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Summary 
At present 126 synovial fluid samples were submitted for analysis at the Institute of 

Biodiagnostic, National Research Council of Canada. Demographic data of those 51 control 
samples were derived from 39 male and 12 female dogs with the mean age and body weight of 
4.9 ± 1.7 years and 19.8±3.1 kg (mean±SE) respectively. Breed represents of the control group are 
crossbreed, golden retrievers and poodle. The samples of cranial cruciate ligament rupture group 
(CCRL) collected prior the surgical correction procedures are from 41 male and 34 female canine 
patients with the mean age and body weight of 5.9±1.7 years and 20.9±3.5 kg (mean±SE). Breed 
represents of CCLR group includes Crossbreed, Golden Retrievers, Poodles, Thai Bangkaew, 
Rottweiler, American Pit Bull terriers, Bull terriers, Lhasa Apso, Shih Tzu, Yorkshire terriers and 
Miniature Pinscher. 
 The mean score of orthopedics grading system of the CCRL group including locomotor 
ability, weight bearing, joint mobility and pain scores are 2.7±0.7, 2.7±0.8, 3.2±0.8, 2.9±0.6 
(mean±SE), respectively. The radiographic evaluations had been carried out (figure 2). Thirty-three 
canine patients demonstrated radiographic sign of joint effusion without any significant change of 
the bony component. The radiographic score of 42 canine patients in the CCRL group revealed the 
changes according to the features of the radiographic grading system (ranging from 0-39) with 
radiographic score of 10.7± 1.9 (mean±SE). All of the cruciate ligaments were completely torn with 
varying degree of medial meniscal injury (figure 3). Among those CCLR group, 49 of 75. 
patients (65.3%) are patients with normal gross appearance of medial and lateral menisci. The 
partially torn and severely torn menisci are detected intraoperatively at the proportion of 5.3%, and 
29.3% respectively.               
 The infrared spectra of synovial fluid samples from canine patients reveal the peaks that 
represent functional group of biological components within the sample. The synovial fluid spectrum 
composes of the N-H stretching vibration of the protein, CH2 and CH3 stretching vibration, C-O 
stretching vibration of the protein, N-H bending vibration of the protein and C-O stretching vibration 
of hyaluronic acid. The pattern recognition process of the samples from both CCLR and control 
group are still conducted at the Institute of Biodiagnostics, NRC, Canada by using the genetic 
algorithm software. Once the pattern recognition step yields the satisfactory result the specificity 
and sensitivity of the technique will be reported to determine the feasibility of using infrared 
spectroscopic method as a diagnostic tool for diagnosis of osteoarthritis in canine population. 



Development of an infrared-based diagnostic test for canine osteoarthritis  
associated with cranial cruciate ligament rupture: a feasibility study  
Introduction 

Osteoarthritis is a disease process characterized by pathological changes in synovial joints which 
resulted from an imbalance between synthesis and degradation of the macromolecules essential to maintain the 
biomechanical and functional properties of synovial joints (1). The pathological changes of osteoarthritis include 
variable degree of cartilage degeneration, joints capsule thickening, subchondral bone sclerosis and osteophyte 
formation (1). These pathological changes eventually result in typical clinical signs of pain and disability (1-4). 
Osteoarthritis remains a major public health problem in both humans and animals. Prevalence of knee 
osteoarthritis in adults based on national survey in United State has been reported as high as 37.4% (5). In 
Thailand, the prevalence of osteoarthritis of the knee was 59.4% in monk population (6). In a veterinary literature, 
an estimated 20% of canine population over one year of age is affected by osteoarthritis (2, 7) . In dogs, the hip 
joint was the most common site for osteoarthritis (42.5%) followed by the stifle (18.5%) and elbow joints (12.8%) 
(8).  

The etiopathogenesis of osteoarthritis is based on two major causes intersection at a final common 
pathway leading to cartilage breakdown (3). These two major causes are abnormal stresses applied to normal 
cartilage or normal loading transmitted through abnormal cartilage (2, 3). Conformational abnormalities such as 
joint incongruity or joint instability result in an abnormal distribution of loading forces that predisposes the joint to 
damage and interferes with cartilage homeostasis (9). Generally, osteoarthritis is depicted as a disease of 
articular cartilage, although initial alteration in subchondral bone is also important (4, 10). Even though articular 
cartilage is naturally designed to be a good shock absorber, a thin layer of cartilage is insufficient to disperse the 
forces associated with repetitive joint movement. Subchondral bone plays an important role in supporting 
overlying cartilage as a secondary shock absorber. Excessive stress may lead to microfractures and remodeling 
of subchondral bone (4, 10). Bone deposits resulting from microfractures cause subchondral bone stiffening and 
renders it ineffective as a shock absorber, mechanically resulting in articular cartilage damage (4, 10).  

