average percentage of 

correctly predicted tissue grades was 63%, and the average percentage of tissue grades 

that were predicted within one of their actual grade was 89%.  

Table 7: Averaged parameters of PLS cross-validation and prediction models* for modified Mankin 

score (MMS). 

 PLS Parameter   

A R
2
 of test model (calibration) 0.69 

B RMSE 1.06 

C R
2
 of validation 0.53 

D Correlation coefficient 0.74 

E Factors 7 

F RMSEP 1.41 

G Percent correct PLS spectral predictions 72% 

H Percent correct PLS spectral predictions within one grade of actual MMS 96% 

I  Percent correct predictions of Observer 2 MMS by Observer 1 MMS  63% 

J 
Percent correct predictions of Observer 2 within one grade of actual MMS 

using Observer 1 MMS 
89% 

* Multiplicative scatter corrected (MSC) second derivative spectra were used in all models. Cross-

validation models were created from ~2/3 of the total data set (100 spectra) of 152 spectra, and the 

remaining 52 spectra used for independent prediction. Parameters A-E were calculated from the cross-

validation models. Root mean square error (RMSE) of validation was measured to determine the overall 

error of the model. Parameter F, the root mean square error of prediction (RMSEP), was calculated from 

the independent prediction of 52 spectra. 

 

FT-IRIS analysis 

FT-IRIS analysis was performed on a subset of tissues to assess full-depth tissue 

compositional changes. In general, average collagen content was variable, but greater in some 

of the more degraded tissues with a higher Mankin score, a phenomenon likely attributable to 

decreased relative amount of superficial and midzones in these tissues. PG content was also 
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very variable (Table 8). However, no significant differences in collagen or PG were found at 

any timepoint. Collagen integrity also did not differ among the tissues. However, collagen 

maturity significantly decreased with increasing MMS (p= 0.032), (Figure 32).  

 

Figure 32: A) FT-IRIS images of collagen maturity (1660/1690 cm
-1
) obtained from thin sections of 

tibial plateau articular cartilage with modified Mankin scores (MMS) 2-10. The color bar indicates 

the pixel intensity ratio values, where red indicates the highest and dark blues indicates the lowest 

values. B) FT-IRIS-derived values of collagen maturity averaged over the full depth of cartilage 

versus MMS. Data are plotted as mean ° standard error (* p < 0.05). In general, collagen maturity 

decreases as MMS increases. 
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Table 8: FT-IRIS measurements of full depth cartilage parameters. 

MMS N Collagen PG 
Collagen 

Integrity  

Collagen 

Maturity  
Parallel Random Perpendicular 

2 5 26.6±4.6 3.8±0.6 0.024±0.003 3.2±0.1 35.06±18.8 58.3±13.1 6.6±1.2 

3 3 24.5±3.1 3.8±0.4 0.023±0.003 3.0±0.2 32.9±13.05 67.0±13.03 0.01±0.02* 

4 3 30.8±1.7 5.4±0.2 0.016±0.013 3.0±0.05 36.4±18.9 62.6±17.5 0.8±1.4* 

5 2 43.4±2.1 5.8±0.2 0.021±0.005 3.0±0.0 2.5±1.3* 77.5±19.4* 19.9±18.03* 

6 3 24.8±2.1 4.2±0.6 0.018±0.005 2.9±0.1* 10.1±10.9* 88.9±11.06* 0.9±0.6* 

7 3 48.7±3.4 8.0±0.6 0.023±0.002 2.9±0.1* 12.2±12.8* 75.2±2.6* 12.4±11.4 

8 3 28.8±1.9 4.3±0.2 0.022±0.002 2.9±0.1* 8.5±1.6* 91.4±1.6* 0.002±0.00* 

9 3 19.3±7.3 3.7±0.7 0.029±0.011 3.0±0.05 9.6±13.03* 72.3±2.1* 17.1±15.2 

10 3 51.1±3.0 5.8±0.1 0.025±0.000 2.83±0.03* 7.0±4.1* 52.3±27.5 40.6±31.3* 

MMS = Modified Mankin Score; N = sample size. 

Values are mean ± standard deviation over the full sample thickness. The orientation values (parallel, 

random, perpendicular) indicate the percentage of pixels for each orientation over the full sample thickness. 

*Significantly different from MMS 2 samples (p < 0.05). 

 

Figure 33: FT-IRIS images based on the collagen fibril orientation of tibial plateau articular 

cartilage with modified Mankin scores 2-10. The color bar indicates the boundaries of parallel, 

perpendicular and randomly oriented fibrils. The percentage of the relative amount of parallel fibrils 

decrease, and random fibrils increase throughout the tissue as MMS increases. 
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In addition, collagen fibril orientation changes were evident with tissue 

degradation (Table 8, Figure 33). Parallel fibril orientation decreased significantly 

(p=0.024), while random and perpendicular fibril orientation increased significantly 

(p=0.005) as MMS increased. Thinning of the superficial zone likely contributed to this 

phenomenon. 

Discussion 

The results of the present study demonstrate the ability of the infrared 

spectroscopy together with a PLS multivariate analysis to predict the histologic Mankin 

score of degenerative articular cartilage. The PLS model was able to predict 72% of the 

Mankin score values correctly, and 96% within one grade of their true MMS. As IFOP 

data is only collected from the top ~ 10 µm of the tissue surface, and Mankin grading 

includes evaluation of the entire tissue depth, it is evident that tissue surface changes 

detectable by IFOP reflect full-depth changes. In view of this, it was not surprising that 

the greatest correlation of the total MMS with an individual component of the score was 

with surface structural changes. A strong correlation between total Mankin score and 

surface structural changes was also demonstrated in previous studies [44]. 

Arthroscopic assessment of articular cartilage is based primarily on visual 

evaluation, and serves as a decision-making process for treatment options [187]. 

Interestingly, in the current study, the correlation between visual assessment of cartilage 

and histologic Mankin score did not reach significance. This leads to the question of 

whether visual inspection of cartilage is sufficient to assess the quality of the tissue. The 

goal of many arthroscopic procedures is to remove damaged areas of tissues [188], and 

controversy still surrounds the effectiveness of these procedures [189]. There can be a 
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high interobserver variability in arthroscopic grading of cartilage, and the final grade can 

be highly subjective, and dependent on the level of clinical experience of the surgeon 

[190]. It is possible that tissue regions that appear visually normal may indeed have 

begun to degenerate, and thus should be removed. Identification of such regions, 

although not possibly visually, may indeed be possible spectroscopically. Accordingly, 

developing a minimally invasive arthroscopic method that can provide information on the 

quality of the full tissue depth in vivo is certainly a point of interest.  

In the current study, the gold standard for comparison to infrared spectra was a 

modified Mankin score. The reliability and reproducibility of osteoarthritic cartilage 

histopathology grading systems, including Mankin and the Osteoarthritis Research 

Society International (OARSI) cartilage histopathology assessment system, have been 

evaluated in several studies [191-194]. In one study, a comparison of Mankin grading by 

two observers found inadequate reproducibility (59-76%), and the ability to detect 

differences between normal and moderate OA was also uncertain. In addition, the wide 

range of chemical and structural changes in OA cartilage contributed to limited reliability 

of the scoring systems and high interobserver variability [191]. Ostergaard et al. 

examined the interobserver and intraobserver reproducibility of the Mankin grading 

system of human articular cartilage using Kappa analysis. They found that there was a 

low intraobserver agreement (22%-33%) of the Mankin score, based on repeated grading 

of the same sample by the same observer at different times, and a wide variation of 

interobserver reproducibility (13%-20%), possibly because of the lack of experience of 

observers. It was concluded that the semi-quantitative values obtained from the Mankin 

system are a result of subjective evaluation and are not adequately reproducible for 



97 
 

assessment of OA cartilage [193, 195]. Nevertheless, histologic grading of OA cartilage 

remains the gold standard for comparison to other modes of evaluation [192], and there 

have been significant research efforts to improve its reliability, reproducibility and 

validity [194]. In the current study, the interobserver agreement was 86%, which is higher 

than reported in several other studies. This may be due to the two graders having been 

trained to grade tissues at the same time by an experienced pathologist. In spite of this 

relatively high agreement, the percentage of correctly predicted scores of Observer 1 

using the scores from Observer 2 was lower than the correct predictions from the spectral 

data. In general, compared to histological grading, spectroscopic assessment has 

inherently less subjectivity associated with the measurement, and may therefore be more 

accurate.  

