Methods for determining the molecular composition of knee joint structures in osteoarthritis: collagen, proteoglycans and water content: a systematic review
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Table S1 Characteristics of included studies
A - advantages
D – disadvantages
	

Authors
 Date
DOI
	
Title

	
Type of the study
	
Investigated parameters

	
Detailed
	
Diagnostic methods
	
Participants
	
Group structure
	
Type of intervention
	
Measurement area
	

Results
	

Notes


	
Palmoski et al.
(1981)
[47]

10.1002/art.1780241101
	
Running inhibits the reversal of atrophic changes in canine knee cartilage after removal of a leg cast

	
Randomized experimental 
	
Hydration

Quantitative proteoglycan determination

	


uronic acid


	
Spectroscopy

Biochemical
	
Animals
(dogs, 14 cartilage samples)

	
7 cadavers
Mature

Modeling OA
(Immobilization + exercises)

	
Open cadaver operation 
(cartilage on the bone)
	
Femur
	
Cartilage of the immobilized group: increased hydration by 5-6%, decreased thickness by 10% and proteoglycan synthesis by 30-40%. Was observed no difference of proteoglycan content between immobilized and control groups.

	
A: proteoglycan synthesis measurement
D: no mechanical properties and spatial content measurement, lack of samples


	Altman et al.
(1984)
[43]

10.1136/ard.43.1.83
	Biomechanical and biochemical properties of dog cartilage in experimentally induced osteoarthritis

	Controlled experimental
	Quantitative proteoglycan determination

Swelling measurement (volume)

Mechanical properties

	hexuronic acid







Shear modulus
	Biochemical

Histological


Chemical




Mechanical
	Animals
(dogs, (52 cartilage samples)
	26 cadavers
Mature

Modeling OA
(dissection of the anterior cruciate ligament)
	Open cadaver operation 
(cartilage on the bone)
	Femur

Tibia
	Volume of the cartilage of the dissected group 1,5-2 times larger than volume of the control group cartilage

Proteoglycan content of the cartilage of the dissected group reduced by 10%, compared with control group cartilage

Shear modulus of the cartilage of the dissected group increased by 10%, compared with control group cartilage

	A: big amount of samples
D: only a few of mechanical parameters were researched


	Torzilli
(1985)
[39]

10.1002/jor.1100030410
	Influence of cartilage conformation on its equilibrium water partition

	Experimental
	Hydration

Water partitioning


Quantitative proteoglycan determination

	





hexosaimne
	Weighing

Scintillation method + radioactive water

Biochemical
	Animals
(bovine,
55 cartilage samples)
	Unknown amount of cadavers
Mature

Healthy cartilage only
	Open cadaver operation 
(cartilage on the bone)
	Femur
	Water partitioning: 84% in the superficial layer, gradual decrease in the middle layer and 40-60% in the deep layer

Average hydration value of the cartilage – 79%

Hydration increases with decrease of pH, with increase of temperature

	A: big amount of samples
D: unclear biochemical methodology, no histological control



	Bullough et al.
(1985)
[40]

10.1002/jor.1100030101

	Topographical variations in the morphology and biochemistry of adult canine tibial plateau articular cartilage

	Controlled experimental
	Hydration

Quantitative collagen determination

Quantitative proteoglycan determination


Collagen’s orientation



	

hydroxyproline

uronic acid,
he-xosamine
	Lyophilization

Biochemical

Histological







Polarized light microscopy (PLM)

	Animals
(dogs,
80 cartilage samples)
	65 cadavers
Mature

Healthy cartilage only

	Open cadaver operation 
(cartilage without bone)
	Tibia
	In the cartilage “covered” by the meniscus, collagen is randomly oriented, while in the "uncovered" cartilage it is parallel + assembled into bundles
In the "uncovered" cartilage, the water content is 15% higher than in the "covered"

In the "uncovered" cartilage, the content of proteoglycan and collagen is 17-20% higher than in the "covered"

	A: big amount of samples, control with few biochemical methods
D: low sensitivity one of biochemical methods


	Slowman et al.
(1986)
[36]

