
Osteoarthritis and Cartilage 27 (2019) 304e313
Raman spectroscopy-based water content is a negative predictor of
articular human cartilage mechanical function
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Objective: Probing the change in water content is an emerging approach to assess early diagnosis of
osteoarthritis (OA). We herein developed a new method to assess hydration status of cartilage nonde-
structively using Raman spectroscopy (RS), and showed association of Raman-based water and organic
content measurement with mechanical properties of cartilage. We further compared Raman-based water
measurement to gravimetric and magnetic resonance imaging (MRI)-based water measurement.
Design: Eighteen cadaveric human articular cartilage plugs from 6 donors were evenly divided into two
age groups: young (n ¼ 9, mean age: 29.3 ± 6.6) and old (n ¼ 9, mean age: 64.0 ± 1.5). Water content in
cartilage was measured using RS, gravimetric, and MRI-based techniques. Using confined compression
creep test, permeability and aggregate modulus were calculated. Regression analyses were performed
among RS parameters, MRI parameter, permeability, aggregate modulus and gravimetrically measured
water content.
Results: Regardless of the method used to calculate water content (gravimetric, RS and MRI), older
cartilage group consistently had higher water content compared to younger group. There was a stronger
association between gravimetric and RS-based water measurement (R2g ¼ 0.912) than between gravi-
metric and MRI-based water measurement (R2c ¼ 0.530). Gravimetric and RS-based water contents were
significantly correlated with permeability and aggregate modulus whereas MRI-based water measure-
ment was not.
Conclusion: RS allows for quantification of different water compartments in cartilage nondestructively,
and estimation of up to 82% of the variation observed in the permeability and aggregate modulus of
articular cartilage. RS has the potential to be used clinically to monitor cartilage quality noninvasively or
minimally invasively with Raman probe during arthroscopy procedures.

Published by Elsevier Ltd on behalf of Osteoarthritis Research Society International.
Introduction

Detecting the early stage of osteoarthritis (OA) is crucial to
decelerate or reverse the progression of OA by enabling
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interventions such as weight-loss and life style changes1. However,
identification of an early onset OA marker that can be measured
noninvasively and/or nondestructively has been elusive to date.

A potential candidate for early diagnosis of OA is cartilage hy-
dration. In the caninemodel of early OA generated by transection of
the anterior cruciate ligament (ACL), increased water content in the
superficial zone was observed as early as 3 weeks after the opera-
tion despite the fact that histological changes were minimal2,3.
Increased water content up to 10e15% was also found in osteoar-
thritic human cartilage compared to healthy group4e6. The
ational.
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permeability of water within the highly negatively charged extra-
cellular matrix is critical to physiological and mechanical functions
of cartilage7 such as transportation of nutrients to chondrocytes,
lubrication of cartilage surface8, and load bearing capacity of
cartilage9. Therefore, water is an ideal biomarker of assessing early
diagnosis of OA. Measurement of water content may provide in-
formation on the status of cartilage quality and early diagnosis of
OA; however, methods are limited for non-invasive and non-
destructive measurement of cartilage water content. The standard
gravimetric measurement requires excision and dehydration of
tissue; therefore, it is not applicable clinically. To date, magnetic
resonance imaging (MRI) is the only non-destructive technique to
assess hydration status of cartilage10e12, but its execution is not
without limitations. Detecting small changes in water content of
cartilage is challenging with MRI because of limited spatial reso-
lution and the partial-volume averaging effects13,14.

Raman spectroscopy (RS) may be an ideal method to assess hy-
dration status of cartilage. RS has been predominantly used to study
collagen and proteoglycan (PG) phases in the fingerprint region of
cartilage spectrum (800e1800 cm�1)15,16. A comprehensive analysis
of cartilage water is possible through the analysis of higher wave-
number region of the spectrum between 2700 and 3800 cm�1.
Standard RS systems have limited sensitivity in studying hydration
range because of reduced quantum efficiency of charged coupled
detectors (CCDs) in this region. Recently, we built a short-wave
infrared (SWIR) RS system with sensitivity maximized in the
2700þ cm�1 range to assess different water fractions in bone17e20.
Using this SWIR RS, we have recently investigated OH stretch band
of bovine articular cartilage, and identified contributions of bound
and unbound water fractions in the OH-stretch band21.

