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Biomarkers  
(National Institutes of Health) 

“a characteristic that is objectively measured and evaluated as 
an indicator of normal biological processes, pathogenic 
processes, or pharmacologic responses to a therapeutic 
intervention.” 
 

– Adaptive vs pathologic process 
– Diagnosis 
– Monitoring of therapy 
– Catastrophic injury prevention-an indication unique to horses 
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Clinical Injuries 



Articular Fractures of Metacarpophalangeal 
(fetlock) Joint 

 
 
 
 
 
 
 

   
 Courtesy LR Bramlage DVM 



Subchondral bone disease precedes articular 
fractures 

Norrdin et al Bone 1999 



Biomarkers 
• Fluids 

– Blood 
– Synovial Fluid 
– Urine 

• Imaging 
– Structure 
– Physiologic response to adaptation or disease 

• Movement 
– Inertial Measurement Units 



Normal Response to Repetitive Loading 
• Normal remodeling cascade 

– Relatively rapid resorption followed by relatively delayed bone 
formation. 

– Creates reversal lines that form strong integration with parent 
bone. 



Factors That Can Influence Response to 
Loading 

Microdamage 

Inappropriate Training 
 Too High 
 Too Low 

Inappropriate Bone Formation 

Inappropriate Mineralization 



Need to understand normal adaptive changes 



•  Direct or indirect indicators of 
abnormal skeletal turnover  

• Often molecules that are the 
normal products and 
byproducts of metabolic 
processes occurring within the 
skeletal tissues 

• Concentrations may increase or 
decrease 

 
 
 

 

 

 

 

 

 

 

 
Courtesy Poole 2000 

Fluid Biomarkers 



First Study of Prediction of Disease in Horses - SF 
Biomarker  

Changes with Osteochondral Fragmentation 
• TP significantly higher (p=0.0001) 
• CS846 significantly higher (p=0.0290) 
• CPII not significantly higher (p=0.0653) 
• KS not significantly higher (p=0.2841) 
• WBC not significantly higher (p=0.3425) 

 
 
 
 
 
 

           Am J Vet Res 1999 



Serum Concentrations of CS Epitope 846 & CPII in Horses with 
Osteochondral  Fragmentation 

• CS 846 + CPII concentrations were significantly higher in 
horses with OC than in control (KS not) 

• CS 846 + CPII concentrations not linearly related to grade of 
OC but significantly higher with grade 1 & grade 2 OC 

• 79% correct in estimating presence of osteochondral 
fragmentation based on serum CS 846 & CPII  
 

     Frisbie  e t al. Am J Vet Res 1999;60:306-309 



Biomarkers Change with Exercise 
• Need to differentiate from disease in equine athlete 



Differentiation of Biomarker Changes with Exercise 
versus Disease 

• Treadmill study 

• Horses with exercise alone and horses with 
exercise plus osteochondral fragmentation model of 
OA 

 
 

 



Serum Biomarkers - Exercise and OA 
• Concentration of serum CS846, CPII, GAG, osteocalcin, C1,2C and Col I 

increased with exercise 

• For each of these biomarkers, there was also a statistically significant 
increase in levels in OA-affected horses compared to exercise-alone 
horses 

• Six SF & serum biomarkers were useful in separating early experimental 
OA from exercise alone but SF CTX1 and serum Col CEQ & CTX1 were 
not 



Prospective collection of serum samples to examine 
prediction of injury with biomarkers 

• 2-3 year old racing Thoroughbred in training/racing in 
Southern California 



Prospective collection of seven biomarkers 
• 238 racing TBs 
• Exit criteria were lack of training for > 30 days, or completion 

of 10 study months 
• Horses with solitary MS injury & completion of >2 months 

training were analyzed 
• Musculoskeletal injury 

– Intraarticular fragmentation (IAF) 
– Tendon or ligamentous injury (TL) 
– Stress fracture (SF) 
– Dorsal metacarpal disease (DMD) 