Over the past few decades, when scientific communities have embraced the sciences of molecular 
biology, the etiopathogenesis of osteoarthritis has been moved from fairly mechanical hypothesis towards the 
biomolecular changes within the main structures of the joints including synovial membrane and cartilage. The 
mechanical insults to the cartilage can cause the release of wear and tear particle that may stimulate synovial 
membrane to release proinflammatory cytokines, proinflammatory mediators and protease enzymes into synovial 
fluid (1, 11). These chemicals may lead to further degradation of the cartilage. Furthermore, inflammatory 
cascades occurring within an affected joint can stimulate chondrocytes to produce more catabolic enzymes, 
inflammatory cytokines and inflammatory mediator including nitric oxide and reactive oxygen species into synovial 
fluid (1;11). These molecules have been reported to be involved in chondrocyte apoptosis and irreversible 
changes of the articular cartilage (1;11). Timely diagnosis is crucial. Early stage diagnosis of the disease is 
required in order to provide an appropriate treatment before irreversible stage of osteoarthritis has occurred. 



Prevention of further articular damage, alleviation of pain and disability as well as the maintenance of good 
quality of life are the primary goals of treatment (12). 
 Currently, there is a lack of practical, economical and reliable method for early detection and objective 
evaluation of osteoarthritis. Diagnostic modalities for osteoarthritis include radiography, ultrasonography, 
computed tomography (CT), magnetic resonance imaging (MRI), nuclear medical imaging, arthroscopy, and 
routine synovial fluid analysis (13). Although radiography is presently the most practical imaging technique used 
to aid diagnosis, pathologic changes in articular cartilage cannot be readily assessed (14). Nuclear scintigraphy is 
an advanced diagnostic tool for musculoskeletal disease with high sensitivity but low specificity (14;15). Factors 
such as age, breed, and activity of animals can affect the radiopharmaceutical uptake and image interpretation 
(15). Magnetic resonance imaging generates excellent anatomic and pathoanatomic information on articular 
structures but the high cost of acquiring and maintaining equipment, the limited availability for use in veterinary 
clinical practice, and the need for general anesthesia for high resolution images have prevented its widespread 
use in veterinary medicine (16). None of these tools yield useful biochemical information. 
 Conventional synovial fluid analyses are not widely used for evaluation of non-infectious joint disease 
because they rarely provide clinicians with a specific diagnosis (17). Recently, ELISA evaluation of biomarkers 
within SF has been described (18). Complex multiple assays are required. Individual testing by use of these 
techniques is expensive. The relationships of the concentrations of the biomarkers to age, breed, sex and 
circadian rhythms are poorly understood (18). Early results are promising, but further study is required to 
determine the clinical usefulness of biomarkers for classifying OA (18). Presently the means to objectively identify 
the level of pathologic progression in most cases of osteoarthritis are not available primarily because no generally 
accepted objective standards exist. There is a real need for a rapid, economical, practical, and reliable diagnostic 
test for objective evaluation of joint disease, as well as the unbiased monitoring of responses to treatment in both 
human and veterinary medicine. 