The sensitivity of infrared spectral changes to cartilage degradation was 

established in previous studies from our group, where infrared fiber optic analysis was 

used to assess OA cartilage in early stages of degeneration [82]. Specific spectral changes 

related to early stages of the disease were identified, including changes in the collagen 

amide II, amide III and the 1338 cm
-1

 regions of the IFOP spectra. These changes were 

also identical in FT-IRIS data, where degenerated tissues showed a significantly higher 

amide II/1338cm
-1

 area ratio [82]. A follow-up study investigated whether multivariate 

analysis of IFOP spectra could be used to predict Collins visual grade of degraded tibial 

plateaus using a spectral range similar to what was used in the current study, 1733-984 

cm
-1 

[119]. Although a correlation was found between the infrared spectra and Collins 

visual grade, 15 factors were required to obtain a reasonable model of prediction, 

indicative of the large amount of variability that contributes to that model. Combined 
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with the knowledge that the Collins visual grade and histological Mankin score do not 

significantly correlate, itôs preferable to use the current PLS model to assess cartilage 

structural changes.  

In situ near infrared (NIR) spectroscopy with a fiber optic probe has also been 

used to assess the quality of articular cartilage [196]. The frequency range and 

penetration depth for NIR radiation are greater than for mid-infrared radiation, but the 

interpretation of NIR spectra remains challenging due to overlapping peaks from many 

components, and a much lower signal to noise ratio [61]. In a study by Spahn et al [196], 

there was only weak agreement among the observers for visual evaluation of femoral and 

tibial cartilage degeneration, but a significant correlation among the NIR values measured 

by different surgeons. A challenge to this method was positioning the NIR probe 

accurately so that it was perpendicular to the articular surface, as it would be as well for 

the IFOP when used in vivo. Nevertheless, it was concluded that there is potential for 

development of a NIR spectroscopic probe for objective measurement of cartilage.  

FT-IRIS data obtained from full depth tissues were investigated to better 

understand the compositional differences that contribute to the IFOP spectral changes. 

Although reduced PG content in OA cartilage has been reported previously [82, 123], no 

significant changes in the mean PG content of the tissue was detected in FT-IRIS derived 

images in this study. In addition, changes in collagen also did not correspond with tissue 

degradation. It is known that in the cartilage degradation process, superficial and middle 

zone regions are lost, and thus it is difficult to directly compare the tissue in later stages 

of OA with tissue that is nearly intact. However, the FT-IRIS derived collagen maturity 

parameter (1660/1690 cm
-1

) was found to decrease significantly during OA progression, 
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reflective of an effect of disease progression on collagen fibril structure. Initially, the 

change in this spectral contour was attributed to crosslink profile, but that as recently 

been shown to be incorrect [186]. Thus, the precise collagen modification that underlies 

this changes is unknown, but it is not surprising that disruption of the collagen network in 

degradation would result in a change in the primary infrared absorbance of collagen. 

Unfortunately, this parameter cannot easily be investigated directly in the IFOP spectra, 

due to the presence of the water absorbance that overlaps with the amide I region.  

Degeneration of cartilage also results in changes in collagen fiber orientation [32, 

197, 198]. Specifically, as the superficial regions of cartilage, which normally contain 

collagen fibers oriented parallel to the surface, are lost, the fraction of the collagen fibers 

parallel to the surface decreases significantly. A similar result was found in the current 

study, where a greater percentage of randomly oriented fibrils, and fibrils oriented 

perpendicular to the surface, were found in the more degraded tissues. Together, the FT-

IRIS data show that, in addition to the compositional changes described in the modified 

Mankin grading, changes in collagen structure are progressive with degradation, and 

likely contribute to differences found in the IFOP spectra.  

There are also limitations regarding use of the IFOP for cartilage assessment. The 

ATR probe crystal has a 1 mm diameter, which therefore represents the smallest tissue 

diameter that can be evaluated. Although much larger than the micron diameters that are 

possible with imaging data acquisition, this could be sufficient in clinical determination 

of the margins of a tissue lesion that requires excision or debridement. Another current 

limitation is the outer diameter of the fiber optic cable, ~ 7 mm. For arthroscopic 

interrogation of the tissue, an individual entry port for the IFOP would be required that 
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may be slightly larger than that required for the optical arthroscopic fiber, which is on the 

order of 3-5mm [199]. However, narrower diameter infrared fiber optics are under 

development [200].  

In summary, this study presents development of a spectroscopic method 

combined with multivariate analysis to predict the quality of the cartilage tissue in early-

to late-stages of OA. The results indicate that in the clinical environment, spectral 

acquisition and processing to predict the Mankin score of a region on the surface of 

articular cartilage could be performed within ~two minutes. Thus, a relatively fast, in 

vivo, fiber optic technique could be used to provide compositional information that may 

be substantially more accurate than visual assessment of the tissue. 
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CHAPTER 7 

STUDY IV  

Title: Spectroscopic discrimination of type I and II collagen in connective tissues  

 (under review, Arthritis and Rheumatism) 

Introduction  

Damage or degeneration of cartilage is frequently associated with changes in the 

macromolecular structure and content of the primary cartilage components [14], and can 

ultimately progress to osteoarthritis (OA) [201]. The progression of OA has been directly 

linked to the loss of proteoglycans (PGs) [32], and to changes in collagen structure and 

orientation [9]. It is widely accepted that cartilage injuries do not heal spontaneously 

[11], which is related to the avascular nature of the tissue and the limited ability of 

mature chondrocytes to proliferate and regenerate new cartilage [35]. Although there is 

no cure for OA, there have been advances in the treatment of cartilage focal defects. 

Methods such as microfracture and autologous chondrocyte implantation (ACI) can 

stimulate cells to make extracellular matrix (ECM) components, and at times, result in a 

spatial structure similar to normal cartilage [11, 37]. Studies have shown that different 

modalities result in different types of repair tissue. Microfracture generally results in 

fibrocartilage which contains type I collagen [32], whereas following ACI, a mixture of 

fibrocartilage and hyaline cartilage is generated [35]. The presence of hyaline cartilage, 

which is composed of type II collagen, is better correlated with a positive clinical 

outcome [149, 150, 202]. Therefore, from a clinical perspective, knowledge of the 

collagen type present in the repair tissue is extremely important.  
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Currently, modalities to evaluate collagen quantity include enzymatic digestion of the 

tissue followed by biochemical hydroxyproline [203] or Sircol [204] assays. Evaluation of 

collagen type is typically performed by immunohistochemical (IHC) analysis on thin tissue 

sections, or by tissue digest separation methods such as high performance liquid chromatography 

(HPLC) followed by collagen type detection by mass spectroscopy (MS) [35, 205, 206]. These 

methods have different sensitivities to collagen amount and type, but all can be time consuming 

and require processing of the tissue. Fourier transform infrared (FT-IR) spectroscopy is a 

powerful technique based on molecular vibrations that has been widely used to assess biological 

tissue composition [32, 56, 152, 153, 155]. FT-IR analysis relies on the unique vibrational 

signature of the molecules present in the tissue, and thus does not require the addition of an 

external contrast agent. In addition, it has the advantages of easy sample preparation and rapid 

measurements [85]. FT-IR can be utilized as a clinical tool when coupled with an infrared fiber 

optic probe (IFOP) [82, 119], or can be used for analysis of harvested tissue when coupled with a 

microscope and an array detector [31, 32, 56, 108]. The latter modality, called FT-IR imaging 

spectroscopy (FT-IRIS), creates ñchemicalò images of tissues based on the absorbance of a 

specific molecular species at a pixel resolution as high as 1.5 ɛm, in combination with 

microscopic visualization of the samples [56]. FT-IRIS has been increasingly used to characterize 

the structure, distribution, and orientation of extracellular matrix molecules in histological 

sections of cartilage and other connective tissues [29, 56, 84, 103].  