10.1002/art.1780290112
	Composition and glycosaminoglycan metabolism of articular cartilage from habitually loaded and habitually unloaded sites

	Controlled experimental
	Quantitative proteoglycan determination


Hydration


	uronic acid






	Biochemical

Spectroscopy

Chromatography

Weighing

	Animals
(dogs,
unknown amount of samples)
	7 cadavers

Mature

Healthy cartilage only
	Open cadaver operation 
(cartilage without bone)
	Femur
	Cartilage from high weight bearing zones contains 20% more proteoglycans


	A: control with different methods for proteoglycan content determination
D: low specificity of hyaluronic acid for proteoglycan determination, 
some proteoglycans stayed still after digestion procedure (method’s disadvantage)


	Akizuki et al.
(1987)
[35]

10.1002/jor.1100050204

	Tensile properties of human knee joint cartilage. II. Correlations between weight bearing and tissue pathology and the kinetics of swelling


	Experimental
	Hydration

Quantitative proteoglycan determination

Quantitative collagen determination

Mechanical properties
	

uronic acid



hydroxyproline

Stress-relaxation
	Weighing

Biochemical










Mechanical
	People (200 cartilage samples)
	3 patients
Age 65, 68, 74 y.o.

Degradated cartilage (unknown stage of OA)

6 cadavers
Age 24-60 y.o.

Healthy cartilage (n=3)

Fibrillated cartilage (n=3)

	Total knee replacement of the knee joint

+ 
Open cadaver operation 
(cartilage without bone)
	Femur
	In healthy cartilage, stress-relaxation value of high weight bearing zones is lower compared with that of low weight bearing zones

Stress-relaxation value decreases in fibrillated and OA affected cartilage

In healthy cartilage, stress-relaxation value significantly positively correlates with collagen content only

Correlation between stress-relaxation value and collagen, proteoglycan content significantly decreases for fibrillated and OA affected cartilage

	A: big amount of samples
D: lack of cadavers (dependency between samples), no quantitative biochemical results, no histological control


	Säämämen
et al.
(1994)
[42]

10.3109/03008209409061971
	Proteoglycan and collagen alterations in canine knee articular cartilage following 20 km daily running exercise for 15 weeks

	Controlled experimental 
	Quantitative proteoglycan determination

Quantitative collagen determination

Hydration


	GuCl,
uronic acid


hydroxyproline
	Biochemical

Chromatography

Electrophoresis




Weighing

	Animals
(dogs,
132 cartilage samples)
	12 cadavers
Immature

Modeling OA
(by running)

	Open cadaver operation 
(cartilage without bone)
	Femur

Tibia

Patella
	Water content increased by 9% in running group, compared to the control group

Collagen content decreased in running group by 18%, compared to the control group + highest decrease was observed at the medial femoral condyle

Proteoglycan content barely changed, statistically significant decrease by 20% was observed at the posterior part of the medial condyle

	A: big amount of samples,
control with different methods
D: animal immaturity, which could lead to change of cartilage's parameters (due to tissue keep growing)


	Setton et al.
(1997)
[45]

10.1016/S1063-4584(97)80027-1
	Mechanical behavior and biochemical composition of canine knee cartilage following periods of joint disuse and disuse with remobilization

	Controlled experimental
	Mechanical properties



Hydration

Quantitative collagen determination

Quantitative proteoglycan determination

	Stretching, indentation



hydroxyproline

uronic acid
	Mechanical




Lyophilization

Biochemical

Histological
	Animals
(dogs,
324 cartilage samples)
	27 cadavers
Mature

Healthy cartilage 
+
Modeling OA
(immobilization)

	Open cadaver operation 
(cartilage on the bone)
	Femur

Tibia

	The results of the indentation test are the same in the control and immobilized group (did not affect)

Stretching modulus increased by 88% after 8 weeks of immobilization, by 140% after 4 weeks of immobilization + 3 weeks of remobilization

Water content increased by 6% after 8 weeks of immobilisation

The ratio of proteoglycan to collagen in the immobilized group, in relation to the control group, has not changed ("the cartilage surface remained intact after immobilization")

	A: big amount of samples, histological control
D: used data of the previous researches, where different theoretical model of mechanical properties calculation was used


	Froimson et al.
(1997)
[16]

10.1016/s1063-4584(97)80042-8
	Differences in patellofemoral joint cartilage material properties and their significance to the etiology of cartilage surface fibrillation

	Randomized experimental
	Mechanical properties






Hydration

Quantitative collagen determination

Quantitative proteoglycan determination 
	Elastic modulus,
Permeability, Thickness



hydroxyproline

dimethylmethylene blue

	Mechanical







Lyophilization

Biochemical
	People (119 cartilage samples)
	27 cadavers
Age 18-41 y.o.
Mid age 31 y.o.