To the best of our knowledge, water content of healthy and
diseased human cartilage has not been measured by RS previously.
Furthermore, there has not been any attempt to study associations
between Raman-based cartilage biomarkers and specificmechanical
properties (e.g., aggregate modulus and permeability). Finally, there
has not been any validation ofMRI-basedwater contentmeasures by
secondaryand tertiarymethods. The current studyquantifiedRaman
spectra, MRI relaxometry and mechanical properties of cartilage
fromhealthy young andolderdistal femoral cartilage to shed light on
these issues. Confirmation of Raman-based water content's associ-
ations with cartilage mechanics in controlled specimens is essential
prior to non-invasive execution of Raman using recently emerging
techniques such as spatially offset RS22 or Raman tomography23.

Materials and methods

Cartilage specimen preparation

Full-thickness (~2 mm; 4 mm diameter) cylindrical cartilage
plugs were harvested from primary load-bearing portions of lateral
femoral condyle (LFC) and medial femoral condyle (MFC), and
patellofemoral groove (PFG)24 (n ¼ 18) of six fresh-frozen human
femurs with no known diseases (male, 21e65 years-old; Musculo-
skeletal Transplant Foundation, Edison, NJ, USA). Cartilage plugs
were evenly divided into two age groups: young (n ¼ 9, 29.3 ± 6.6,
age21 to 36) andold (n¼9, 64.0±1.5, ages62 to65). Specimenswere
kept hydrated at all times in 1� phosphate buffered saline (PBS)
except when they were stored at �20 �C. Prior to measurements,
specimens were thawed for at least 2 h in PBS at room temperature.

Gravimetric water measurement

The excess PBS on specimen surface was gently blotted and wet
weightof specimenswasmeasured three times (ModelXS64,Mettler-
Toledo, Columbus, OH), and change inweight was found to bewithin
1e2%. Change in wet weight before and after Raman data collection
was within 0.6%, indicating water loss is limited during RS measure-
ment. Following Raman analysis, specimens were dried in an oven at
37�C for 48 h andweighed again for dryweight. This temperature and
duration time effectively removed unbound (mobile) water to steady
state as shown by 95% reduction in OH-band intensity21.

The percent water was calculated as:

Water % by weight ¼ 100� ðWw �WdÞ=Ww (1)

where Ww was the initial wet weight of cartilage and Wd was the
weight after oven drying.
SWIR RS data collection and processing

A customized SWIR RS-system was used in this study17,18. The
system (Supplemental Fig. 1) used a 847 nm (Axcel Photonics) laser
source, and a shortwave InGaAs IR spectrometer (BaySpec, Inc., CA,
USA) specifically optimized for 1000e1400 nmwavenumber range
that corresponded to the spectral range of ~2550e4770 cm�1,
which covered the CH and OH-stretch bands.

Articular surface was chosen for RS measurement since it is the
first region to exhibit morphological and biochemical alterations
with the early hallmark of OA25,26. All Raman spectrawere obtained
at the articular surface from 3 equidistant points to cover the region
of interest. Each spectrum was obtained as the average of 10
consecutive spectra with each collected for 10 s. Laser power was
set to ~25 mW on the specimen to avoid possible water loss and
matrix damage associated with excessive laser heating27.

Spectra collected from three locations per specimen were aver-
aged firstly. Then, using piecewise linear segments, the background
was removed from the spectra by subtracting the fitted fluorescence
baseline, and spectra were further smoothed to improve signal-to-
noise ratio using a de-noising algorithm (LabSpec 5, Horiba Scienti-
fic, Edison, NJ). The spectra were then fitted through second deriv-
ative analysis to identify peak locations. Intensity ratios (IOH/ICH) at
the following wavenumbers were calculated: ~3200/2940, ~3250/
2940, ~3450/2940, ~3520/2940, and ~3650/2940. ~3250/2940, and
~3450/2940 ratios represent collagen-relatedwatermoleculeswhile
~3520/2940 represents PG-related water molecules. ~3650/2940
represents both collagen- and PG-related water molecules as iden-
tified in our previous publication21. The intensity ratio of ~3450/3250
was calculated as an indicator of water bonding states in cartilage21.
The area under the OH band (AOH) was calculated as an estimate of
total water content and the area under CH-stretch band (ACH) was
calculated as a measure of organic content. The ratio of areas (AOH/
ACH) was calculated as a measure of water per unit organic content.
Biomechanical testing

Mechanical measurements were carried out in a confined
compression creep setting using a custom-made instrument as
shown in Supplemental Fig. 2. A dead-weight generating 19 kPa
compressive stress ‘s’ was applied on the specimen and creep
displacement of the plungerwas recorded until equilibrium (within
10,000 s). Stress was calculated from the applied load and cartilage
cross-sectional area. Strainwas calculated from the initial thickness
and creep displacement. Aggregate modulus HA was calculated by
using the following equation28.
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where u represents the displacement vector; h, cartilage
thickness:~PA, constant compression load; HA, aggregate modulus
and k, permeability.