There is considerable overlap in the spectral signatures of proteins in connective 

tissues, and therefore, it is not always possible to identify a unique absorbance at a 

specific frequency that is associated with a particular component. Although univariate 

analyses of IR spectra have been performed to evaluate collagen and proteoglycan (PG) 
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concentration [31, 32, 56, 83, 84, 102, 103], multivariate analysis techniques that 

evaluate multiple frequencies of the spectra simultaneously are increasingly used to 

improve specificity of the analysis. Euclidean distance [107, 207], cluster analysis [108], 

and partial least squares (PLS) [119, 120], have all been used to analyze FT-IR spectra of 

cartilage. These studies demonstrated the ability to distinguish normal, repair, young and 

mature tissues, and to quantitatively analyze matrix components. Belbachir et al. 

differentiated type I, III, IV, V, and VI collagen using Euclidean distance analysis of pure 

protein Fourier transform infrared spectra, but type II was not included in that study 

[208]. Although they found that specific regions of IR spectra were sensitive to structural 

differences among different types of collagen, the model was only tested on pure protein, 

and successful evaluation of collagen type in tissues was not confirmed. To date, 

discrimination of regions of type II collagen in tissues with other collagen types by 

univariate or multivariate analysis of FT-IR spectra has not been demonstrated. This is 

due in large part to the similarity of the spectral features of different collagen types. In 

the current study, we developed a semi-quantitative method based on multivariate 

analysis of IR spectra to discriminate type I and type II collagens in several connective 

tissues. A PLS model was developed based on a library of IR spectra of varying 

concentrations of pure tissue components including type I collagen, type II collagen, and 

aggrecan (the primary PG in cartilage). Assessment of the composition of tendon and bone 

(primarily type I collagen), hyaline cartilage (primarily type II collagen), repair cartilage (often a 

mix of types I and II collagen) and meniscus (known to consist of both type I and II collagen) was 

performed to validate the PLS model. In addition, multivariate cluster analysis was performed to 

evaluate an alternate method for discrimination of types I and II collagen in histological sections 
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of tissues. Finally, the model was validated on fiber optic probe data acquired from an intact 

meniscus to demonstrate the potential of this method for in vivo clinical use.  

Methods 

Pure components  

Type I collagen, type II collagen, and aggrecan powders were used to make 

mixtures that were analyzed as potassium bromide (KBr) pellets. Two different sets of 

samples were prepared that included mixtures of varying concentrations of type II 

collagen (chick nasal articular cartilage, Genzyme, Boston, MA) and aggrecan (calf nasal 

aggrecan, generously supplied by L. Rosenberg, Montefiore Hospital, Bronx, NY in a 

prior study [84]) (Model A), and mixtures of varying concentrations of type I collagen 

(bovine skin, USB Corporation, Cleveland, OH) and type II collagen (bovine articular 

cartilage, USB Corporation, Cleveland, OH) (Model B). Powders were lyophilized and 

stored in a desiccator prior to analysis. Freeze milling under liquid nitrogen (SPEX 

Mixer/Mill, Metuchen, NJ) was used to grind the protein powders. Collagens and/or 

aggrecan were mixed as 1% by weight with 100 mg KBr powder (International Crystal 

Labs, Garfield, NJ), a medium that is transparent to IR radiation. A pressure of 6 to 7 tons 

was applied to the protein/KBr mixtures in a pellet press to make KBr pellets of ~0.5 mm 

thickness.  

The composition of pellets for Model A were as follows (n = 10 pellets per mixture):  

Sample 1 2 3 4 5 

Type II collagen (wt %) 0 25 50 75 100 

Aggrecan (wt %) 100 75 50 25 0 

The composition of pellets for Model B were as follows (n = 3 pellets per mixture): 

Sample 1 2 3 4 5 

Type I collagen (wt %) 100 75 50 25 0 

Type II collagen (wt %) 0 25 50 75 100 
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Bovine tissue 

Bovine knee joints (2-3 weeks old) were obtained from a local FDA approved 

abattoir (JBS Souderton, Souderton, PA). Cortical bone was harvested from the tibia and 

cut into 1x2x1 cm
3
 samples. The patellar tendon was harvested and cut into 2 cm

2
 pieces. 

Full depth cartilage, including the calcified cartilage layer, was harvested from the medial 

and lateral femoral condyles (5 mm diameter pieces). Lateral meniscus was harvested and 

cut in the sagittal plane for FT-IRIS, and used intact for infrared fiber optic probe (IFOP) 

spectroscopy. Bone and tendon were evaluated as standards for tissues considered to have 

very little or no type II collagen, while the articular cartilage matrix was considered a 

standard for a tissue with very little or no type I collagen. Meniscus was assessed as a 

model of a tissue that contains both type I and II collagen in its matrix. All tissues were 

fixed in 10% buffered formalin (Richard-Allan Scientific, Kalamazoo, MI) for 24 hours.  

Bone samples were decalcified in a 12.5% EDTA solution adjusted to pH 8.0. 

Bone decalcification was done for 60 days at 4°C with sequential changes of EDTA. 

Cartilage samples with subchondral bone were decalcified using Versenate chelating 

agent (American MasterTech Scientific, Inc., Lodi, CA) for 30 days at 4°C. Both EDTA 

and chelating solutions (which also contained EDTA) were changed every 2-3 days.  

After fixation and/or decalcification processes, tissues were put into 70% ethanol 

for dehydration prior to paraffin embedding. Paraffin blocks were sectioned at 6 and 7 

micron thickness on glass slides and low-emissivity slides (low-e, Kevley Technologies, 

Chesterland, OH) for histology and FT-IRIS, respectively. Tendons were sectioned 

longitudinally, and meniscus and articular cartilage sectioned sagittally. 
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Human tissue 

Full-depth core biopsy samples (1.8 mm in diameter) were obtained from patients 

who had undergone autologous chondrocyte implantation (ACI) for a medial femoral 

condyle defect ~12 months previously (N = 4). All tissues were obtained under approval 

of the local Research Ethical Committee. The tissues were immediately snap frozen and 

stored in liquid nitrogen until processed. Seven micron thick sections were cut and 

collected for analyses as above. 

Histological and immunohistochemical (IHC) analysis 

Histologic sections of bone, tendon, meniscus and cartilage were stained using 

hematoxylin & eosin (H&E) and Alcian blue (for PG assessment) (Sigma-Aldrich, St. 

Louis, MO). Since both types I and type II collagen are generally present in repair 

cartilage, IHC images of the tissues were used as the gold standard for comparison. IHC 

staining was performed on cryosections of ACI biopsies using antibodies specific to type 

I and II collagen. Separate tissue sections were incubated for 1 hour at room temperature 

with primary antibodies against type I collagen (monoclonal antihuman, clone no 1-8H5; 

ICN) and type II collagen (CIICI; Developmental Studies Hybridoma Bank, IA) [35]. In 

addition, IHC staining of paraffin-embedded meniscus was performed for type I collagen 

using a primary antibody against type I collagen (anti-collagen type I, fetal mouse skin, 

Calbiochem, Merck Milipore, Darmstadt, Germany). 