Healthy cartilage only
	Open cadaver operation 
(cartilage on the bone)
	Femur

Patella
	Elastic modulus of the patella’s cartilage is 30% lower than femur’s cartilage

Permeability of the patella’s cartilage is 66% higher than femur’s cartilage

Thickness of the patella’s cartilage is 23% higher than femur’s cartilage

Hydration of the patella’s cartilage is 5% higher than femur’s cartilage

Proteoglycan content of the patella’s cartilage is 20% lower than femur’s cartilage

Collagen content is the same for the patella’s and femur’s cartilage

The higher proteoglycan content, the higher elastic modulus

The higher hydration, the lower elastic modulus

	A: big amount of samples, a lot of mechanical parameters 
D: no histological control


	Wei et al.
(2001)
[41]

10.1053/joca.2000.0411

	Effect of load on articular cartilage matrix and the development of guinea-pig osteoarthritis

	Randomized experimental 
	Hydration

Quantitative proteoglycan determination

Quantitative collagen determination


	

GuHCI




Hydroxyproline
	Lyophilization

Biochemical

Electrophoresis

Densitometry
	Animals
(guinea pigs, 64 cartilage samples)
	8 cadavers
9 months old

Modeling OA
(amputation, valgus osteotomy)


	Open cadaver operation 
(cartilage without bone)
	Femur
	Hydration increased in high weight bearing zones

Proteoglycan and collagen content increased in low weight bearing zones

Proteoglycan and collagen content reduced in high weight bearing zones

	A: complex biochemical control method
D: no histological control, no spatial content distribution


	 Leroux et al.
(2001)
[46]

10.1053/joca.2001.0432
	Altered mechanics and histomorphometry of canine tibial cartilage following joint immobilization

	Controlled experimental 
	Mechanical properties








Hydration

Quantitative proteoglycan determination

	Equilibrium shear modulus, dynamic shear modulus



dimethylmethylene blue

	Mechanical









Lyophilization

Biochemical

Histological
	Animals
(dogs,
80 cartilage samples)  
	10 cadavers
Age 2-3 y.o.

Modeling OA
(immobilization)

	Open cadaver operation 
(cartilage on the bone)
	Tibia
	Equilibrium shear modulus of the cartilage of the immobilized group reduced by 75%, compared with control group, and it reduced by 53%, compared with other than immobilized limb of immobilized group 

Dynamic shear modulus of the cartilage of the immobilized group reduced by 71%, compared with control group, and it reduced by 46%, compared with other than immobilized limb of immobilized group 


Proteoglycan content reduced in the cartilage of immobilized group

	A: big amount of samples, measurement of different mechanical parameters
D: low accuracy of biochemical method


	Appleyard et al.
(2003)
[44]

10.1053/joca.2002.0867
	Topographical analysis of the structural, biochemical and dynamic biomechanical properties of cartilage in an ovine model of osteoarthritis

	Randomized experimental 
	Mechanical properties






Hydration

Quantitative proteoglycan determination


Quantitative collagen determination

Collagen’s orientation

	Dynamic shear modulus, thickness



dimethylmethylene blue

hydroxyproline
	Mechanical
(indentation)






Lyophilization

Biochemical

Histological







Polarized light microscopy (PLM)

	Animals
(sheeps, 624 cartilage samples)
	12 cadavers
Age 7 y.o.