Permeability k was estimated by fitting the experimental creep
curve to the zeroth order analytical solution of the one dimensional
confined compression creep equation as follows7.

k ¼ �4*h2
logðp2ð1� εðtÞ=ð8HA=sÞ�

p2HAt
� (3)

where εðtÞ is the strain at time t.

MRI data collection and processing

Morphology images were first acquired (7T, Bruker Medical
GmbH, Ettlington, Germany) using a 3D (i.e., 2D multislice) Rapid
Acquisition with Refocused Echoes (RARE) sequence. Following
image parameters were used: echo time (TE)/repetition time
(TR) ¼ 31.82/3000 ms; number of echoes ¼ 8; number of
averages ¼ 4; in-plane resolution ¼ 0.098 � 0.098 mm2; matrix
size ¼ 256 � 256 pixels2; and slice thickness ¼ 1.0 mm; number of
slices ¼ 3. In a single image slice defined from the center of the
volume image, we acquired spatial (pixel-by-pixel) maps of T2
relaxation times, i.e., common metrics used to assess cartilage
structure and health10. T2 imaging parameters were: TE ¼ [7.95,
15.91, 23.86, 31.82, 39.77, 47.73, 55.68, 63.64] ms; TR ¼ 3000 ms;
number of averages ¼ 2; number of echo images ¼ 8. T2 relaxation
times were determined at each pixel using a two parameter
exponential curve-fitting algorithm in MATLAB (Mathworks,
Natick, MA).

Statistical analysis

All statistical analyses were performed using Minitab 17 sta-
tistical software (State College, PA) or R (rproject.org). Some
variables appeared to follow a normal distribution and some do
not (e.g., Permeability, AreaOH/AreaCH, and 3 sub-bands ratios)
based on our exploratory data analysis (EDA). No outliers were
detected by Grubbs and Dixon's test. Due to the sample size and
clustering of plugs within donors the test from modeling by
General Estimating Equation (GEE) (suitable for clustering of
plugs in subjects and without normality assumption) were per-
formed to test a possible difference between young and old
groups, in all variables (Table I). Linear regressions were
Table I
Mean ± St. Dev values for mechanical properties, gravimetric, Raman, and MRI-based h
based comparison

Property Young (n ¼ 9)

Permeability (m4/N s) 1.67 ± 2.48 � 10�13

Aggregate modulus (MPa) 0.21 ± 0.08
Gravimetric water (% by weight) 75.37 ± 1.83
T2 (ms) 36.48 ± 7.86
AreaOH/AreaCH 6.67 ± 0.50
AreaOH 9331 ± 754
AreaCH 1508 ± 110
IntensityCH 92.40 ± 11.40
IntensityOH 148.43 ± 9.86
I3200/I2940 1.15 ± 0.22
I3250/I2940 1.45 ± 0.15
I3450/I2940 1.61 ± 0.24
I3520/I2940 1.27 ± 0.21
I3650/I2940 0.56 ± 0.06
I3450/I3250 1.30 ± 0.04

Significant p-values (< 0.05) are in bold
performed among Raman variables, MRI variables, aggregate
modulus and gravimetrically measured water content. Regres-
sion analyses were conducted using GEE and mixed effects
(LMM) models, which accounted for the clustering of plugs in
subjects and where the GEE models are also not limited by the
normality assumption. The regression analysis models included
age (young vs old as a binary variable), predictor variable (me-
chanical property etc.) and the interaction between the two
terms. The following R-squared values are calculated: 1) gener-
alized R-square value29 for GEE analysis (R2g), 2) marginal R-
square and conditional R-square (Refs.30,31 for LMM analysis (R2m
and R2c ). In the Results section and in Figure legends, we provide
the best of the three R-squared values for the sake of brevity
whereas Table II lists all R-squared values for further reference.
Several relationships involving ‘permeability’ displayed appar-
ently nonlinear exponential growth/decay relationships for
which logarithmic transformation was performed to linearize
the data prior to LMM/GEE analyses. All the R-squares provided
in the study were associated with the model that had P-values
for the predictor of interest (either by itself or via its interaction
with the age in binary format) as P < 0.05, though some are
much more significant than the others in consistency with those
shown in R-squares. Statistical significance was considered at P-
value <0.05.