FT-IR data acquisition  

FT-IR spectra from the Model A type II collagen and aggrecan KBr pellets had 

been previously collected as described in Camacho et al [84]. FT-IR spectra from the 

Model B type I and type II collagen KBr pellets were collected in the mid-IR region of 
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1800ï900 cm
-1 

at 4 cm
-1
 spectral resolution using a Spectrum 400 FT-IR spectrometer 

(Perkin Elmer, Shelton, CT). FT-IRIS data were acquired from human and bovine tissues 

(n = 3 per tissue type) in the mid-IR region, 1800ï750 cm
-1

 at 4 cm
-1
 spectral resolution 

and 25 ɛm spatial resolution using a Spectrum SpotLight 400 FT-IR Imaging system 

(Perkin Elmer, Shelton, CT). To validate the ability to discriminate type I and type II 

collagen in intact tissues, infrared fiber optic probe (IFOP) data were collected from 

bovine meniscus in the mid-IR region of 1800-900 cm
-1

 at 4 cm
-1

 spectral resolution with 

256 co-added scans using a Bruker infrared spectrometer (Billerica, MA) equipped with a 

mercury cadmium telluride (MCT) detector. The spectrometer was coupled to a 

chalcogenide fiber optic probe of ~ 6 mm diameter (Remspec Corp, Charlton, MA), the 

end of which is a flat-tipped ZnS attenuated total reflectance (ATR) crystal of 1 mm 

diameter. The tip of the probe was placed in direct contact at 90° to 24 individual regions 

on the meniscus femoral surface for data acquisition (Figure 39A). Penetration of infrared 

radiation in IFOP data collection is restricted to the tissue surface to a depth of ~ 10 

microns. Prior to multivariate analyses (described below), the spectral regions of the 

amide I protein absorbance (1718ï1594 cm
-1

) , the amide II protein absorbance (1594-

1492 cm
-1

), and the PG sugar ring absorbance (1140-985 cm
-1

) were investigated to 

qualitatively assess component distribution in IR images [56].  

Multivariate analysis 

FT-IR spectra obtained from KBr pellets of pure component mixtures in the 1800-

900 cm
-1

 range were used to create PLS models to validate that the spectra from these 

mixtures could indeed be differentiated based on concentration of components. This 

spectral range was chosen for analysis to correspond with the spectral range in the IFOP 
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data. PLS analysis was originally developed based on regression analysis and principal 

component analysis (PCA), where the scores calculated by projection of the response and 

independent variables to a new space of principal components are used to find a linear 

regression model and predict unknown variables [96]. A multiplicative scatter correction 

(MSC), second derivative differentiation with 13-point SavitzkyïGolay smoothing, and 

normalization to the maximum peak height of all spectra were applied to optimize the 

models. IR spectra were employed as variables and the actual type I collagen, type II 

collagen or PG content used as the response variables. A leave-one-out cross validation 

was used to create the PLS models. The number of factors for the model was calculated 

to be seven, based on the minimal residual sum of squares error (SSerr) calculated as 

follows:  

Equation 1: 

SSerr = Ɇ (Yexperment(i) ï Yprediction(i))
2
, (i : number of samples = 1 to N) 

Yexperiment(i) = the actual amount of response for the i
th
 sample in the experiment.  

Yprediction(i) = the predicted response for the corresponding i
th
 sample.  

N = total number of samples 

Based on a leverage versus residual scatter plot of the PLS model [96], no outliers 

were detected in the PLS cross-validation models. The quality of the model was 

evaluated by assessment of the root mean square error (RMSE), and the regression 

coefficient (R
2
) of the cross validation model. RMSE measures the precision of the model 

and is calculated according to the equation below: 

Equation 2: 

RMSE = 
В

 (i: number of samples = 1 to N) [184, 185]. 
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Once the PLS model was developed from the pure component KBr pellet data, the 

model was applied to the infrared spectra collected from different regions of the 

connective tissues of interest to predict composition. The number of FT-IRIS spectra 

collected spanned the length of the tissue section analyzed so that, e.g., 100 spectra 

collected at 25 micron pixel resolution = 2500 microns total length. The IR spectra 

included 100 FT-IRIS spectra of cortical bone, 100 FT-IRIS spectra of tendon (transverse 

direction), 80 FT-IRIS spectra of articular cartilage (from superficial zone to deep zone), 

100 FT-IRIS spectra of meniscus (from the tip of inner region towards the outer region), 

and 24 IFOP spectra (1 mm region per spectra) from the meniscus surface. The output for 

the PLS model prediction is either percent dry weight of a specific component (for the 

dehydrated tissue sections), or percent wet weight (for the in situ meniscus fiber optic 

probe data). IHC images of human repair cartilage were used to assess the repair cartilage 

PLS model prediction result for regions composed of hyaline (type II collagen with 

greater proteoglycan) and fibrocartilage (type I collagen). In meniscus, IHC images and 

Alcian blue staining were used as standard methods for assessment of type I collagen and 

proteoglycan distribution, respectively.  

Cluster analysis 

Cluster analysis of infrared spectra has previously been performed to qualitatively 

differentiate tissue types, in particular, in infrared images [108]. With this method, 

regions of IR images are separated into two or more classes, or ñclustersò, with similar 

spectral properties. A supervised cluster analysis was performed in this study, where four 

libraries of infrared spectra were created from spectra obtained from 1. FT-IRIS images 

of bone (primarily type I collagen), 2. FT-IRIS images of regions of cartilage repair tissue 
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that were predominantly type I collagen, 3. FT-IRIS images of regions of cartilage repair 

tissue that were predominantly type II collagen, and 4. KBr pellets of pure aggrecan. The 

FT-IRIS spectral libraries were obtained from one sample of an ACI repair biopsy. IR 

spectra of type I and II collagen-rich regions from ACI repair tissue were chosen to create 

the library, instead of using pure component spectra, to assess the ability of the cluster 

analysis technique to differentiate fibrocartilage-like type I collagen from bone type I 

collagen. The libraries were then used to predict a distribution map of these tissue types 

in independent samples of repair cartilage (n = 3). Cluster analysis was performed using 

Fuzzy C-means, with four initial centroids and a Fuzzy index equal to 3.3. The advantage 

of a fuzzy clustering method (such as Fuzzy C-means) over a hard clustering method 

(such as K-means) is the ability to obtain the degree that each region of the tissue belongs 

to individual classes [180]. This is helpful for analysis of repair tissue, where matrix 

components occur next to each other and there is no distinct boundary. All data analysis 

were performed using ISys v5.0 (Malvern Instrument, Columbia, MD), and Unscrambler 

v10 (Camo, Norway). 

Results 

PLS models 

Pure components 

IR spectra of pure component mixtures (Models A and B) with varying type II 

collagen content, show progressive changes in height and area under the amide I (1718ï

1594 cm
-1

), amide II (1594ï1492 cm
-1

) and PG (1140-985 cm
-1

) absorbance bands 

(Figure 34A). Based on the broadening of the absorbance bands, it appeared that 

scattering was evident in the spectra of the type I and type II collagen mixtures, possibly 
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due to incomplete grinding of the samples. Second derivative spectral analysis reduced 

the scattering artifact, and revealed more details on peak position (Figure 34B).  

 

Figure 34: Baselined infrared spectra (A), 2
nd

 derivative spectra (B) and PLS score plots of pure 

components mixture for Model A (mixtures of type II collagen and aggrecan) and B (mixtures of type 

I and type II collagen). Progressive changes in IR spectra with type II collagen variation can be seen. 

Mixtures with different compositions are completely distinguished in the PLS models. 

Although the type II collagen second derivative spectra in models A and B (solid 

dark black lines) were not identical based on relative peak heights, the peak positions were 

essentially equivalent between the two models. Significant overlap in second derivative peak 
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positions of types I and II collagen precluded unique association of any peak position with a 

collagen type. This clearly motivates a multivariate analysis strategy for differentiating these 

collagen types in tissues. Differences among second derivative spectra for the collagen and 

aggrecan mixtures were more obvious across the entire frequency range.  

Both PLS models showed a complete discrimination among KBr pellet samples with 

varying composition (Figure 34C), in which the first two PLS factors were able to explain the 

majority of the variance in the models. PLS analysis parameters are summarized in Table 9.  