One of the most common joint injuries in both humans and canines that may lead to osteoarthritis is 
cranial cruciate ligament rupture (19, 20). The cranial cruciate ligament is an intra-articular structure that provides 
stability to the knee joints (21). Rupture of this ligament either due to single traumatic event or degenerative 
change overtime within the ligamentous structure leads to joint instability and alters mechanical loading in the 
knee joint (21). If the diagnosis and treatment cannot provide in timely and appropriate fashion, this condition will 
lead to inflammation of synovial membrane and degeneration of articular cartilage subsequently osteoarthritis (22, 
23). Moreover experimentally induced osteoarthritis by transection of cranial cruciate ligament in laboratory dogs 
(Pond –Nuki model) is one of the standard models that extensively used in osteoarthritic research (24-26). The 
Pond-Nuki animal model yields the degenerative changes in cartilage and synovial tissue that resemble those in 
natural occurring canine and human osteoarthritis (27, 28). Early changes of osteoarthritis have been investigated 
in Pond-Nuki animal model by using in vivo MRI (25). Subchondral bone edema in the posteromedial tibia, 
posteromedial surface irregularities of the articular cartilage and progressive degeneration of the posteromedial 
artilage have been detected after transaction of CCL at 6, 12, 24 weeks respectively (25). Biomarker analyses of 
synovial fluid demonstrated alterations in concentrations of several biomarkers and biochemical markers in both 



experimental induced osteoarthritic animals and natural occurring cruciate ligament deficiency cases (22-24, 27-
33). These molecular markers include type II collagen neoepitope, proteoglycan epitopes, fibronectin, cartilage 
oligomeric protein, keratan sulfate, hyaluronan, proteases enzymes (metalloprotease-2, -9, cathepsin etc.) and 
prostaglandin E2 (22-24, 27-33). The change in concentrations of these molecules within the affected joint 
suggesting the alteration in composition of synovial fluid that is at least in part related to degenerative process 
within the affected joint (22-24, 27-33). 
 Infrared (IR) spectroscopy is rapidly emerging as a powerful diagnostic probe for biological molecules in 
humans and other animals (34, 35). Infrared spectroscopy measures IR absorption patterns of molecules when 
exposed to IR light (35). An IR spectrum is obtained when IR radiation is transmitted through a sample in a 
Fourier transform IR spectrometer (FT-IR). The fraction of the incident radiation absorbed at a particular 
wavenumber (cm-1) is determined and displayed as absorption bands on the spectrum (36). These absorption 
bands correspond to carbon skeletal and functional group vibrations (37). Simple molecules yield simple spectra 
with well-resolved absorption bands that reflect both structure and concentration (34, 38). In a complex sample, 
compared with a simple sample, the number of chemical functional groups increases, causing the number of 
absorption bands and the extent of band overlap to increase (38). The IR spectrum of a biological sample 
becomes more complex. However, the IR spectrum of body fluids or tissues still reflects both the structure of the 
individual IR active constituents and their relative abundance (35, 38). The absorption patterns in the IR spectra 
of biological samples may be viewed as biochemical fingerprints that correlate directly with the presence or 
absence of diseases (35, 39). For example, IR spectroscopy has been used in diagnosis of human diseases 
such as diabetes mellitus (40), Alzheimer’s disease (41), breast tumors (42) and arthritic disorders (43-47). The 
advantages of an IR spectroscopic approach in clinical diagnosis are that no reagents are required, and 
automated repetitive analyses can be carried out at very low cost (35). In addition, because the IR spectrum of 
biological samples such as synovial fluid reflects the sum of all IR-active components (48), the infrared spectra of 
such samples may carry infrared signatures of known and unknown biomarkers rather than relying upon a few 
novel disease markers. 
 We hypothesized that osteoarthritis associated with natural occurring CCL rupture in dogs leads to the 
change in synovial fluid composition, altering the IR absorption pattern of synovial fluid samples, and that these 
spectroscopic changes can be detected and used to differentiate the synovial fluid spectra of joints with 
osteoarthritis from the spectra of control samples. The objective of the present study is to determine the feasibility 
and to evaluate the accuracy of IR spectroscopy for diagnosis of osteoarthritis in dogs. 
 
Materials and Methods 
Study dogs and sample collection  
 Synovial fluid samples (n=75) were collected from 75 otherwise healthy dogs presenting to the Kasetsart 
Veterinary Teaching Hospital for surgical stabilization of natural occurring cranial cruciate ligament rupture. 
Demographic data including age, breed, sex, and body weight were recorded for each dog. Orthopedic 
examinations were performed and orthopedic examination score was assigned to classify the clinical sign of 



osteoarthritis in 4 criteria 1) locomotor ability, 2) weight bearing ability, 3) joint mobility, and 4) pain perception 
(see appendix 1). Severity of osteoarthritis in the affected knee joints were graded according to radiographic 
scoring system (see appendix 2) modified from Johnson et al. 2003 (20). Intraoperative scoring system (see 
appendix 3) was used with modification from Johnson et al. 2003 to classify the intra-articular lesion (20). 
Synovial fluid samples were aseptically collected from the affected knee joint prior surgical intervention, 
centrifuged at 2700 x g for 10 minutes and kept in plain cryovial at -80oC until the batch analysis were performed.    