Modeling OA (meniscectomy)
	Open cadaver operation 
(cartilage on the bone)
	Tibia
	After meniscectomy:

Cartilage thickness in the lateral tibial plateaus increased by 26-135%, in the medial tibial plateaus – by 19-30%

Dynamic shear modulus in the lateral tibial plateaus decreased by 70%, in the middle tibial plateaus decreased by 63-65%, in the medial tibial plateaus – didn’t change

Hydration of the cartilage increased in the l lateral tibial plateaus and didn’t change for medial tibial plateaus

Proteoglycan content in the lateral tibial plateaus increased by 52%, in the middle zone decreased by 21-32%, in the medial tibial plateaus increased by 14-19%

Collagen content in the lateral tibial plateaus decreased by 20%, in the medial tibial plateaus decreased by 10%

Severe collagen disorganization in the superficial layer

Very Strong correlation between collagen content and cartilage thickness; between dynamic shear modulus and cartilage thickness

Strong correlation between proteoglycan content and collagen content

Only in control group: very strong correlation between proteoglycan content and dynamic shear modulus

Only in operated group: very strong correlation between hydration of the cartilage and dynamic shear modulus; between hydration and thickness; between hydration and collagen content

	A: big amount of samples, many parameters tested
D: -


	Milentijevic et al.
(2005)
[23]

10.1016/j.jbiomech.2004.04.016
	Influence of stress rate on water loss, matrix deformation and chondrocyte viability in impacted articular cartilage

	Controlled experimental
	Mechanical properties


Hydration

Quantitative proteoglycan determination

	Different forces



dimethylmethylene blue

	Mechanical 



Lyophilization

Biochemical
	Animals
(bovine, 12 cartilage samples)
	6 cadavers
18-24 months old

Healthy cartilage only
	Open cadaver operation 
(cartilage without bone)
	Femur
	At different pressure forces, the water loss was about 15%

The less proteoglycans, the more is water loss caused by pressure


	A: wide spectra of different mechanical tests
D: can’t be used in vivo


	Wheaton et al.
(2005)
[48]

10.1002/mrm.20678
	Quantification of cartilage biomechanical and biochemical properties via T1ρ magnetic resonance imaging

	Randomized experimental
	Mechanical properties




Quantitative proteoglycan determination


Quantitative collagen determination



Hydration

	Elastic modulus,
Permeability

dimethylmethylene blue

Density

hydroxyproline

	Mechanical





Biochemical

Spectroscopy

Histological

Densitometry

MRI



Lyophilization

	Animals
(bovine,
42 cartilage samples)

	21 cadavers
Age  <1 y.o.

Healthy cartilage only

Modeling OA
(interleukin treatment)

	Open cadaver operation 
(cartilage without bone)
	Patella
	After interleukin treatment proteoglycan content reduced by 30%, collagen content reduced by 10% and elastic modulus reduced by 22%, compared to control group


	A: big amount of samples, histological and biochemical control
D: healthy cartilage only


	Naka et al.
(2005)
[37]

10.1243/095441105X34220
	Influence of proteoglycan contents and of tissue hydration on the frictional characteristics of articular cartilage

	Experimental
	Hydration

Mechanical properties

Quantitative proteoglycan determination

	



	Weighing

Mechanical

Electron microscopy

Histological
	Animals
(pigs,
Unknown amount cartilage samples)
	Unknown amount of cadavers
Mature

Healthy cartilage only
	Open cadaver operation 
(cartilage without bone)
	Femur
	With a decrease in proteoglycans, the water output from the cartilage increases at pressure
	A: Few methods for mechanical parameters control
D: unclear methodology, no control


	Zernia et al.
(2006)
[38]

10.1002/nbm.1061
	Collagen dynamics in articular cartilage under osmotic pressure

	Experimental
	Hydration

Quantitative collagen determination

	

Peaks on absorption spectra
	Lyophilization

Spectroscopy

Chemical (osmotic stress)
	Animals
(pigs,
Unknown amount of cartilage sample)


	Unknown amount of cadavers
Age 6 months

Healthy cartilage only
	Open cadaver operation 
(cartilage without bone)
	Knee joint

	Native cartilage contains 82% water

The structure of collagen does not depend on the amount of water in the cartilage (with osmotic stress)