Table 9: Parameters of PLS models used to predict component concentration. 

 R-squared RMSE (%) 
Factor 1 

(variables) 

Factor 1 

(response) 

Factor 2 

(variables) 

Factor 2 

(response) 

Model A 0.97 4.36 74% 77% 25% 22% 

Model B 0.98 4.88 65% 94% 18% 2% 

 

Bone and tendon composition 

Using Model B, cortical bone and tendon both were predicted to have a fairly 

uniform distribution of type I collagen, with approximately 85% type I collagen (dry 

weight) in each tissue (Figure 35). Although both tissues are considered to have no type 

II collagen, just under 5% of type II collagen was predicted in both tissues. Given that the 

RMSE of the models is ~ 5%, this is within expected limits. 

Normal articular cartilage composition 

Four different zones, the superficial, middle, and deep zones, and calcified 

cartilage zone, were visualized in the FT-IRIS images from articular cartilage based on 

total protein (Amide I) (Figure 36A). This is the expected normal zonal structure of 

articular cartilage. The PLS model prediction showed that type II collagen and PG 

content varied through the thickness of the cartilage, with PG concentration increasing 

from the superficial to middle and deep zones (Figure 36B).  
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Figure 35: Type I and II collagen concentration profiles in bone (A) and tendon (B) predicted using 

PLS models A and B (representative data shown for one sample). 

The deep zone contained the highest type II collagen concentration, ~ 80% dry weight, 

and the calcified cartilage zone contained the lowest type II collagen concentration, ~ 

55%. Similar concentration profiles from the superficial to calcified zone were found 

using models A and B (Figure 36C, 2D). 

Human cartilage repair tissue composition 

Excellent agreement was seen between type I collagen, type II collagen and PG 

content predicted by the PLS models, and the component distributions as visualized in the 

IHC and histology images (Figure 37A, B, C, D, F, I). Less than 5% type II collagen was 

predicted in subchondral bone, likely due to error in the model (Figure 37B).  
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Figure 36: Total protein amide I FT-IR image (color bar indicates lower integrated area (blue) 

through higher integrated area (red), and Alcian blue histology image of articular cartilage (A). FT-

IRIS data were collected from the articular surface to the subchondral bone, with the positions of 

data collection indicated on the IR image. PG (B) and type II collagen (C, D) concentration profiles in 

normal articular cartilage predicted using PLS models A and B (representative data shown for one 

sample). The Alcian blue-stained histology image shows the qualitative PG distribution, which is 

slightly higher in the deep zone, and similar to that predicted using Model A.  

Similar to the PLS results of this tissue section, cluster analysis showed there is 

more hyaline cartilage (type II collagen rich) in deeper regions of repair tissue, while type 

I collagen rich matrix was found throughout the repair tissue, but not in the bone (Figure 

37E, G, H, J). Similarly, bone tissue (primarily type I collagen) was only detected in the 

bone regions of the biopsy, and not within the cartilaginous tissue. PG co-distributed 

primarily with the type II collagen rich regions, as expected. 
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Figure 37: Type I collagen (A), type II collagen (B), and PG (C) content of repair cartilage predicted 

by the PLS models show greater type II collagen is found in regions adjacent to bone (representative 

data shown for one sample). Cluster analysis -derived IR images show type I collagen (from repair 

cartil age spectral library, E), type II collagen (from repair  cartilage spectral library, G), PG (from 

aggrecan spectral library, H) and type I collagen (from bone spectral library, J) distribution in 

repair cartilage and subchondral bone. IHC images of type I (D) and II (F) collagen and Alcian blue 

histology image (I) are used for comparison. Higher values on the cluster analysis images scale show 

a closer distance to the corresponding centroid (tissue type).  
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Meniscus composition 

Both PLS models predicted that the inner region of the meniscus tissue section 

contained greater quantities of type II collagen compared to the outer region (Figure 38A 

and 5B). 

 

Figure 38: Meniscus matrix composition predicted using PLS Model A (A) and B (B) (representative 

data shown for one sample). The inner region shows more PG and type II collagen compared to the 

outer region. The IHC image of type I collagen (C), and the Alcian blue histology image (D) show 

type I collagen and PG distribution respectively, which are in agreement with the predicted type I 

collagen and PG concentration, respectively. 

Conversely, less type I collagen was predicted to be found in the inner region 

compared to the outer, which was confirmed by type I collagen IHC (Figure 38C). In 

addition, proteoglycan concentration was also predicted to be greater in the inner region 
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relative to the outer regions. This was confirmed by the Alcian blue staining (Figure 

38D). Finally, analysis of the intact meniscus by IFOP showed a similar result to that 

obtained with the PLS analysis of the meniscus tissue sections (Figure 39), where the 

inner region was predicted to contain more type II collagen compared to the outer region. 

In these in situ surface studies, type II collagen content was found to be relatively lower 

compared to what was found in the meniscus tissue sections. This is due to the fact that 

the intact tissue is sampled wet, and thus we are getting a wet weight percentage, as 

opposed to the dry weight percentage obtained from the dehydrated tissue sections. 

 

Figure 39: IFOP spectra (N = 24) were collected from meniscus surface along the lines shown in (A). 

Type II collagen (B), type I collagen (C) and PG (D) content of lateral meniscus predicted using PLS 

analysis of IFOP spectra collected from the intact tissue (Model A used for panels B and D, and 

Model B used for panel C).  
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Discussion  

The current study demonstrates the ability to discriminate collagen types I and II 

based on spectral data for the first time. Comparison of spectral results with 

immunohistochemical data, the gold standard for differentiation of collagen types in 

tissue sections, confirms that this spectral approach can be used for semi-quantitative 

assessment of tissues with mixed collagen types. Further, infrared fiber optic probe data 

obtained from intact meniscus also discriminated regions of type I and type II collagen in 

that tissue. 

Traditionally, chemical methods such as chromatography (combined with mass 

spectroscopy) and immunohistochemistry have been used to detect collagen type in 

connective tissues. Pataridis et al. utilized HPLC-MS analysis of peptide mixtures 

produced by cyanogen bromide/trypsin digestion of the tissue to discriminate types I, II, 

III, IV, and V collagen in a mixture of pure components, as well as in mice tissue. Their 

results showed the possibility of detection of collagen type quantitatively [205], but 

required destruction of the tissues of interest for the analysis.  

 Assessment of collagen types in histological tissue sections is most commonly 

done using IHC techniques. With this methodology, a specific antibody tagged with a 

visible label is used to interact with a target molecule (antigen) for identification of tissue 

components [209]. There have been many studies over the last 30 years that have 

incorporated IHC analysis into an evaluation of the types of collagen present in 

connective tissues, including bone, tendon, cartilage and meniscus. Of particular interest 

is the distribution of collagen types in cartilage repair tissue as a correlate to the quality 

of the tissue, as shown in [35, 37, 54]. However, immunohistochemical analysis has 
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several limitations, including the dependence of the outcomes on the experience of the 

investigator [210]. In general, the challenges in IHC analysis are categorized as reaction 

bias, and interpretation bias [211, 212]. The former includes variability in sample 

fixation, tissue processing, antigen retrieval, and detection systems. Selection of the 

antibody panel, sensitivity of the chosen panel, specificity of the antibody type, and 

difficulties in visualization are among the interpretation biases [213]. For tissue 

processing, formaldehyde fixation can result in loss of tissue reactivity by masking and or 

damaging the antibody binding site [214], and paraffin embedding can also change the 

antigenicity of the tissue [213]. The secondary antibody used for detection is also 

important in error reduction [212]. It has been shown that choice of antibody panel and 

the interpretation of the reaction patterns are the most important factors in the ability to 

obtain reliable results and improve the sensitivity and specificity of the reaction [215]. 

These limitations motivate our studies to develop an alternative spectral method to 

distinguish collagen types which would be a more objective and less bias-prone 

approach. 