Control synovial fluid sample were collected from 51 dogs presented at Kasetsart University Veterinary 
Teaching Hospital either for orthopedic evaluation or dead canine patients with non-related musculoskeletal 
disease. The normalcy (no evidence of cruciate ligament rupture, cartilage erosion and synovitis) of the knee 
were confirmed by orthopedic and radiographic examinations or necropsy (figure 1). Synovial fluid sample were 
collected aseptically in normal dogs or immediately after dead. The sample were centrifuged at 2700 x g for 10 
minutes and kept in plain cryovial at -80oC until the batch analysis were performed.    

At this preliminary state, whole batch of samples were shipped frozen to the Institute of Biodiagnostics , 
NRC, Canada via express shipping method.  

 

 
Figure 1 Cranial cruciate (a) and caudal cruciate ligament (b) 

 
Fourier transform infrared spectroscopy (FT-IR) 

Synovial fluid samples were thawed at room temperature (approximately 22 oC) and centrifuged; the 
supernatants were kept for analyses. Synovial fluid samples were prepared as described previously (47). 
Triplicate dried films were made for each sample by applying 5 μL of the diluted synovial fluid preparation evenly 
in a circular motion onto 5-mm-diameter circular islands on a custom-made, adhesive-masked, silicon microplate; 

a

b



the adhesive mask serves to spatially define and systematically separate the 5 mm islands on the microplate so 
that sample islands are correctly aligned with the FT-IR detector. The synovial films were left to dry at room 
temperature. After the films were thoroughly dried, the microplate was mounted in a multisampler interfaced to 
the FTIR spectrometer to enable acquisition of IR spectra. Infrared spectroscopic analyses of all samples were 
performed during the same period of time.              

Infrared absorbance spectra in the range of 400-4000 cm-1 (mid infrared region) were recorded using a 
FT-IR spectrometer, 512 interferograms were signal averaged and Fourier transformed to generate a spectrum 
with a nominal resolution of 4 cm-1 (47). 
Data preprocessing  
 Triplicate spectra of each sample yielded mean values. By use of spectral manipulation software, 
differentiation and smoothing procedures were performed on all spectra to resolve and enhance weak spectral 
features and to remove variation in baselines. 
Statistical Analysis 

Infrared region selection was performed in order to search for diagnostic features within the spectra 
using genetic algorithms (47). Classification model was developed using discriminant analysis based on the 
diagnostic feature within the spectra selected in the previous step. The group membership (cranial cruciate 
ligament rupture VS control) was predicted and compared to the clinical diagnosis. Clinical diagnosis can be 
made based on direct visualization of intact (during necropsy in case of a control joint) or rupture of the cranial 
cruciate ligament (during surgical stabilization in case of a diseased joint). Sensitivity, specificity, and accuracy of 
the classification will be calculated for this data set. 

 
Result 
 One hundred and twenty-six synovial fluid samples were submitted for analysis. Of those samples, 51 
control samples were derived from 39 male and 12 female dogs with the mean age and body weight of 4.9 ± 1.7 
years and 19.8±3.1 kg (mean±SE) respectively. Breed represents of the control group are crossbreed, golden 
retrievers and poodle. The samples of cranial cruciate ligament rupture group (CCRL) collected prior the surgical 
correction procedures are from 41 male and 34 female canine patients with the mean age and body weight of 
5.9±1.7 years and 20.9±3.5 kg (mean±SE). Breed represents of CCLR group includes Crossbreed, Golden 
Retrievers, Poodles, Thai Bangkaew, Rottweiler, American Pit Bull terriers, Bull terriers, Lhasa Apso, Shih Tzu, 
Yorkshire terriers and Miniature Pinscher. 
 The mean score of orthopedics grading system of the CCRL group including locomotor ability, weight 
bearing, joint mobility and pain scores are 2.7±0.7, 2.7±0.8, 3.2±0.8, 2.9±0.6 (mean±SE), respectively. The 
radiographic evaluations had been carried out (figure 2). Thirty-three canine patients demonstrated radiographic 
sign of joint effusion without any significant change of the bony component. The radiographic score of 42 canine 
patients in the CCRL group revealed the changes according to the features of the radiographic grading system 
(ranging from 0-39) with radiographic score of 10.7± 1.9 (mean±SE). All of the cruciate ligaments were 
completely torn with varying degree of medial meniscal injury (figure 3). Among those CCLR group, 49 of 75 