 Results 

• 59 horses sustained single injury 
• 71 acted as untreated controls 

– 16 (27%) IAF 
– 17 (29%) TL 
– 7 (12%) SF 
– 19 (32%) DMD 

• Comparisons entry or injury time NSD 
• There were significant changes seen in biomarkers based on 

injury incurred when longitudinal samples were assessed 



 Results 
• Controls showed longitudinal increase in GAG & decrease in OC 
• IAF showed decrease in CS 846 & an increase in OC & CTX-1 

compared to controls 
• TL horses demonstrated decrease in GAG & increase in CTX-1 
• SF horses showed increase in CTX-1 
• DMD showed decrease in CS 846 & GAG as well as increase in OC & 

CTX-1 
• Based on serum biomarkers collected prior to injury, horses could 

be correctly identified as injured or noninjured 73.8% of the time 
 
 



Other Molecular Markers of Musculoskeletal Disease 
• 2005 Colorado State University Study 
• Examined the differential expression of ~3100 equine gene sequences 

using Affymetrix GeneChip (1st Gen)  
–RNA from the peripheral blood of horses using the OA fragment  model at  

• Day 0 
• Day 7  
• Day14 (2 weeks post OA induction) 
• Day 42 
• Day 70 

–Found 22 genes with a upregulated expression profile that matched those 
of serum biomarkers 

 



• Six Genes Used for Day 0 to Day 70 ROC Analysis  
Sensitivity Specificity Success Genes 

0.972 0.882 0.943 BM781378_unkn WBC032E04 WBC026F09 WBC003G03 WBC009B11 WBC419 

0.972 0.882 0.943 WBC419 BM781378_unkn WBC003G03 WBC026F09 WBC012E07 WBC032E04 

0.972 0.882 0.943 BM781165 WBC003G03 WBC026F09 WBC419 BM735265 WBC018F02 

Molecular Markers of Musculoskeletal Disease 

AUC = 0.91 

Currently completing study in reining horses 

 D Frisbie et al. 2005 A Diagnostic Test for Equine Osteoarthritis Using Peripheral Blood 
Molecular Biomarkers Evaluated In an Experimental Model AAEP 2005 



Imaging Biomarkers 
• Imaging Limitations 

– Trained human eye can reliably detect structural and 
textural changes in tissues for individual diagnosis and 
treatment plan development 

• Good once disease process has physically changed the tissues 
• Sometimes unlikely that tissues will revert back to normal 

– Are there changes below the resolution of the human 
eye that can be used? 



NUCLEAR SCINTIGRAPHY 

• Need to interpret in face of 
normal remodeling / 
modeling response 

• Often most sensitive method 
of characterizing problem 
since physical bone changes 
may not be apparent 



Bone Sclerosis 



COMPUTED TOMOGRAPHY 
• High resolution 
• Reformat into any 

plane 
• Contrast CT 

– Venous 
– Arterial 
– Intraarticular 

• Plane contrast 
• CA4+ 
 







• Density gradient between axial condyle and 
abaxial aspect of the sagittal ridge 
– Area involved in condylar fractures 



General density patterns 

Control horse – palmar 30º 

Exercised horse – palmar 30º 

Exercised horse – palmar 30º 

bone 
density 



Can we detect this change in bone 
character? 