Collagen is dehydrated only at high load, when <30% H2O remains

	A: multilateral spectroscopy research
D: unclear sample’s collection methodology, no histological or biochemical control


	Kiviranta et al.
(2007)
[24]

10.22203/ecm.v013a05
	Comparison of novel clinically applicable methodology for sensitive diagnostics of cartilage degeneration

	Experimental
	Mechanical properties









Hydration

Quantitative proteoglycan determination






Quantitative collagen determination



	ultrasound signal speed, equilibrium and dynamic modulus



uronic acid

Peaks on absorption spectra

Hydroxyproline

	Ultrasound scan with indentation







MRI

Lyophilization

Biochemical

Histological

Spectroscopy


	Animals
(bovine, 32 cartilage samples)
	32 cadavers
Mature

Mankin score
0 (n=11)
1-3 (n=11)
>3 (n=10)
	Open cadaver operation 
(cartilage on the bone)
	Patella
	URI (ultrasound roughness index) and IRC (Integrated reflection coefficient) significantly correlates with  Mankin score (r=0,84 и r=-0,84 respectively)

MRI (T1Gd и T2) significantly correlates with Mankin score (r=0,81)

Dynamic modulus significantly correlates with mechanical properties 
(r = 0,98)

Ultrasound speed significantly correlates with equilibrium and dynamic modulus (r = 0,9 and r = 0,79 respectively)
	A: many parameters, dependency between them
D: -


	Saarakkala et al.
(2010)
[49]

10.1016/j.joca.2009.08.003

	Depth-wise progression of osteoarthritis in human articular cartilage: investigation of composition, structure and biomechanics

	Experimental
	Quantitative proteoglycan determination

Spatial proteoglycan determination


Spatial collagen determination

Quantitative collagen determination

Collagen’s orientation



	






Peaks on absorption spectra



Amide I
	Spectroscopy

Histological

Biochemical














Polarized light microscopy (PLM)

	People (84 cartilage samples)
	14 cadavers
37-73 y.o.

OARSI grade
0 (n=35)
1-1,5 (n=16)
2-4,5 (n=22)
	Open cadaver operation 
(cartilage without bone)
	Patella
	With early OA stages, the PG content reduces for the upper and middle layers, with late OA - for all

With early OA stages, collagen content does not change, with late OA – reduces mostly in the middle layer

With early OA, collagen is more disoriented only in the upper layer (compared to healthy cartilage)

With late OA, collagen is disoriented only in the upper and deep layers (compared to healthy cartilage)

	A: big amount of samples, control with different methods
D: lack of cadavers (dependency between samples),


	Aoki et al.
(2012)
[25]

10.1007/s00256-011-1340-y
	Correlation between apparent diffusion coefficient and viscoelasticity of articular cartilage in a porcine model

	Experimental
	Mechanical properties
	Relaxation time

Elastic modulus
	MRI

Mechanical
	Animals
(pigs, 20 cartilage samples)
	10 cadavers
6 months old

Healthy cartilage only
	Open cadaver operation 
(cartilage on the bone)
	Femur
	MRI results received with apparent diffusion coefficient (ADC) correlates with mechanical properties of the cartilage

High weight bearing zones have longer relaxation time and higher elastic modulus

	A: different weight bearing zones
D: no histological control, too simple mechanical test


	Párraga Quiroga et al.
(2014)
[18]

10.1016/j.jmbbm.2014.03.005
	Should a native depth-dependent distribution of human meniscus constitutive components be considered in FEA-models of the knee joint?

	Experimental
	Mechanical properties

Hydration

Quantitative proteoglycan determination


Quantitative collagen determination

Spatial proteoglycan determination

Spatial collagen determination

	Stretching



dimethylmethylene blue

hydroxyproline

Safranin-O



Picrosirius red

	Mechanical


Lyophilization

Biochemical












Histological
	People
(100 samples of meniscus)
	5 patients
Age 55-77 y.o.