patients (65.3%) are patients with normal gross appearance of medial and lateral menisci. The partially torn and 
severely torn menisci are detected intraoperatively at the proportion of 5.3%, and 29.3% respectively.               
 The infrared spectra of synovial fluid samples from canine patients reveal the peaks that represent 
functional group of biological components within the sample (figure 4). The synovial fluid spectrum composes of 
the N-H stretching vibration of the protein, CH2 and CH3 stretching vibration, C-O stretching vibration of the 
protein, N-H bending vibration of the protein and C-O stretching vibration of hyaluronic acid. The pattern 
recognition process of the samples from both CCLR and control group are still conducted at the Institute of 
Biodiagnostics, NRC, Canada by using the genetic algorithm software. Once the pattern recognition step yields 
the satisfactory result the specificity and sensitivity of the technique will be reported to determine the feasibility of 
using infrared spectroscopic method as a diagnostic tool for diagnosis of osteoarthritis in canine population. 
  

 

    A            B   
Figure 2 Radiographic appearance of the normal canine stifle (A) 
and the radiographic changes commonly found in osteoarthritic 
knee of the canine patients (B); osteophyte formation (white 
arrow)  
 
 
 
 
 



 
 
 
 
 
 
 
 
Figure 3 Gross appearance of the 
medial meniscus after surgically remove from the knee joints in 
CCLR group 
 
 

 
Figure 4 The infrared spectrum of synovial fluid sample composed 
of multiple peak derived from vibration of the functional groups 
within the sample 
 

 



References 
(1)  Pelletier JP, Matel-Pelletier J, Howell DS. Etiopathogenesis of osteoarthritis. In: Koopman 
WJ, editor. Arthritis and allied conditions. Philadelphia: Lippincott Williams & Wilkins, 2001: 2195-
2215. 
(2)  Johnston SA. Osteoarthritis. Joint anatomy, physiology, and pathobiology. Vet Clin North 
Am Small Anim Pract 1997; 27(4):699-723. 
(3)  Lipowitz AJ. Degenerative joint disease. In: Slatter D, editor. Textbook of small animal 
surgery. Philadelphia: W.B. Saunders, 1993: 1921-1927. 
(4)  McCance KL, Mourad LA. Alterations of musculoskeletal function. In: Heuther SE, McCance 
KL, editors. Understanding pathophysiology. St.Louise: Mosby, 2000: 1048-1051. 
(5)  Dillon CF, Rasch EK, Gu Q, Hirsch R. Prevalence of knee osteoarthritis in the United 
States: arthritis data from the Third National Health and Nutrition Examination Survey 1991-94. J 
Rheumatol 2006; 33(11):2271-2279. 
(6)  Tangtrakulwanich B, Geater AF, Chongsuvivatwong V. Prevalence, patterns, and risk 
factors of knee osteoarthritis in Thai monks. J Orthop Sci 2006; 11(5):439-445. 
(7)  McLaughlin RM, Roush JK. Medical therapy for patients with osteoarthritis. Veterinary 
Medicine 2002; 97(2):135-144. 
(8)  Johnson JA, Austin C, Breur GJ. Incidence of canine appendicular musculoskeletal 
disorders. in 16 veterinary teaching hospitals from 1980 through 1989. Vet Comp Orthop Traumatol 
1994; 7:56-69. 
(9)  May SA. Degenerative joint disease (osteoarthritis, osteoarthrosis, secondary joint disease). 
In: Houlton JEF, Collinson RW, editors. Manual of small animal arthrology. Gloucestershire: 
BSAVA, 1994: 62-74. 
(10)  Creamer P, Hochberg MC. Osteoarthritis. Lancet 1997; 350(9076):503-508. 
(11)  Pelletier JP, Martel-Pelletier J. The Novartis-ILAR Rheumatology Prize 2001 Osteoarthritis: 
from molecule to man. Arthritis Res 2002; 4(1):13-19. 
(12)  Lozada CJ, Altman RD. Management of Osteoarthritis. In: Koopman WJ, editor. Arthritis 
and allied conditions. Philadelphia: Lippincott Williams & Wilkins, 2001: 2246-2263. 
(13)  McIlwraith CW. Diseases of joints, tendons, ligaments, and related structures. In: Stashak 
TS, editor. Adams' lameness in horses. Philadelphia: Lippincott Williams & Wilkins, 2002: 459-644. 
(14)  Park RD, Wrigley RH, Steyn PF. Equine diagnostic imaging. In: Stashak TS, editor. Adams' 
lameness in horses. Philadelphia: Lippincott Williams & Wilkins, 2002: 185-375. 