Shape Variability 



Results  

Width Ratio

0.7

0.75

0.8

0.85

0.9

0.95

1

D1 D2 D3 D4 TR P1 P2 P3 P4

SITE

La
te

ra
l t

o 
M

ed
ia

l r
at

io

Control FX NFX

a

a
a

a
a

a

a
b

b

a: p<.0254 between Control and FX
b: p< .0263 between Control and NFX

a


Chart1

		D1		D1		D1		0.005065877		0.005065877		0.0245439833		0.0245439833		0.0058638842		0.0058638842

		D2		D2		D2		0.0061782289		0.0061782289		0.0266017789		0.0266017789		0.0079748155		0.0079748155

		D3		D3		D3		0.0073284063		0.0073284063		0.0291376021		0.0291376021		0.009209744		0.009209744

		D4		D4		D4		0.0080947487		0.0080947487		0.0345054638		0.0345054638		0.0118525148		0.0118525148

		TR		TR		TR		0.0046785093		0.0046785093		0.0236743113		0.0236743113		0.0056223811		0.0056223811

		P1		P1		P1		0.0048862793		0.0048862793		0.0227693803		0.0227693803		0.0067729077		0.0067729077

		P2		P2		P2		0.0051381414		0.0051381414		0.0219423329		0.0219423329		0.0049198427		0.0049198427

		P3		P3		P3		0.0045847444		0.0045847444		0.0214833911		0.0214833911		0.0047967481		0.0047967481

		P4		P4		P4		0.005692461		0.005692461		0.0247398405		0.0247398405		0.0082088029		0.0082088029



a

a

a

a

a

a

a

b

b

a: p<.0254 between Control and FX
b: p< .0263 between Control and NFX

a

Control

FX

NFX

SITE

Lateral to Medial ratio

Width Ratio

0.8935273

0.8476251

0.8739992

0.8820465

0.8442844

0.860529

0.8723023

0.8155889

0.826392

0.8197847

0.7474627

0.763613

0.8940347

0.8571756

0.8819633

0.9129814

0.8401919

0.9116044

0.9403197

0.8539811

0.9466267

0.9500839

0.8485926

0.9667398

0.9411266

0.8208854

0.9301918



Sheet1

		ROC		Control		Fx		Non

		DLat75		0.0566614		0.0607641		0.0598299

		Plat 75		0.0477371		0.0480017		0.0473642

		DL25		0.0532351		0.0553068		0.0551243

		PL25		0.043584		0.0510565		0.0439199

		DL-PSG		0.0490533		0.0523525		0.0502437

		PL-PSG		0.0410178		0.0403351		0.0400408

		DMSR		0.0425621		0.0435644		0.0440163

		PMSR		0.0366211		0.0376127		0.0370226

		DM-PSG		0.0490781		0.0497759		0.0508681

		PM-PSG		0.0403507		0.0414941		0.041686

		DM25		0.0511933		0.0529435		0.0528

		PM25		0.0455225		0.0475359		0.0469535

		DM75		0.0516474		0.0524333		0.0509086

		PM75		0.0481725		0.0489453		0.0487871

		0.03

		0.07





Sheet1

		



CONTROL

FX

NFX



Sheet2

		DLat75		DLat75		DLat75

		Plat 75		Plat 75		Plat 75

		DL25		DL25		DL25

		PL25		PL25		PL25

		DL-PSG		DL-PSG		DL-PSG

		PL-PSG		PL-PSG		PL-PSG

		DMSR		DMSR		DMSR

		PMSR		PMSR		PMSR

		DM-PSG		DM-PSG		DM-PSG

		PM-PSG		PM-PSG		PM-PSG

		DM25		DM25		DM25

		PM25		PM25		PM25

		DM75		DM75		DM75

		PM75		PM75		PM75



Control

FX

NFX

0.0566614

0.0607641

0.0598299

0.0477371

0.0480017

0.0473642

0.0532351

0.0553068

0.0551243

0.043584

0.0510565

0.0439199

0.0490533

0.0523525

0.0502437

0.0410178

0.0403351

0.0400408

0.0425621

0.0435644

0.0440163

0.0366211

0.0376127

0.0370226

0.0490781

0.0497759

0.0508681

0.0403507

0.0414941

0.041686

0.0511933

0.0529435

0.0528

0.0455225

0.0475359

0.0469535

0.0516474

0.0524333

0.0509086

0.0481725

0.0489453

0.0487871



Sheet3

		Width		CONTROL		FX		NFX		StDev Control		StDev FX		StDev NFX		SE Control		SE FX		SE NFX