Recently, several studies have shown that processing of FT-IR spectra using 

multivariate analysis methods provides quantitative information related to cartilage and 

bone tissue quality. Potter et al. utilized Euclidean distance analysis of IR imaging 

spectra obtained from histological sections to map collagen and chondroitin sulfate 

content of bovine nasal cartilage and engineered cartilage based on comparison of IR 

spectra of the tissue with pure component spectra [207]. Euclidean distance analysis was 

also performed on IR spectra obtained from different collagen types in pure proteins 

[208], histological sections of human [107] and steer [103] cartilage to find the relative 
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concentration of collagen or PG in those tissues. Rieppo et al. performed cluster analysis 

to differentiate porcine cartilage repair tissue from normal articular cartilage [108]. 

Cluster analysis was also performed on IR spectra to assess changes in rabbit cortical 

bone during maturation and growth [109] and to differentiate histological zones in intact 

articular cartilage [180]. PLS analysis has been performed to assess the matrix 

constituents of engineered cartilage [120], proteoglycan content of articular cartilage 

[216], and cartilage degeneration using a fiber optic probe [119]. In the aforementioned 

studies, although the multivariate analyses permitted semi-quantitative assessment of 

differences in proteoglycan, specific analysis of type II collagen in tissues with other 

collagen types (e.g. repair cartilage) was not performed. Proteoglycan differences in 

tissues are more straightforward to evaluate with FT-IR spectral data in comparison to 

differences in collagen types, as the proteoglycan absorbances from the sugar ring 

structures have somewhat distinct signatures. This was visualized in the current data sets 

in Figure 34A, where the spectral region that spans ~ 1200 ï 1000 cm
-1
 has a distinct 

absorbance that increases with amount of aggrecan. Although there is also absorbance 

from collagens in that region, the relative amount is much lower, and generally does not 

interfere with the PG analysis. Nevertheless, it has been shown that multivariate analyses 

are more specific for PG analysis compared to univariate PG analysis [103].  

 When applying multivariate models to spectral data analysis, it is important to 

understand the limitations of the techniques, and the potential errors in the data analysis. 

The error (RMSE) of the PLS models created in the current study were calculated as 

4.3% and 4.8% for model A and B, respectively. There are several sources of potential 

error throughout the experiment, including errors that may have occurred during sample 
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preparation and weighing of the pure component samples, ignoring the contribution of 

small quantities of non-collagen or non-proteoglycan matrix component (such as 

glycolipids or glycoproteins) and cells, and using aggrecan with no link protein and 

hyaluronic acid as representative of proteoglycan in all tissues. Technical errors can 

include Beerôs law non-linearity, instrumental misalignment, and scattering in the KBr 

pellets [184]. Light scattering due to the interaction of infrared with molecules with 

different sizes can be a source of error and non-linearity in the model [132], and may 

have contributed to broadening of the peak positions in the Model B spectra. However, 

we obtained similar results for prediction of type II collagen in tissues with both Models 

A and B, indicating that the spectral artifacts did not interfere with the analyses.  

Normal articular cartilage matrix is primarily composed of water, type II collagen 

and aggrecan, although their content varies through the tissue depth [1, 9, 217, 218]. In 

the current study, the variation in type II collagen content predicted by both models for 

normal cartilage (dehydrated tissue sections) was in a good agreement with the IR-

derived collagen distribution shown in Figure 7-2A. Collagen content reached a 

maximum of ~80% in the deep zone, which is in agreement with the reported amount of 

dry weight collagen concentration in articular cartilage [9], especially considering the 

inherent error of ~5% in the model. The type II collagen quantity was at a minimum in 

the calcified cartilage zone, which reflects the fact that type X collagen is the primary 

protein present in this region [217], although we did not include type X collagen 

measurements in the current study. The predicted amount of proteoglycan (aggrecan) and 

type II collagen combined was ~90% of the matrix dry weight throughout the superficial 

to deep zones which is also similar to what has been reported previously [14]. In the 
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superficial zone, which contains a greater number of chondrocytes compared to the deep 

zone [9], total PG and collagen content were relatively lower, and increased through the 

tissue depth, with the highest values obtained in deep zone. Type II collagen quantity 

measured using Models A and B, which contained different sources of type II collagen, 

resulted in similar compositional variations throughout the tissue depth. Thus, these data 

confirm that the methods developed are not sensitive to collagen source.  

Post-ACI cartilage quality has previously been evaluated using IHC staining of 

type I and II collagen to reflect the concentration of hyaline cartilage and fibrocartilage in 

repair tissue [52, 202]. A positive clinical outcome in ACI procedures has been correlated 

with the amount of hyaline repair tissue [40, 52, 202], whereas the presence of 

fibrocartilage with little hyaline cartilage has been linked to failure of the treatment [40]. 

In our previous study, we demonstrated that FT-IRIS data obtained from ACI biopsies 

were equivalent to histologic or IHC parameters for prediction of clinical outcome based 

on the Lysholm score [202]. The results from the current study augment those findings by 

specifically assessing collagen type with FT-IR, and thus providing another, potentially 

non-destructive, measure of tissue quality.  

Despite the development of many cartilage repair evaluation techniques, the 

ability to evaluate the quality of the repairing tissue remains limited [219, 220]. Magnetic 

resonance imaging (MRI) have been used widely to assess the tissue post-surgery, and 

does provide quantitative data on morphology, volume, peripheral integration, and other 

structural properties [221]. Further, glycosaminoglycans can be measured by delayed 

gadolinium enhanced magnetic resonance imaging of cartilage (dGEMRIC) [222], but to 

date, measurement of collagen content directly, or more specifically, the relative type I 
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and II collagen content, is not possible. Therefore, development of a new method with 

potential in situ application that provides quantitative assessment of repair tissue 

composition can possibly overcome some limitations of the existing evaluation methods. 

The results shown here, where matrix composition and distribution was predicted in good 

agreement with histology and IHC, suggest this methodology could be an alternative for 

use in clinical applications.  

Potential clinical application was further shown by assessment of collagen type 

and PG distribution in bovine meniscus in imaging data and in fiber optic data. Results 

were in agreement with previous studies, where histology and IHC results showed that 

the interior regions of the meniscus contain greater amounts of proteoglycan and type II 

collagen. These results were consistent with immunostaining studies of meniscus, 

including a rabbit meniscus study by Gao et al. [223], and a human meniscus study by 

Hellio Le Graverand et al. [224], where they confirmed that type II collagen is primarily 

localized at the interior site of the medial meniscus. Notwithstanding these positive 

results, a limitation of the mid-infrared fiber optic studies is that penetration is restricted 

to ~ 10 microns below the tissue surface, and thus only superficial components are 

evaluated. In the current study, however, this sampling modality was sufficiently 

sensitive for evaluation of the distribution of matrix components in the intact tissue.  

Although infrared fiber optic spectroscopic analysis has not yet been used 

clinically for evaluation of cartilage repair tissue or meniscus, it has been used in both the 

mid and near infrared regions to assess cartilage degeneration [119, 120, 166]. Spahn et 

al. showed the potential application of a near IR spectroscopic probe for objective 

assessment of osteoarthritic degeneration, where they found a significant correlation 



124 
 

between near IR-derived parameters and OA cartilage quality [166]. The application of a 

mid-infrared fiber optic probe to evaluate degenerative cartilage in harvested human 

tissues was shown in earlier studies from our lab, [119], where a partial least squares 

(PLS) analysis method was used to correlate spectral data acquired from an IFOP to the 

visual score for degenerative cartilage. In addition, Bi et al. evaluated disease progression 

in an OA rabbit model, using a PLS model based on IFOP data obtained from femoral 

cartilage [123].  