(15)  Twardock AR. Equine bone scintigraphic uptake patterns related to age, breed, and 
occupation. Vet Clin North Am Equine Pract 2001; 17(1):75-94. 
(16)  Kraft SL, Gavin P. Physical principles and technical considerations for equine computed 
tomography and magnetic resonance imaging. Vet Clin North Am Equine Pract 2001; 17:115-130. 
(17)  McIlwraith CW, Billinghurst RC, Frisbie DD Current and 
future diagnostic means to better characterize osteoarthritis in the 
horse- routine synovial fluid analysis and synovial fluid and serum 
markers. In proceedings 47th AAEP Annual Convention 2001; 47: 
171-179 
(18)  Poole AR. Biochemical/immunochemical biomarkers of osteoarthritis: utility for prediction of 
incident or progressive osteoarthritis. Rheum Dis Clin North Am 2003; 29:803-818. 
(19)  Mihata LC, Beutler AI, Boden BP. Comparing the incidence of anterior cruciate ligament 
injury in collegiate lacrosse, soccer, and basketball players: implications for anterior cruciate 
ligament mechanism and prevention. Am J Sports Med 2006; 34(6):899-904. 
(20)  Powers MY, Martinez SA, Lincoln JD, Temple CJ, Arnaiz A. Prevalence of cranial cruciate 
ligament rupture in a population of dogs with lameness previously attributed to hip dysplasia: 369 
cases (1994-2003). J Am Vet Med Assoc 2005; 227(7):1109-1111.(21)  Hayashi K, Manley 
PA, Muir P. Cranial cruciate ligament pathophysiology in dogs with cruciate disease: a review. J 
Am Anim Hosp Assoc 2004; 40(5):385-390. 
(22)  Lohmander LS, Atley LM, Pietka TA, Eyre DR. The release of crosslinked peptides from 
type II collagen into human synovial fluid is increased soon after joint injury and in osteoarthritis. 
Arthritis Rheum 2003; 48(11):3130-3139. 
(23)  Nelson F, Billinghurst RC, Pidoux I, Reiner A, Langworthy M, McDermott M et al. Early 
post-traumatic osteoarthritis-like changes in human articular cartilage following rupture of the 
anterior cruciate ligament. Osteoarthritis Cartilage 2006; 14(2):114-119. 
(24)  Chu Q, Lopez M, Hayashi K, Ionescu M, Billinghurst RC, Johnson KA et al. Elevation of a 
collagenase generated type II collagen neoepitope and proteoglycan epitopes in synovial fluid 
following induction of joint instability in the dog. Osteoarthritis Cartilage 2002; 10(8):662-669. 
(25)  Libicher M, Ivancic M, Hoffmann M, Wenz W. Early changes in experimental osteoarthritis 
using the Pond-Nuki dog model: technical procedure and initial results of in vivo MR imaging. Eur 
Radiol 2005; 15(2):390-394. 