Healthy cartilage only
	Total knee replacement of the knee joint
(meniscus)
	Tibia
	Highest proteoglycan concentration was observed in the middle layer of the meniscus, the lowest – in the superficial layer

Highest collagen concentration was observed in the superficial layer of the meniscus

There is less collagen and more proteoglycans in the posterior part of the meniscus

Anterior part of the meniscus is more durable than posterior part

	A: big amount of samples
D: the study was conducted with healthy tissue only


	Keenan et al.
(2015)
[14]

10.1177/1947603515569529
	T1ρ Dispersion in Articular Cartilage: Relationship to Material Properties and Macromolecular Content

	Experimental
	Mechanical properties


Quantitative collagen determination


Quantitative proteoglycan determination
	Elastic modulus

Dimethylmethylene blue 

hydroxyproline
	Mechanical

Т1р MRI

Biochemical



	People (79 cartilage samples)
	19 cadavers
12 М
7 W

20-90 y.o.
Mid age 57 y.o.

Noyes score
0 (n=58)
1 (n=10)
2A (n=10)
2B (n=1)
3 (n=0)
	Open cadaver operation 
(cartilage on the bone)
	Patella
	Elastic modulus and results of T1p MRI have higher correlation in healthy than damaged cartilage

The lower the frequency of T1p MRI (500 Hz), the higher correlation MRI results with elastic modulus

Elastic modulus increases with an increase of PG concentration and is not related to collagen concentration

	A: applicable for the measurement of elastic properties in vivo
D: PG detection accuracy is reduced in the damaged cartilage


	Honkanen et al.
(2015)
[32]

10.1016/j.joca.2015.03.037

	Contrast enhanced imaging of human meniscus using cone beam CT

	Experimental 
	



Mechanical properties



Spatial proteoglycan determination


Quantitative proteoglycan determination

Quantitative collagen determination

Hydration

	



Equilibrium modulus

Peaks on absorption spectra

uronic acid



hydroxyproline





	MRI

CT with contrast

Mechanical (indentation)

Histological

Spectroscopy

Densitometry





Biochemical






Lyophilization









	People (26 samples of meniscus)
	13 cadavers
12 М 
1W
Age 24-76 y.o.
Mid age 53 y.o.

Unknown cartilage condition


	Open cadaver operation 
(meniscus)
	Tibia
	Equilibrium contrast partitioning after 25h

Lateral meniscus accumulates more contrast than medial one

Highest contrast accumulation was observed in posterior horn of the meniscus, and lowest – in anterior

Contrast partitioning after 40 mins correlates with contrast partitioning after 30 hours 
(r = 0,706 for lateral meniscus,
R = 0,669 for medial meniscus)

Contrast partitioning correlates with collagen content better after 40 mins (r = -0,835) than after 30 hours (r = -0,578)

	A: many diagnostic methods
D: -


	Honkanen et al.
(2016)
[33]

10.1007/s10439-016-1629-z
	Cationic Contrast Agent Diffusion Differs Between Cartilage and Meniscus

	Experimental
	Quantitative proteoglycan determination

Spatial proteoglycan determination




Spatial collagen determination



Quantitative collagen determination



Hydration
	uronic acid



Density


Contrast partitioning

Peaks on absorption spectra

Amide I
+
hydroxyproline
	Histological




Densitometry


CT with contrast (CA2+)




Spectrometry




Biochemical





Lyophilization
	Animals
(bovine, 40 cartilage samples + 10 samples of meniscus)
	10 cadavers
Mature

Healthy cartilage only
	Open cadaver operation 
(cartilage without bone, meniscus)
	Patella

Tibia
	Contrast diffusion is faster in the cartilage than in the meniscus

Accumulation of the contrast: 
meniscus – in the upper layer
cartilage – in the deep layer

Hydration and proteoglycan content is higher in the cartilage

Collagen content is higher in the meniscus
	A: control with different methods 
D: using healthy cartilage only


	Kobayashi-Miura et al.
(2016)
[2]

10.1111/ahe.12165

	Rat Articular Cartilages Change Their Tissue and Protein Compositions During Perinatal Period

	Experimental
	Hydration


Quantitative collagen determination


Quantitative proteoglycan determination

Spatial collagen determination

Spatial proteoglycan determination

	


Antibodies to collagen

toluidine blue


Antibodies to collagen

toluidine blue

	Lyophilization


Immunohistochemical

Histological











	Animals
(rats,
32 cartilage samples)