		D1		0.8942846		0.8579035		0.8726144		0.0497707		0.1783755		0.0497193		0.0055996412		0.024977566		0.006365904

		D2		0.8870009		0.8563153		0.8622365		0.0600092		0.1911493		0.0647662		0.0067515625		0.0267662558		0.0082924622

		D3		0.8748327		0.8281813		0.82684		0.0680417		0.2109543		0.0753035		0.0076552893		0.0295395105		0.0096416252

		D4		0.8231716		0.7625386		0.7647737		0.073041		0.2504726		0.0909602		0.0082177545		0.0350731793		0.0116462602

		P1		0.9093266		0.8635389		0.9142578		0.0494933		0.1829508		0.0601254		0.0055684313		0.0256182362		0.0076982686

		P2		0.9408337		0.8702628		0.9510793		0.0537733		0.1805166		0.046335		0.0060499689		0.02527738		0.0059325888

		P3		0.9462986		0.8611523		0.9344198		0.0453684		0.1750516		0.0396604		0.0051043438		0.0245121269		0.0050779939

		P4		0.9374683		0.832681		0.9287239		0.0524531		0.1978013		0.0644911		0.0059014348		0.0276977221		0.0082572392

		TR		0.8958543		0.8723791		0.8857403		0.049326		0.1750474		0.0471775		0.0055496086		0.0245115388		0.0060404599

		Width		CONTROL		FX		NFX		StDev Control		StDev FX		StDev NFX		SE Control		SE FX		SE NFX

		D1		0.8935273		0.8476251		0.8739992		0.0450265		0.1752791		0.0457984		0.005065877		0.0245439833		0.0058638842

		D2		0.8820465		0.8442844		0.860529		0.0549133		0.1899747		0.0622853		0.0061782289		0.0266017789		0.0079748155

		D3		0.8723023		0.8155889		0.826392		0.0651363		0.2080841		0.0719304		0.0073284063		0.0291376021		0.009209744

		D4		0.8197847		0.7474627		0.763613		0.0719477		0.2464183		0.0925711		0.0080947487		0.0345054638		0.0118525148

		TR		0.8940347		0.8571756		0.8819633		0.0415835		0.1690684		0.0439122		0.0046785093		0.0236743113		0.0056223811

		P1		0.9129814		0.8401919		0.9116044		0.0434302		0.1626059		0.0528981		0.0048862793		0.0227693803		0.0067729077

		P2		0.9403197		0.8539811		0.9466267		0.0456688		0.1566996		0.0384252		0.0051381414		0.0219423329		0.0049198427

		P3		0.9500839		0.8485926		0.9667398		0.0407501		0.1534221		0.0374638		0.0045847444		0.0214833911		0.0047967481

		P4		0.9411266		0.8208854		0.9301918		0.0505957		0.1766778		0.0641128		0.005692461		0.0247398405		0.0082088029





Sheet3

								0.0055996412		0.0055996412		0.024977566		0.024977566		0.006365904		0.006365904

								0.0067515625		0.0067515625		0.0267662558		0.0267662558		0.0082924622		0.0082924622

								0.0076552893		0.0076552893		0.0295395105		0.0295395105		0.0096416252		0.0096416252

								0.0082177545		0.0082177545		0.0350731793		0.0350731793		0.0116462602		0.0116462602

								0.0055684313		0.0055684313		0.0256182362		0.0256182362		0.0076982686		0.0076982686

								0.0060499689		0.0060499689		0.02527738		0.02527738		0.0059325888		0.0059325888

								0.0051043438		0.0051043438		0.0245121269		0.0245121269		0.0050779939		0.0050779939

								0.0059014348		0.0059014348		0.0276977221		0.0276977221		0.0082572392		0.0082572392