Together, the results of the current and earlier studies lay the foundation for in 

situ evaluation of cartilage repair tissue and meniscus using minimally-invasive infrared 

spectroscopy. The use of an IR probe to evaluate tissue composition arthroscopically for 

determination of quality without the need for tissue harvest, or for defining tissue margins 

for debridement, could significantly augment clinical management of degenerative 

cartilage diseases. 
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CHAPTER 8 

STUDY V 

Title: Comparison of spectroscopic and biochemical determination of collagen crosslinks 

in bone and cartilage. (in prep for Osteoarthritis and Cartilage) 

Introduction  

Collagen is the main structural protein of bone and cartilage which provides 

mechanical properties of the tissue [21]. Bone primarily is composed of type I collagen 

which is a heterotrimer triple helix composed of two Ŭ1 chains and one Ŭ2 chain [225], 

while hyaline cartilage matrix main component is type II collagen, a homotrimer triple 

helix of three Ŭ1 chains [226]. The mechanical properties of the collagen depend on 

collagen type and triple helices intermolecular post modification process, which is called 

crosslinking [20, 227]. Collagen crosslink forms collagen fibers from collagen 

microfibrils which are products of tropocollagen molecules self assembly [134].  

It has been shown that variations in collagen crosslink are more tissue specific 

than collagen type specific, e. g. type I collagen in bone, skin and tendon may show 

different crosslink properties [226]. Crosslinked fibrilar structure provides a framework 

of type II collagen in hyaline cartilage that entraps proteoglycans (PG) which is different 

with the fibrocartilage type II collagen network in intervertebral disks [22, 24].  

Collagen crosslinks are age dependent [227]. The variation of collagen structure 

and its crosslinks with age has been studied in bone, cartilage, meniscus and 

intervertebral disks [28, 227-231]. It has been shown that immature crosslink content 

decreases with age, and forms mature crosslink [28]. Over time, reducible crosslinks 

form between collagen fibrils and mature into trivalent stable bonds in an enzymatic 
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crosslink process [232]. Non-enzymatic crosslinks also increase with age via inter-

molecular bonds between glycated lysine and arginine of neighbor collagen fibrils [233].  

In enzymatic crosslink, trivalent mature crosslink (pyridinoline), that is 

fluorescent and resistant to acid hydrolysis [22, 24, 25], is formed by interaction between 

two divalent immature crosslinks dihydroxylysinonorleucine (DHLNL), that is non-

fluorescent and should be reduced by tritiated sodium borohydride (NaB
3
H4) to form 

stable DHLNL prior any analysis [229]. both mature and immature crosslinks are the 

product of enzymatic crosslink process which is regulated primarily by lysyl 

hydroxylases (LH) which converts Lysine (Lys) to hydroxylysine (Hyl), and lysyl 

oxidases which forms Lysine aldehyde (Lys
ald

) and hydroxylysine aldehyde (Hyl
ald

) from 

Lys and Hyl, respectively [225, 226]. In non-enzymatic collagen crosslink, glycated 

arginine and lysine at the end of two neighbor fibrils bind and from a crosslink called 

pentosidine (Pen) [226].  

During crosslinking, the amount of immature crosslinks decreases while mature 

crosslinks increases [228]. Progression and maturation of collagen crosslinks are critical 

steps in the development and stability of connective tissues [229, 234]. Thus, it is 

important to develop a reliable technique to measure the maturity of collagen fibers in 

connective tissues including bone and cartilage.  

Different methods have been used to study the collagen maturity and crosslink, 

including peptide isolation by high performance liquid chromatography (HPLC) and 

other separation techniques followed by sequence analysis [25-28], immunoassays using 

antibodies specific to free and peptide-bound pyridinoline crosslinks [235], and Fourier 

transform infrared (FT-IR) spectroscopy [56, 91, 186, 228].  
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Chromatography is usually used to quantify mature and immature crosslinks 

[226]. Saito et al. developed a cation exchange chromatography to measure immature 

crosslinks [236]. However, ion exchange HPLC, although is considered as the standard 

method to detect crosslink proteins, requires long process time, and the use of corrosive 

saline buffers. In addition, crosslink proteins present in smaller quantity than common 

amino acids in collagen are not selectively detected [229]. Immunoassays, on the other 

hand, use monoclonal antibodies specific to mature crosslink proteins for measurement 

[235]. These methods are selective and sensitive, but they have been developed for 

biological fluids not tissue extracts and it is not possible to detect immature crosslink 

proteins.  

Fourier transform infrared (FT-IR) spectroscopy is a vibrational spectroscopy 

method based on interaction of infrared with the tissue. If combined with optical 

microscope, FT-IR is able to create images of tissue based on the absorbance of a specific 

molecular species, the modality which is called Fourier transform infrared imaging 

spectroscopy (FT-IRIS) [56]. It has been shown that different compositional and 

structural properties of bone and cartilage can be measured using processing of infrared 

spectra collected from tissue sections in vitro and ex vivo [29, 56, 82]. Collagen and PG 

content of the tissue were correlated to area under the amide I (1594-1718 cm
-1

) and 

sugar (958-1144 cm
-1

) absorbances, respectively. Bone collagen maturity and crosslink 

were shown to be correlated to the peak height ratio of two amide I peak sub-bands [91, 

237]. It was proposed that collagen mature and immature crosslinks are respectively 

related to 1660cm
-1

 and 1690cm
-1

 peak heights/area under the peak, and their ratio can be 

used to measure the collagen crosslink [56, 91]. However, Farlay et al. showed that this 
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ratio is not directly correlated to mature and immature crosslink values derived from 

biochemical assay and proposed this ratio to be used to measure collagen maturity instead 

of collagen crosslink [186]. On the other hand, to our knowledge, there is no study to 

confirm the application of the spectroscopic method to assess collagen crosslink/maturity 

of the cartilage. Preliminary studies did not find a correlation with the previously defined 

FT-IR crosslink parameter and biochemical data in rabbit repair cartilage tissue [234]. 

Accordingly, the aim of this study was to assess collagen crosslink changes during aging 

in cartilage using biochemical assay and FT-IR spectroscopy. We tried to validate the 

application of 1660/1690 cm
-1

 peak height ratio of IR spectra collected from fetal, young 

and mature bone as an indicator of collagen crosslink and then using the same parameter 

to measure cartilage collagen crosslink. Mature and immature crosslink data obtained 

from biochemical assay were used for comparison.  

It has also been shown that the evaluation of preservation process is important in 

collagen crosslink studies [45, 46]. Since the amount of samples obtained from biopsy is 

limited, using preservatives increases the number of samples available for collagen 

crosslink analysis. In biomedical studies formalin and ethanol usually are used for tissue 

preservation. It has been shown previously that formalin preservation does not change the 

collagen secondary structure significantly [45, 46]. Formalin and ethanol were used in 

this study for tissue preservation to assess the effect of fixative type. 

Methods 

Sample preparation 

Fetal, young (2-3 weeks) and old (2-3 months) bovine cortical bone (tibia) and 

articular cartilage (femoral condyle) were harvested from bovine knee 4 h after slaughter 
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in a FDA approved slaughter house (JBS Souderton, Souderton, PA). Tissues were 

divided into two groups. Samples in group 1 were fixed in 10% buffered zinc formalin (N 

= 3 for each age) and samples in group 2 were fixed in 70% ethanol (N = 3 for each age) 

to investigate the effect of fixative on collagen crosslink. Bone samples were decalcified 

in a 12.5% EDTA solution adjusted to pH 8.0. Bone decalcification was done for 60 days 

at 4°C with sequential changes of EDTA. Cartilage samples with subchondral bone were 

decalcified using Versenate chelating agent (American MasterTech Scientific, Inc., Lodi, 

CA) for 30 days at 4°C. Both EDTA and chelating solutions (which also contained 

EDTA) were changed every 2-3 days. The tissue was paraffin embedded and sectioned at 

6 and 7 micron thickness on glass slides and low-e slides (low-e, Kevley Technologies, 

Chesterland, OH) for histology and FT-IRIS respectively. Collagen crosslink was 

assessed using biochemical assay and FT-IRIS.  

Histology 

Six micron sections of bone and cartilage tissues were stained with hematoxylin and eosin 

(H&E) and alcian blue for histological assessment of matrix and proteoglycans, respectively.  