	Unknown amount of cadavers
Immature
	Open cadaver operation 
(cartilage on the bone, cartilage without bone)
	Femur
	Highest proteoglycan concentration – in the middle and deep layer



	A: histological control
D: unclear quantitative results due to visual measurement approach only


	Fleck et al.
(2017)
[12]

10.1016/j.jbiomech.2017.10.011

	Zonal variation of MRI-measurable parameters classifies cartilage degradation

	Controlled experimental
	Spatial proteoglycan determination

Spatial collagen determination

Quantitative proteoglycan determination

Quantitative collagen determination

Hydration

	MRI

Mathematical calculation
	MRI

Biochemical
	Animals
(bovine, 19 cartilage samples)
	Unknown amount of cadavers

Healthy cartilage only
	Open cadaver operation 
(cartilage on the bone)
	Patella
	Superficial layer of the cartilage contains less proteoglycans than middle layer 

Collagenase treatment reduces collagen content in the cartilage

On MRI, cartilage degradation is better seen with a decrease in collagen than with a decrease in proteoglycans

With the degradation of cartilage, the water content in the cartilage increases

	A: multilateral study of the MRI method
D: unclear biochemical methodology, no histological control, unclear results of collagen and content measurement


	Karchner et al.
(2019)
[15]

10.1177/1947603518764269
	Non-Destructive Spectroscopic Assessment of High and Low Weight Bearing Articular Cartilage Correlates with Mechanical Properties

	Experimental
	Quantitative proteoglycan determination

Spatial proteoglycan determination

Spatial collagen determination

Quantitative collagen determination

Collagen’s orientation




Hydration

Mechanical properties


	sGAG






Peaks on absorption spectra


Hydroxyproline

Ratio of amide 1 to amide 2



Elastic modulus
(short-term and equilibrium)




	Colorimetry



Histological




Spectroscopy




Biochemical









Lyophilization

Mechanical

	Animals
(bovine, 72 cartilage samples)
	3 cadavers

Immature
 
Healthy cartilage only
	Open cadaver operation 
(cartilage on the bone)
	Femur
	High weight bearing zones of the cartilage contain significantly more proteoglycans

Most of the proteoglycans are contained in deep layers (60-100%)

Low weight bearing zones of the cartilage are significantly more hydrated

High weight bearing zones has higher short-term and equilibrium elastic modulus

High and low weight bearing zones have the same amount of collagen content

The most collagen content is in the upper and middle layers of the cartilage

Collagen lays parallel to the surface in the upper and deep layers, and disorganized in the middle layers

The more proteoglycans, the higher short-term elastic modulus

Equilibrium elastic modulus is not bound to the proteoglycan content

	A: different control methods
D: lack of cadavers (dependency between samples), 
freezing (could lead to cartilage changes), immature individuals


	Mahmood et al.
(2020)
[31]

10.1016/j.clinbiomech.2020.105028

	Proteoglycans exert a significant effect on human meniscal stiffness through ionic effects

	Experimental
	Quantitative proteoglycan determination


Mechanical properties

	Peaks on absorption spectra

Elastic modulus

	Biochemical

Spectroscopy



Mechanical

	People (36 samples of meniscus)
	6 cadavers
Age <65 y.o.

Healthy cartilage only
	Open cadaver operation 
(meniscus)
	Tibia
	Highest proteoglycan concentration was observed in the middle part of the meniscus

The stretchability of the meniscus in an environment with a physiological ion content (0.14 M) is 35% better than in deionized water

	A: big amount of samples
D: unclear intermediate results


	Warnecke et al.
(2020)
[13]

10.1016/j.joca.2020.07.004

	Degeneration alters the biomechanical properties and structural composition of lateral human menisci


	Experimental 
	Hydration

Mechanical properties









Quantitative collagen determination

Quantitative proteoglycan determination

	

Permeability, Stretching modulus





Peaks on absorption spectra
	Lyophilization

Mechanical


Histological










Spectroscopy
	People
(66 samples of meniscus)
	16 W
8 М
Mid Age 67 y.o.