								0.0055496086		0.0055496086		0.0245115388		0.0245115388		0.0060404599		0.0060404599



a

a

a

a

a

a

a

b

b

b

CONTROL

FX

NFX

SITE

Lateral to Medial ratio

WIDTH RATIO



								0.005065877		0.005065877		0.0245439833		0.0245439833		0.0058638842		0.0058638842

								0.0061782289		0.0061782289		0.0266017789		0.0266017789		0.0079748155		0.0079748155

								0.0073284063		0.0073284063		0.0291376021		0.0291376021		0.009209744		0.009209744

								0.0080947487		0.0080947487		0.0345054638		0.0345054638		0.0118525148		0.0118525148

								0.0046785093		0.0046785093		0.0236743113		0.0236743113		0.0056223811		0.0056223811

								0.0048862793		0.0048862793		0.0227693803		0.0227693803		0.0067729077		0.0067729077

								0.0051381414		0.0051381414		0.0219423329		0.0219423329		0.0049198427		0.0049198427

								0.0045847444		0.0045847444		0.0214833911		0.0214833911		0.0047967481		0.0047967481

								0.005692461		0.005692461		0.0247398405		0.0247398405		0.0082088029		0.0082088029



a

a

a

a

a

a

a

b

b

a: p<.0254 between Control and FX
b: p< .0263 between Control and NFX

a

Control

FX

NFX

SITE

Lateral to Medial ratio

Width Ratio



		







Statistical Shape Modeling 





Recent statistical shape model 
(SSM) study of horse proximal 
sesamoid bones 

 
 Related fracture risk to bone geometry 

in forelimbs of Thoroughbred 
racehorses 

 Created average surfaces (gray) 
 Colors show locations of differences 

between  fracture group and control 
group  
 Red up to 3.5mm  prominence of fracture 

group 
 Blue up to 3.5mm prominence of the control 

group 
Journal of Orthopaedic Research 
Volume 30, Issue 8, pages 1277-1284, 17 JAN 2012  

http://onlinelibrary.wiley.com/doi/10.1002/jor.v30.8/issuetoc
http://onlinelibrary.wiley.com/doi/10.1002/jor.22062/full


Statistical Shape Model Example 
 
 
 

 
 

LATERAL 



Statistical Shape and Trait Modeling 
 Allows investigation of the importance of variation in a broad 

range of measurable or estimable musculoskeletal traits, as well 
as the interaction between traits 

 Example applications (cross-sectional or longitudinal studies) 
 Prediction of likelihood of onset of MCP osteoarthritis 
 Prediction of metacarpal fracture 
 Determination of developmental effects 

 Example traits 
 Bone geometry and overall BMD distribution (i.e. SSDM) 
 Limb / Joint alignment 
 Cartilage thickness 
 Compositional, microstructural, and material properties of bone, cartilage, 

ligaments, tendons, etc… 

 
 
 

 
 



Pathogenesis - Modeling 



Market Factors 
• Cost 

– Low cost for repeated use 
• Ease of use 
• Development 

– Relatively small market limits development of novel 
biomarkers 

• Imaging and fluid markers 

• Objective data to verify use 
– Large clinical studies 
– Limited funding opportunities 







Standing CBCT 







Philips vs CBCT 

Cbct hann .03 bone window Philips .08 bone window 







Dual Energy CBCT 







Current Cone Beam Devices 






PET Imaging 

M. Spriet. UC Davis 



Spectral CT 

• Discriminates both Density and Atomic Structure 



Economics of Biomarkers 

• Require sequential imaging 
• Industry must identify value in sequential imaging 
• Technologies exist, but equine industry is 

considered a low priority for companies that 
operate in the human space 





A Vision We Have at CSU ORC 
• Screening of horses with 

serum biomarkers 

• Imaging of horses at risk  
– Nuclear scintigraphy 

– CT 

– MRI 
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