(26)  Visco DM, Hill MA, Widmer WR, Johnstone B, Myers SL. Experimental osteoarthritis in 
dogs: a comparison of the Pond-Nuki and medial arthrotomy methods. Osteoarthritis Cartilage 
1996; 4(1):9-22. 
(27)  Johnson KA, Hay CW, Chu Q, Roe SC, Caterson B. Cartilage-derived biomarkers of 
osteoarthritis in synovial fluid of dogs with naturally acquired rupture of the cranial cruciate 
ligament. Am J Vet Res 2002; 63(6):775-781. 
(28)  Lorenz H, Wenz W, Ivancic M, Steck E, Richter W. Early and stable upregulation of 
collagen type II, collagen type I and YKL40 expression levels in cartilage during early experimental 
osteoarthritis occurs independent of joint location and histological grading. Arthritis Res Ther 2005; 
7(1):R156-R165. 
(29)  Budsberg SC, Lenz ME, Thonar EJ. Serum and synovial fluid concentrations of keratan 
sulfate and hyaluronan in dogs with induced stifle joint osteoarthritis following cranial cruciate 
ligament transection. Am J Vet Res 2006; 67(3):429-432. 
(30)  Fujita Y, Hara Y, Nezu Y, Schulz KS, Tagawa M. Proinflammatory cytokine activities, matrix 
metalloproteinase-3 activity, and sulfated glycosaminoglycan content in synovial fluid of dogs with 
naturally acquired cranial cruciate ligament rupture. Vet Surg 2006; 35(4):369-376. 
(31)  Muir P, Danova NA, Argyle DJ, Manley PA, Hao Z. Collagenolytic protease expression in 
cranial cruciate ligament and stifle synovial fluid in dogs with cranial cruciate ligament rupture. Vet 
Surg 2005; 34(5):482-490. 
(32)  Steffey MA, Miura N, Todhunter RJ, Nykamp SG, Freeman KP, Scarpino V et al. The 
potential and limitations of cartilage-specific (V+C)(-) fibronectin and cartilage oligomeric matrix 
protein as osteoarthritis biomarkers in canine synovial fluid. Osteoarthritis Cartilage 2004; 
12(10):818-825. 
(33)  Trumble TN, Billinghurst RC, McIlwraith CW. Correlation of prostaglandin E2 concentrations 
in synovial fluid with ground reaction forces and clinical variables for pain or inflammation in dogs 
with osteoarthritis induced by transection of the cranial cruciate ligament. Am J Vet Res 2004; 
65(9):1269-1275. 
(34)  Shaw RA, Mantsch HH. Vibrational biospectroscopy: from plants to animals to humans. A 
historical perspective. J Mol Struct 1999; 480-481:1-13. 
(35)  Shaw RA, Mantsch HH. Infrared spectroscopy in clinical and diagnostic analysis. In: Meyers 
RA, editor. Encyclopedia of analytical chemistry: applications theory and instrumentation. 
Chichester: John Wiley & Sons Ltd, 2000: 83-102. 



(36)  Stuart B. Introduction. Infrared spectroscopy: fundamentals and applications. Chichester: 
John Wiley & Sons Ltd., 2004: 1-13. 
(37)  Coates J. Interpretation of infrared spectra, a practical approach. In: Meyers RA, editor. 
Encyclopedia of analytical chemistry. Chichester: John Wiley & Sons Ltd., 2000: 10815-10837. 
(38)  Dubois J, Shaw RA. IR spectroscopy in clinical and diagnostic applications. Anal Chem 
2004; 76:361A-367A. 
(39)  Jackson M, Mantsch HH. Infrared spectroscopy, ex vivo tissue analysis by. In: Meyers RA, 
editor. Encyclopedia of analytical chemistry: applications theory and instrumentation. Chichester: 
John Wiley & Sons Ltd., 2000: 131-156. 
(40)  Petrich W, Staib A, Otto M, Somorjai RL. Correlation between the state of health of blood 
donors and the corresponding mid-infrared spectra of the serum. Vib Spectrosc 2002; 28:117-129. 
(41)  Pizzi N, Choo LP, Mansfield J, Jackson M, Halliday WC, Mantsch HH et al. Neural network 
classification of infrared spectra of control and Alzheimer's diseased tissue. Artif Intell Med 1995; 
7(1):67-79. 
(42)  Jackson M, Mansfield JR, Dolenko B, Somorjai RL, Mantsch HH, Watson PH. Classification 
of breast tumors by grade and steroid receptor status using pattern recognition analysis of infrared 
spectra. Cancer Detect Prev 1999; 23(3):245-253. 
(43)  Canvin JM, Bernatsky S, Hitchon CA, Jackson M, Sowa MG, Mansfield JR et al. Infrared 
spectroscopy: shedding light on synovitis in patients with rheumatoid arthritis. Rheumatology 
(Oxford) 2003; 42(1):76-82. 
(44)  Eysel HH, Jackson M, Nikulin A, Somorjai RL, Thomson GTD, Mantsch HH. A novel 
diagnostic test for arthritis: multivariate analysis of infrared spectra of synovial fluid. 
Biospectroscopy 1997; 3(2):161-167. 
(45)  Shaw RA, Kotowich S, Eysel HH, Jackson M, Thomson GT, Mantsch HH. Arthritis 
diagnosis based upon the near-infrared spectrum of synovial fluid. Rheumatol Int 1995; 15(4):159-
165. 
(46)  Staib A, Dolenko B, Fink DJ, Nikulin AE, Otto M, Pessin-Minsley MS et al. Disease pattern 
recognition testing for rheumatoid arthritis using infrared spectra of human serum. Clin Chim Acta 
2001; 308:79-89. 
(47)  Vijarnsorn M, Riley CB, Shaw RA, McIlwraith CW, Ryan DA, Rose PL et al. Use of infrared 
spectroscopy for diagnosis of traumatic arthritis in horses. Am J Vet Res 2006; 67(8):1286-1292. 