Pauli et al classification
1 to 4
1 (n=8)
2 (n=16)
3 (n=17)
4 (n=25)


	Total knee replacement of the knee joint
(meniscus)
	Tibia
	The higher hydration, the higher permeability of the meniscus (50% difference between 1 and 4 stage)

The permeability in the anterior part of the meniscus is 2 and 3 times lower than in the middle and posterior parts, accordingly

The higher stage of degradation, the lower stretching modulus of the meniscus (50% difference between 1 and 4 stage)

The higher stage of degradation, the higher water content of the meniscus (5% difference between 1 and 4 stage)

The higher stage of degradation, the lower collagen content of the meniscus (40% difference between 1 and 4 stage)

	A: big amount of samples, different degradation stages of the researched meniscus
D: no biochemical control


	Bhattarai et al.
(2021)
[21]

10.1002/jor.24824

	Effects of human articular cartilage constituents on simultaneous diffusion of cationic and nonionic contrast agents

	Experimental
	Quantitative collagen determination

Spatial collagen determination

Spatial proteoglycan determination

Quantitative proteoglycan determination

Hydration

	Amide I



Contrast partitioning
(CA4+, gadoteridol)

Density

	Spectroscopy





CT






Densitometry





Lyophilization 
	People (15 cartilage samples)
	4 cadavers
3 М
1 W
Mid age 71 y.o.

Mankin 
score
2 to 9
	Open cadaver operation 
(cartilage on the bone)
	Femur

Tibia
	Partitioning of the CA4+ at the superficial layers (0-60%) depends on hydration, at the deep layers (40-100%) - on PG content  CA4+ passes to the deep layers faster in healthy cartilage

Partitioning of the gadoteridol depends on collagen content only  gadoteridol passes to the deep layers more slowly in healthy cartilage


	A: the dependence of the partitioning rate on the PG and collagen content was found
D: small amount of samples, 
samples from adjacent locations (not similar ones)


	Gao et al.
(2021)
[34]

10.3389/fbioe.2021.744197

	Non-Destructive Spatial Mapping of Glycosaminoglycan Loss in Native and Degraded Articular Cartilage Using Confocal Raman Microspectroscopy

	Randomized experimental 
	Quantitative proteoglycan determination


Spatial proteoglycan determination

Spatial collagen determination

	dimethylmethylene blue

Peaks on absorption spectra

	Biochemical

Histological



Spectroscopy

	Animals
(bovine, 18 cartilage samples)
	6 cadavers
Newborn

Modeling OA
(trypsin digested)
	Open cadaver operation 
(cartilage on the bone)
	Tibia
	Healthy cartilage has the most proteoglycan content in the deep layers

Trypsin better digests proteoglycans, than collagen

Spectroscopy results significantly correlated with histological and biochemical control

*research of the research method

	A: control with different methods
D: spectroscopy took few hours, needed to dehydrate cartilage before testing 


	Rovnyagina et al.
(2023)
[1]

10.1002/jbio.202200149
	Grading cartilage damage with diffuse reflectance spectroscopy: Optical markers and mechanical properties

	Experimental
	Mechanical properties







Hydration

ICRS
	Elastic modulus, relaxation time, thickness
	Mechanical








Spectroscopy

Histological
	People (31 cartilage samples)
	5М  
5W
Mid age 65 y.o.

ICRS I-IV stages
	Total knee replacement 
	Femur

Tibia
	The hydration is better visualized on the 980 nm spectrum

Protein content of the cartilage is better visualized on the 930 nm spectrum

The higher hydration, the lower elastic modulus (80% difference between 1 and 4 ICRS stages)

The higher hydration, the lower relaxation time (40% difference between 1 and 4 ICRS stages)

Hydration level (obtained by spectroscopy) significantly correlates with the mechanical properties of the cartilage (R = 0,7)

Hydration level (obtained by spectroscopy) significantly correlates with the cartilage thickness (R = 0,82)

The higher degradation level of the cartilage, the lower hydration (25% difference between 1 and 4 ICRS stages)
	A: Histological control, big amount of samples, optical measurement of hydration
D: No spatial and quantitative collagen determination, dependency between samples