Results

Differences between Raman data of the two age groups

Raman measures for organic content as reflected by CH2 in-
tensity (P ¼ 0.0003), [Fig. 1(a) and Table I] and area under CH2
(Fig. 2, P ¼ 0.0001) were greater for young age group. Area of the
main OH peak (~3450e3500 cm�1) differed between the two age
groups (P ¼ 0.035, Table I). OH-intensities normalized by CH2 in-
tensities (the amount of water per organic content) were greater for
older specimens than that of younger specimens [Fig. 1(b)]. Second
derivative analysis showed five peaks for young (3200, 3250, 3442,
3520, and 3630 cm�1) and old cartilage (3200, 3250, 3451, 3531,
and 3650 cm�1) [Fig. 1(c)].

Raman, gravimetric and MRI-based hydration properties

Gravimetric, Raman (AreaOH and AreaOH/AreaCH) andMRI-based
water contents of old cartilage was greater than that of young
ydration parameters of the two age groups. N.S. ¼ not significant according to GEE

Old (n ¼ 9) P-value
GEE

1.69 ± 1.77 � 10�13 N.S.
0.11 ± 0.07 3.1e-08
79.32 ± 2.20 2.6e-06
45.40 ± 8.01 0.00038
7.47 ± 0.94 0.019
9869 ± 712 0.035
1332 ± 127 0.00011
79.46 ± 7.59 0.00033
143.51 ± 8.27 N.S.
1.32 ± 0.26 0.0055
1.47 ± 0.13 N.S.
1.94 ± 0.26 0.00095
1.52 ± 0.24 6.5e-05
0.64 ± 0.15 N.S.
1.34 ± 0.02 0.011

http://rproject.org


Table II
R-square values that obtained from marginal LMM, conditional LMM and GEE-based regression analysis. Marginal and conditional LMM associated R-squares are denoted as
R2m, R2c , respectively, and generalized R-square is denoted as R2g for GEE. The gray highlighted tabulated R-square values refer the best of the three models for the given variable

Property Linear regression Non-linear regression
(Exponential
growth/decay)

GEE LMM R2m ¼ m: marginal
fixed effects

LMM R2c ¼ c: conditional
fixed and random factors

Gravimetric water vs AreaOH/AreaCH R2 ¼ 0.79 e R2g ¼ 0.912 R2m ¼ 0.886 R2c ¼ 0.908
Gravimetric water vs T2 (ms) R2 ¼ 0.30 e R2g ¼ 0.630 R2m ¼ 0.630 R2c ¼ 0.530

T2 (ms) vs AreaOH/AreaCH R2 ¼ 0.31 e R2g ¼ 0.437 R2m ¼ 0.401 R2c ¼ 0.756
T2 (ms) vs AreaOH R2 ¼ 0.29 e R2g ¼ 0.427 R2m ¼ 0.361 R2c ¼ 0.596
Gravimetric water vs Aggregate modulus (MPa) R2 ¼ 0.51 e R2g ¼ 0.652 R2m ¼ 0.618 R2c ¼ 0.748
AreaOH/AreaCH vs Aggregate modulus (MPa) R2 ¼ 0.45 e R2g ¼ 0.536 R2m ¼ 0.495 R2c ¼ 0.679

AreaOH (a.u.) vs Aggregate modulus (MPa) R2 ¼ 0.17 e R2g ¼ 0.240 R2m ¼ 0.182 R2c ¼ 0.199

AreaCH (a.u.) vs Aggregate modulus (MPa) R2 ¼ 0.44 e R2g ¼ 0.649 R2m ¼ 0.599 R2c ¼ 0.748
IntensityCH (a.u.) vs Aggregate modulus (MPa) R2 ¼ 0.50 e R2g ¼ 0.566 R2m ¼ 0.535 R2c ¼ 0.627
Gravimetric water vs Permeability (m4/N s) e R2 ¼ 0.44 R2g ¼ 0.874 R2m ¼ 0.813 R2c ¼ 0.891

AreaOH/AreaCH vs Permeability (m4/N s) e R2 ¼ 0.51 R2g ¼ 0.844 R2m ¼ 0.620 R2c ¼ 0.817

AreaOH (a.u.) vs Permeability (m4/N s) e R2 ¼ 0.47 R2g ¼ 0.534 R2m ¼ 0.534 R2c ¼ 0.666