FTIR -IS analysis 

FT-IRIS data were acquired in the mid-infrared region, 2000 ï 900 cm
-1

, at 8 cm
-1

 

spectral resolution and 25-ɛm spatial resolution, with 2 co-added scans per pixel, using a 

Spectrum SpotLight 400 FT-IR Imaging system (Perkin Elmer, Shelton, CT).  

The integrated area under collagen and proteoglycan content was evaluated based on amide I 

(1718-1594 cm
-1
) and sugar (1144-958 cm

-1
) absorbances, respectively. Peak height ratio of 1660 

cm
-1
 and 1690 cm

-1
 wavenumbers was used to estimate the collagen crosslink/maturity [56]. Prior 

to collagen crosslink analysis, amide I (1718-1594cm
-1
) region was baseline corrected. 
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To assess the correlation between FT-IR derived collagen maturity parameter 

(1660/1690 cm
-1

) and mature crosslinks, infrared spectra were collected from purified 

protein obtained from HPLC. Pyridinoline was put between two transmissive BaF2 

windows and infrared spectra were collected at 8 cm
-1

 spectral resolution.  

Biochemical assay 

For reducible and non-reducible crosslink analyses, samples were decalcified with 

EDTA for one week at 4°C, washed with distilled water, and lyophilized. The decalcified 

collagen was then reduced with standardized NaB
3
H4, hydrolyzed, and subjected to 

crosslink analyses [238]. The reducible crosslinks (dehydrodihydroxylysinonorleucine 

[deH-DHLNL], its ketoamine, and dehydrohydroxylysinonorleucine [deH-HLNL]) and 

precursor aldehydes (Hyl
ald

 and Lys
ald

) were analyzed as their reduced forms (DHLNL, 

HLNL, DHNL, and HNL, respectively). The non-reducible, fluorescent crosslinks, 

pyridinoline and deoxypyridinoline, were measured at the same time with the use of an 

online fluorescence flow monitor [238, 239]. Immature and mature crosslinks, DHLNL and 

Pyr respectively, were evaluated using Varian high performance liquid chromatography 

(HPLC) system (Prostar 240/310, Varian, Walnut Creek, CA) with a strong cation 

exchange column (AA-911, Transgenomic, San Jose, CA). All crosslinks were quantified as 

mole per mole collagen. The collagen content per protein was evaluated by the level of 

hydroxyproline per 1,000 total amino acids as described in Terajima et al. work [234].  

Statistical analysis 

Analysis of Variance (ANOVA) with alpha set at 0.05 (95% confidence interval 

(CI)) was carried out to compare mean values. Pearson correlation coefficient and F-test 

were used respectively to assess the correlation and similarity between FT-IR derived 
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data and biochemical assay results with significance set at p < 0.05. Statistical analysis 

was performed using Microsoft Excel 2010 (Microsoft, Redmond, WA). 

Results 

Bone 

FT-IR images showed increase in 1660/1690cm
-1
 parameter with animal age (Figure 

40A). A dense bone matrix was seen in mature bone compared to fetal tissue (Figure 40B).  

 

Figure 40: A) FT-IR 1660/1690cm
-1
 and B) histology images of fetal, young and mature bone. C) FT-

IR derived 1660/1690cm
-1
 parameter for tissues preserved in ethanol and formalin, showing the 

increase in collagen maturity with age, * shows significant differences with age, but not with fixation 

method in a specific age, except for mature tissue (p < 0.05). 
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Quantitative analysis confirmed that FT-IR collagen maturity parameter increases 

over time. This parameter was significantly higher in mature tissue compared to young 

and fetal bone in both tissues preserved in formalin and ethanol (p < 0.05), where mature 

tissue showed almost 1.5-2 folds higher amount of collagen maturity compared to fetal 

bone. The same trend of changing in FT-IR collagen maturity parameter was seen for 

both formalin and ethanol preservatives over time (Figure 40C). However, tissues 

preserved in formalin showed generally higher values. The difference was significant 

only for mature tissue (p < 0.05).  

Since tissues preserved in ethanol did not show the same values as tissues 

preserved in formalin for the mature tissues, and also since it was shown previously that 

formalin preservation has the minimum effect in alteration the secondary structure of the 

protein compared to ethanol, [45, 46], FT-IR derived collagen maturity values of tissues 

preserved in formalin were used in comparative analyses (Figure 41A). Evaluation of 

purified pyridinoline protein using FT-IR spectroscopy showed the collagen maturity 

parameter increases with age which reflects the increase in mature collagen crosslink 

(Figure 41B).  

Immature and mature collagen crosslinks, DHLNL and pyridinoline content, 

derived from biochemical assay in Dr. Yamauchiôs lab, were compared for tissues with 

different ages (Figure 42A and B). As expected, over time, immature crosslinks 

(DHLNL) decreased while the mature collagen crosslink content increased. Mature to 

immature crosslink ratio as an indicator of amount of bone collagen maturity increased 

with age (Figure 42C).  

 



133 
 

 

Figure 41: FT-IR derived 1660/1690cm
-1
 parameter increased with age for; A) bone tissue sections 

and B) mature collagen crosslink, pyridinoline, * shows significant difference (p < 0.05). 

 

 

Figure 42: A) bone immature crosslink, and B) bone mature crosslink measured using biochemical 

assay, showing maturation of DHLNL to pyridinoline over time. Mature to immature crosslink ratio 

shows collagen crosslink variation with age, * shows significant difference (p < 0.05). 
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Similar to FT-IR derived 1660/1690cm
-1

 parameter, older tissue showed 

significantly higher collagen maturity compared to fetal and young tissue (p < 0.05). 

However, the amount of increase in collagen maturity from fetal bone to mature bone 

was higher in biochemical assay data (~4 folds) compared to FT-IR derived values (~2 

folds). FT-IR 1660/1690cm
-1

 ratio values and biochemical assay collagen crosslink data 

were significantly different according to F-test (p < 0.05), showing that FT-IR derived 

1660/1690cm
-1

 parameter probably is not reflecting the exact measure of collagen 

crosslink and better to be used as an indicator for bone collagen maturity. 

Cartilage 

Collagen and PG content reached a maximum value during maturation from fetal 

to young tissue and then decreased in older tissue as a result of degeneration (Figure 43A 

and B). Normal cartilage component distribution can be seen in young tissue where 

collagen and PG content are higher in superficial and deep zones, respectively [56]. 

Collagen maturity measured by FT-IR derived 1660/1690cm
-1

 parameter, increased 

through the tissue with age (Figure 43C). Histological Alcian blue evaluation of cartilage 

showed higher amount of proteoglycan in young tissue compared to fetal and mature 

cartilage. Round shaped chondrocytes in their lacunae were seen in deeper regions, while 

superficial zone contained primarily elongated cells. Chondrocytes density decreased 

thorough the tissue from superficial zone to deep zone (Figure 43D).  
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Figure 43: FT-IR derived cartilage matrix component images show the maximum collagen (A) and PG 

(B) content in young tissue. C) Collagen 1660/1690cm
-1
 parameter increases with age, showing increase in 

collagen maturity over time. D) Alcian blue histology image of fetal, young and mature cartilage shows the 

distribution of chondrocytes and proteoglycans thorough the tissue. 

Both tissue sections preserved in formalin and ethanol showed the highest amount 

of collagen and PG in young cartilage (significantly different with mature tissue, p < 

0.05). Tissue degeneration over time decreased the amount of matrix components in 

mature tissue (Figure 44A and B). The difference of FT-IR derived collagen content 

between tissue preserved in formalin and tissue preserved in ethanol was not significant. 

However, young and mature cartilage showed significantly different PG content between 

two types of preservative (p < 0.05, Figure 44B). Proteoglycans are solvable in ethanol, 

therefore, tissues preserved in ethanol showed a lower amount of PG (Figure 44B).  






















































































