(48)  Jackson M, Sowa MG, Mantsch HH. Infrared spectroscopy: a new frontier in medicine. 
Biophys Chem 1997; 68(1-3):109-125. 
 
Appendix 1 Orthopedic examination grading system 
 

Score or  
grading categories 

Clinical findings 

Locomotor ability  
1 Reluctant to rise and will not walk more than a few strides 
2 Abnormal posture when standing, severe lameness when walking 
3 Stand normally, severe lameness when walking  
4 Stand normally, slight lameness when walking 
5 Stand and walk normally 
Weight bearing   
1 Non-weight bearing (affected limb) at rest and when walking 
2 Partial weight bearing at rest, bear no weight when walking  
3 Partial weight bearing at rest and when walking 
4 Normal weight bearing at rest, favours affected limb when walking  
5 Normal weight bearing on all 4 limbs at rest and when walking 
Joint mobility  
1 Not applicable 
2 Severe (>50%) decreased range of motion, palpable joint crepitus 
3 Moderate (20-50%) decreased range of motion, palpable joint crepitus  
4 Mild (10-20%) decreased range of motion, palpable joint crepitus 
5 Mild (10-20%) decreased range of motion, no palpable joint crepitus 
6 No limitation of joint movement, no palpable joint crepitus 
Pain  
1 No pain indicated on palpation of the affected joint 
2 Mild pain indicated on affected joint e.g. animal turns head in 

recognition 
3 Moderate pain on palpation of affected joint e.g. animals pulls limb 

away 
4 Severe pain on palpation of affected joint e.g. animal vocalizes or 

become aggressive  
5 Animal will not allow examiner to palpate joint due to pain 



Appendix 2 Radiographic grading system 
Note: Each features will be assigned a value of 0 (absent), 1 (mild), 2 (moderate) or 3 (severe). Score will be 
added to produce a cumulative joint score ranging from 0 to 39 (modified from Ref 27 ).   
 

Compartment and Features Score 
Femoropatellar 
Apical or basilar patellar osteophytes 0          1          2          3 
Cranial apical patella enthesopathy 0          1          2          3 
Femoral trochlear groove osteophytes 0          1          2          3 
Femoral supratrochlear lysis 0          1          2          3 
Femorotibial 
Femoral and tibial periarticular osteophytes 0          1          2          3 
Femoral subchondral bone sclerosis  0          1          2          3 
Tibial subchondral bone sclerosis 0          1          2          3 
Subchondral bone lysis of femur  0          1          2          3 
Subchondral bone lysis of tibia 0          1          2          3 
Lateral fabellar osteophyte 0          1          2          3 
Lateral collateral ligament enthesopathy 0          1          2          3 
Medial fabellar osteophyte 0          1          2          3 
Medial collateral ligament enthesopathy 0          1          2          3 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Appendix 3 Intra-operative score 
 

Score and  
anatomical structure 

Clinical Findings 

Cranial cruciate ligament 
1 Normal 
2 Partially torn 
3 Completely rupture with remnants of ligament remaining 
4 Ligament rupture and completely absorbed 
Medial or lateral meniscus 
1 Normal 
2 Partial tear 
3 Caudal pole folded or macerated 
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