AreaCH (a.u.) vs Permeability (m4/N s) e R2 ¼ 0.40 R2g ¼ 0.787 R2m ¼ 0.733 R2c ¼ 0.733

IntensityCH (a.u.) vs Permeability (m4/N s) e R2 ¼ 0.37 R2g ¼ 0.622 R2m ¼ 0.559 R2c ¼ 0.769
I3200/I2940 vs Aggregate modulus (MPa) R2 ¼ 0.42 e R2g ¼ 0.553 R2m ¼ 0.615 R2c ¼ 0.829

I3250/I2940 vs Aggregate modulus (MPa) R2 ¼ 0.41 e R2g ¼ 0.267 R2m ¼ 0.231 R2c ¼ 0.231

I3450/I2940 vs Aggregate modulus (MPa) R2 ¼ 0.42 e R2g ¼ 0.584 R2m ¼ 0.560 R2c ¼ 0.739
I3520/I2940 vs Aggregate modulus (MPa) R2 ¼ 0.53 e R2g ¼ 0.643 R2m ¼ 0.614 R2c ¼ 0.681
I3650/I2940 vs Aggregate modulus (MPa) R2 ¼ 0.45 e R2g ¼ 0.570 R2m ¼ 0.512 R2c ¼ 0.679

I3450/I3250 vs Aggregate modulus (MPa) R2 ¼ 0.44 e R2g ¼ 0.455 R2m ¼ 0.408 R2c ¼ 0.408

I3200/I2940 vs Permeability (m4/N s) e R2 ¼ 0.39 R2g ¼ 0.433 R2m ¼ 0.409 R2c ¼ 0.513
I3250/I2940 vs Permeability (m4/N s) e R2 ¼ 0.37 R2g ¼ 0.396 R2m ¼ 0.404 R2c ¼ 0.570
I3450/I2940 vs Permeability (m4/N s) e R2 ¼ 0.34 R2g ¼ 0.571 R2m ¼ 0.532 R2c ¼ 0.599
I3520/I2940 vs Permeability (m4/N s) e R2 ¼ 0.38 R2g ¼ 0.548 R2m ¼ 0.520 R2c ¼ 0.634
I3650/I2940 vs Permeability (m4/N s) e R2 ¼ 0.37 R2g ¼ 0.403 R2m ¼ 0.362 R2c ¼ 0.758
I3450/I3250 vs Permeability (m4/N s) e R2 ¼ 0.29 R2g ¼ 0.423 R2m ¼ 0.451 R2c ¼ 0.841
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cartilage (P < 0.0001, P ¼ 0.019, P ¼ 0.035, P ¼ 0.00038, respec-
tively) (Fig. 2 and Table I). The association between gravimetric and
Raman based water content was highly significant (R2g ¼ 0.912)
[Fig. 3(a)]. MRI-based hydration measure was also significantly
correlated with gravimetric water content (R2g ¼ 0.630) (mostly
within the old group based on GEE analyses) and Raman based
hydration measure (R2c ¼ 0.756 and R2c ¼ 0.596) [Fig. 3(b)e(d)] (in
older group). Among sub-bands intensities normalized by CH2 in-
tensity, all ratios except 3250/2940 and 3650/2940 significantly
differed between the groups (Table I).

Mechanical property variation between groups

Aggregate modulus of older specimens was significantly lower
than that of young specimens (P < 0.0001) [Fig. 4(a) and Table I]
whereas permeability did not differ between the two groups
(P > 0.05) [Fig. 4(b) and Table I].

Associations of Raman parameters with permeability

The associations between water content and permeability were
nonlinear when two groups were merged together (i.e., ignore the
group effect) and appear so in some subgroup cases (Fig. 5).
Permeability increased with increasing gravimetric water content
[R2c ¼ 0.891 (group and clustering effects considered), Fig. 5(a)],
Raman-based water content per unit organic content [R2g ¼ 0.844,
Fig. 5(b)] (more significant for the old group) and with increasing
amount of Raman-based non-normalized OH band area
[R2c ¼ 0.666, Fig. 5(c)]. MRI-based hydration was not correlated
significantly to permeability (P > 0.10).

Permeability was negatively and nonlinearly associated with
organic content such that permeability decreased with increasing
organic content initially, then it reached a steady state [R2g ¼ 0.787
and R2c ¼ 0.769, respectively, Fig. 5(d) and (e)].

All five sub-bands ratios were nonlinearly associated with
permeability [R2c ¼ 0.570e0.758, Sup. Fig. 3(a)e(e) and Table II]. The
trends of the relationships of sub-bands were comparable to the
trend that was observed for the entire OH-band [Fig. 5(b) and (c)
and Table II]. ~3450/3200 ratio was nonlinearly related to perme-
ability [R2c ¼ 0.841, Sup. Fig. 3(f) and Table II].

Associations of Raman parameters with aggregate modulus

Specimens with greater water content had lower aggregate
modulus, both for gravimetric [R2c ¼ 0.748, Fig. 6(a) and Table II] and
Raman-based water content measures [R2c ¼ 0.680, Fig. 6(b) and
Table II]. Normalization of water content by protein content
enhanced the strength of the association (R2c ¼ 0.680 vs R2g ¼ 0.240)
[Fig. 6(b) vs 6(c) and Table II]. Specimens with greater Raman in-
tensities for organic phase had greater aggregate modulus
(R2c ¼ 0.748 and R2c ¼ 0.627), [Fig. 6(d) and (e) and Table II]. MRI-
based water content was not significantly associated with aggre-
gate modulus (P > 0.10).

The sub-bands intensities were negatively associated with the
aggregate modulus [R2c ¼ 0.231, ..., 0.829, Sup. Fig. 4(a)e(e) and
Table II]. Normalized band intensities at ~3200 and ~3520 cm�1 had



Fig. 2. Older cartilage group consistently has higher water content compared to younger group, regardless of the method used to calculate water content: (a) gravimetric, (b) RS and
(c) MRI. (d) Organic matrix content as an area under CH2eband was significantly greater in young cartilage specimens compared to old cartilage specimens.

Fig. 1. (a) Raman spectra of younger and older age groups obtained by averaging twenty-seven spectra collected at three different locations from nine cartilage specimens per group
from both groups. The standard deviation was within %12 of the intensity and not shown in the spectra for the sake of clarity. The wavenumber range of 2700e3050 cm�1 manifests
CH2-stretch band associated with organic (i.e., collagen and PG phases of cartilage) matrix whereas OH-stretch band extends across 3050e3800 cm�1. Greater amount of organic
matrix is reflected by Raman intensities. (b) Raman spectra obtained after normalizing the spectra to match organic matrix intensity indicates that older specimens had greater
water amount per organic content. (c) Second derivative analysis revealed the locations of sub-bands making up the water region for the two groups. Bands for older specimens
appeared at greater wavenumbers than those of younger specimens.
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Fig. 3. Associations between (a) gravimetric and Raman-based (AreaOH/AreaCH), (b) gravimetric and MRI-based (T2), and (d) MRI (T2) and Raman (AreaOH)-based measures of
hydration.
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the highest association with aggregate modulus [R2c ¼ 0.829 and
0.739, respectively, Sup. Fig. 4(d) and Table II].
Discussion

We demonstrated, for the first time, that Raman-based water
measures have significant associations with aggregate modulus
and hydraulic permeability of human articular cartilage. Raman-
based water content was closely validated by gravimetric water
content. Therefore, Raman-based water measurement is as effec-
tive as direct measurement of water content by gravimetric mea-
surement [Fig. 2(a) vs 2(b)]. This is an important outcome because
gravimetric measurement requires physical removal of water
whereas RS analysis provides water content information from the
native tissue without the need for dehydration. Therefore, Raman-
based hydration may be a suitable biomarker to estimate me-
chanical function of cartilage.

MRI is the only nondestructive and clinically applicable method
for measurement of water content. To the best of our knowledge,
Fig. 4. Mean and standard deviation representations of (a) aggregate modulus
this is the first study that validated MRI-based hydration with
secondary methods of Raman and gravimetric measurement, and,
sought for associations between MRI measures and cartilage spe-
cific mechanical properties. An important finding of this study was
that MRI-based T2 relaxation time, as a surrogate for cartilagewater
content32, was correlated to gravimetric [Fig. 3(b)] and Raman
[Fig. 3(c) and (d)]-based hydration measures. Furthermore, MRI
was able to resolve the differences between water contents of the
young and old age groups [Fig. 2(c) and Table I]. On the other hand,
although significant, the association of MRI-based water measure
to gravimetric standard was lower than the association of RS-based
water measure [Fig. 3(b) and Table II], and the need to improve the
MRI detection sensitivity of cartilage damage in small sample sizes
has been noted10. Future advancement of MRI acquisition and
processing methods to improve hydration-based noninvasive pre-
dictor of cartilage quality may benefit from comparison to gravi-
metric and Raman measures as standards.

In agreement with earlier studies33e38, our gravimetric and
more importantly Raman-based water measurement showed
and (b) permeability of the cartilage specimens from the two age groups.



Fig. 5. Associations between permeability vs (a) gravimetric-, (bec) Raman-based hydration measures and (dee) Raman-based organic content. Open square indicates old cartilage
group and black circle indicates young cartilage group. Reported R2 values in the figures are the best model among conditional LMM R-square (R2c ), marginal LMM R-square (R2m), or
GEE-based R-square (R2g).
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similar significant associations betweenwater content and biphasic
properties of human articular cartilage [Figs. 5 and 6, Sup. Figs. 3
and 4 and Table II]. Our results are also in good agreement with
earlier studies34e37,39 that used destructive techniques to measure
organic matrix content. Raman-based organic matrix amount
(based on measure of intensity or area of CH2 peak nondestruc-
tively) is associated negatively with permeability [Fig. 5(d) and (e)]
and positively with aggregate modulus [Fig. 6(d) and (e)], sug-
gesting RS offers a non-destructive surrogate measurement of
organic matrix content in cartilage. However, it is important to note
that CH2 peak is not specific to GAG or collagen, rather it emerges
from both collagen and PGs.

A low permeability is mechanically desirable by rendering
resistance to deformation of cartilage through limiting the flow of
water9,38. While the permeability of cartilage specimens from old
and young donors did not differ [Fig. 4(b) and Table I] likely due to
high data scatter, significant nonlinear associations between
permeability and water content emerged when data were pooled
over donors (Fig. 5 and Sup. Fig. 3). We previously reported that
~95% of intensity within OH-stretch band is associated with un-
bound (free) water21. Therefore, it is plausible for the permeability
to increase with more unbound (free) water. Organic phase in
cartilage, particularly aggrecan, is known to attract and stabilize
water molecules40. Therefore, one would expect lower water
mobility, thus, lower permeability for cartilage tissue with greater
organic content. This notionwas supported by earlier studies39,40 as
well as by our data such that samples with high CH2 band in-
tensities or areas which are reflecting of the organic content had
lower permeability values [Fig. 5(d) and (e)].

Aggregate modulus is a cartilage specific measure of organic
matrix stiffness that is obtained from the latent stages of long-term
mechanical testing at which effects of water on mechanical per-
formance subsides. As expected, cartilage tissues with greater
organic matrix contents were stiffer [Fig. 6(d) and (e)]. Further-
more, specimens with greater water content, which is an indicator
of greater pore space, had lower aggregate modulus [Fig. 6(a)e(c)
and Sup. Fig. 4(a)e(f)]. Therefore, water content is an indirect
measure of cartilage stiffness by reflecting the pore volume within
which the unbound water freely moves9,38.

Recently, we reported that only ~ 4e5% of Raman signal is
associated with bound water21. Given that analyzing bound water
Raman signal in intact cartilage requires dehydration that is not
clinically viable, we did not seek for associations between bound
water and cartilage mechanical properties. As we identified in our
previous study21, different sub-bands in the OH-stretch band are
associated with water molecules interacted with different organic
matrix components in cartilage such as chondroitin sulfate or
collagen21. The strengths of associations of permeability and



Fig. 6. Associations between aggregate modulus vs (a) gravimetric-, (bec) Raman-based hydration measures and (dee) Raman-based organic content. Open square indicates old
cartilage group and black circle indicates young cartilage group. Reported R2 values in the figures are the best model among conditional LMM R-square (R2c ), marginal LMM R-square
(R2m), or GEE-based R-square (R2g).
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aggregate modulus with individual sub-band intensities (Figs. 3e6)
were mostly weaker than those obtained by the entire OH band
range. This outcome suggests that each water compartment con-
tributes to cartilage mechanics, and that integrating the entire OH
region to capture such discrete contributions improves the strength
of association between permeability and water content.

We previously reported that ~3450/3250 is an indicator of water
bonding states in cartilage21. The higher value indicates the
decreased number of hydrogen bonds between water molecules
and cartilage macromolecules (collagen and PGs), thereby, indi-
cating of more free water in cartilage21. In this study, old cartilage
group had higher value for this ratio compared to young cartilage
group (Table I) and higher values of this ratio correlatedwith higher
permeability [Sup. Fig. 3(f) and Table II] and lower aggregate
modulus [Sup. Fig. 4(f) and Table II]. Thus, it can be used to assess
association between water bonding states and cartilage quality.

Ourfindings suggest that thewaywater chemically interactswith
its environment is different between young and old cartilage speci-
mens, as indicated by differences in wavenumber locations of sub-
bands [Fig. 1(c)]. For example, the peaks located between 3400 and
3700 cm�1 in the young group shifted to higher wavelength for old
cartilage group [Fig. 1(c)]. Previously, we showed that the peaks
located at lower wavenumber (~3200 and 3250 cm�1) are related to
water molecules with stronger hydrogen bonds while the peaks
located at higherwavenumber (~3450and~3520 cm�1) haveweaker
hydrogenbonds, and thepeaks at the regionof ~3630e3650arenon-
hydrogen bond water molecules21. Thus, shifts to higher wave-
number indicate that there is more free and weaker hydrogen
bondedwatermolecules in the specimens of the older cartilage. This
finding agrees with previous reports of PG loss and collagen degra-
dationwith aging38,39,41 and such diminishment in theorganic phase
results in reduction of water binding capacity of older cartilage.

Human cartilage water content has been measured in the past
using gravimetric or MRI techniques with contradictory results
reported38,42e45 that may be attributed to age, location (patellar vs
femoral head), and tissue source (cadavers vs joint replacement
patients). On the other hand, past literature has consistently shown
OA samples to have greater water content than healthy
cartilage4e6,46, as we observed for the sample set in this study
[Fig. 2(a)e(c)]. Our specimens were collected from load bearing
regions; therefore, it is more likely that the older group was at a
higher state of degeneration than the younger group.

Near Infrared (NIR) spectroscopy is another emergingmethod to
assess hydration status of cartilage47,48. Although NIR spectroscopy
offers a superior penetration depth (~0.5e5 mm) in cartilage
compared to RS (couple hundred mm), NIR spectrum bands are
chemically less-specific and relatively harder to interpret. Mid-
infrared (MIR) and fingerprint region of Raman spectrum have
been widely used to assess the OA-associated biochemical changes
in collagen and PGs16,49. Raman fingerprint region has been also
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used recently to study depth-dependent water distribution50

through the analysis of inherently weak water peak located at
Amide I region. This water peak overlaps with prominent collagen
and PG-related peaks. As confirmed50, the higher wavenumber
region is more suitable to analyze cartilage water. Taking all into
consideration, vibrational spectroscopic techniques (Raman, NIR,
and MIR) provide complementary information to evaluate
biochemical changes in cartilage composition. Therefore, the
combination of these techniques holds a great potential for a ver-
satile assessment of cartilage matrix.

As a limitation, we collected Raman spectra from the articular
surface. Although, robust associations between gravimetric water
content that is resulting from bulk of cartilage and Raman-based
water measurements from surface suggests that articular surface
content to mirror the water content in the rest of cartilage. Early
onset of cartilage degeneration is more pronounced on the me-
chanical loaded articular layer25,26; therefore, measurements con-
ducted on this layer would be valuable. Because gravimetric and
MRI-based water measurements provide the water content of
entire cartilage volume, future RS studies are also needed to char-
acterize the depth of penetration of the laser to cartilage to better
define the sampling volume.

In conclusion, this study demonstrated that RS was able to
explain ~90% of the variation in gravimetric water content, and was
also able to resolve age-related changes in water content that cor-
responded to 5% of total cartilage wet weight as determined by
gravimetric water content. Ability of RS to detect water content was
also functionally meaningful such that up to 82% of the variation in
aggregate modulus and permeability of cartilage could be
explained by water content of cartilage as measured by RS. Given
that gravimetric analysis cannot be conducted nondestructively,
and also it cannot be executed in a site specific way, RS can become
one of the few nondestructive tools to assess water content in
cartilage. RS-based water measurement may be used as a
biomarker of OA progression in animal model studies investigating
drugs' efficacy or rehabilitation in longitudinal studies. In clinical
practice, RS has the potential to measure water content in cartilage
in vivo nondestructively and transcutaneously using emerging
methods, i.e., spatially-offset RS22 or fiber optic Raman probes
during arthroscopic evaluation15. Visual arthroscopic evaluation is
highly subjective to assess cartilage degeneration, and RS may
supplement visual evaluation with matrix biochemistry and water
content. Moreover, RS analysis may serve to benchmarkMRI data in
clinical studies.
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