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Abstract—Osteoarthritis (OA) is a disease characterized by
the degeneration of cartilage tissue, and is a leading cause of
disability in the United States. The clinical diagnosis of OA
includes the presence of pain and radiographic imaging
findings, which typically do not present until advanced stages
of the disease when treatment is difficult. Therefore, identi-
fying new methods of OA detection that are sensitive to
earlier pathological changes in cartilage, which may be
addressed prior to the development of irreversible OA, is
critical for improving OA treatment. A potentially promising
avenue for developing early detection methods involves
measuring the tissue’s in vivo mechanical response to loading,
as changes in mechanical function are commonly observed in
ex vivo studies of early OA. However, thus far the mechanical
function of cartilage has not been widely assessed in vivo.
Therefore, the purpose of this study was to develop a novel
methodology that can be used to measure an in vivo
mechanical property of cartilage: the characteristic recovery
time. Specifically, in this study we quantified the character-
istic recovery time of cartilage thickness after exercise in
relatively young subjects with asymptomatic cartilage. Addi-
tionally, we measured baseline cartilage thickness and T1rho
and T2 relaxation times (quantitative MRI) prior to exercise
in these subjects to assess whether baseline MRI measures are
predictive of the characteristic recovery time, to understand
whether or not the characteristic recovery time provides
independent information about cartilage’s mechanical state.
Our results show that the mean recovery strain response
across subjects was well-characterized by an exponential
approach with a characteristic time of 25.2 min, similar to
literature values of human characteristic times measured
ex vivo. Further, we were unable to detect a statistically
significant linear relationship between the characteristic
recovery time and the baseline metrics measured here
(T1rho relaxation time, T2 relaxation time, and cartilage

thickness). This might suggest that the characteristic recovery
time has the potential to provide additional information
about the mechanical state of cartilage not captured by these
baseline MRI metrics. Importantly, this study presents a
noninvasive methodology for quantifying the characteristic
recovery time, an in vivo mechanical property of cartilage. As
mechanical response may be indicative of cartilage health,
this study underscores the need for future studies investigat-
ing the characteristic recovery time and in vivo cartilage
mechanical response at various stages of OA.
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INTRODUCTION

Osteoarthritis (OA) is a debilitating disease affecting
articular cartilage, the tissue lining the ends of long
bones in synovial joints.33 As the clinical diagnosis of
OA requires the existence of radiographic imaging
findings and pain, which typically do not present until
advanced stages of OA,32 identification of new detec-
tion methods that are sensitive to earlier pathological
changes in cartilage is critical for improving OA
treatment. Importantly, several changes may occur in
cartilage tissue during OA before clinical signs, such as
pain and radiographic abnormalities, are present.32

These include altered cartilage composition, such as
decreases in proteoglycan content, changes in collagen
content and organization, and changes in water con-
tent.20,22,32,37,43 The mechanical response of cartilage
to loading is also affected, as decreased stiffness and
changes in permeability are observed in OA carti-
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lage.20,24,37,39 Alterations in mechanical response may
further the pathological cascade,19 as cartilage meta-
bolism has been shown to be affected by its mechanical
environment.7,27,28,38 As a result, measurement of
changes in cartilage mechanical response may indicate
OA pathology prior to the presence of radiographic
features or pain,24 and may help identify those at risk
of developing OA.

While assessment of mechanical response is classi-
cally performed in the ex vivo environment, magnetic
resonance imaging (MRI) combined with loading has
been used to quantify cartilage mechanical response
in vivo.9,36 Under load (such as from exercise), water is
forced out of the extracellular matrix. As this flow of
water occurs over time, it gives rise to a time-depen-
dent deformation of the cartilage.34 MRI can then be
used to measure cartilage morphology before and after
the exercise-induced flow of water, enabling measure-
ment of cartilage deformation due to loading.14–16 For
example, in recent work from our lab,36 tibial cartilage
was mechanically loaded in vivo through repeated
bouts of walking at different durations with MRI ta-
ken before and after each walk, allowing for a dose-
dependent measurement of cartilage strain. In vivo
strain was found to increase monotonically with walk
duration and did so in a nonlinear, exponential-ap-
proach manner,36 consistent with ex vivo observations
of cartilage creep.34

As the flow of water back into the tissue upon
unloading is also time-dependent, the reversal of strain
during unloading can similarly be quantified using
MRI. Indeed, recent ex vivo work by our group12

showed that measuring the unloading response, or the
recovery after loading, results in similar mechanical
property characterization (aggregate modulus and
characteristic time) as measuring the loading response,
as is traditionally done. Not only would assessing
cartilage recovery in vivo complement our prior work
that investigated cartilage creep in vivo,36 it would also
reduce MRI and analysis time, as only one pre-activity
MRI and one bout of activity is necessary (compared
to multiple bouts of activity and multiple pre/post
MRI when measuring the creep response). Therefore,
the purpose of this study was to develop a novel MRI
methodology that can be used to noninvasively mea-
sure an in vivo mechanical property of cartilage: the
characteristic recovery time. Specifically, our goal was
to measure the mechanical response of tibial cartilage
during recovery after loading to quantify tibial carti-
lage’s characteristic recovery time in vivo. Based on
previous work from our lab,12 we hypothesized that

tibial cartilage would exhibit a time-dependent recov-
ery characterized by exponential approach, and that
the characteristic time of this in vivo recovery would be
comparable to literature values of characteristic times
measured ex vivo. As the characteristic recovery time is
a mechanical property of cartilage tissue that is related
to cartilage’s thickness, stiffness, and permeability, we
propose it here as a novel in vivo metric for describing
cartilage mechanical function.

Moreover, quantitative MRI (qMRI) techniques
have emerged as methods that reflect cartilage com-
position and health.11,30,31 Specifically, qMRI mea-
sures such as T1rho and T2 relaxation times are
sensitive to changes in proteoglycan concentration,
collagen content and organization, and water con-
tent,11,18,30,45 and can be obtained noninvasively.
Studies have also shown that these qMRI measures
change during OA progression,20,28–31,35 motivating
their use as indicators of cartilage health. Therefore,
baseline qMRI biomarkers of cartilage composition
(T1rho and T2 relaxation times) and baseline cartilage
thickness were also measured in this study to explore
their potential relationships with the characteristic
recovery time, to understand whether or not the
characteristic recovery time provides additional infor-
mation about cartilage that is not captured by these
baseline qMRI metrics. As the characteristic recovery
time reflects cartilage’s mechanical function, we
hypothesized that it would not be significantly corre-
lated with qMRI measures indicative of cartilage’s
composition or with baseline cartilage thickness.

METHODS

Data Collection

All study procedures were approved by the Duke
University Health System Institutional Review Board
(IRB). Eleven relatively young, asymptomatic subjects
(5 male/6 female; mean age: 25 years, range: 22–
32 years; mean BMI: 22.1 kg/m2, range: 19.8–24.7 kg/
m2) provided informed written consent prior to their
participation. Inclusion criteria were an age of 18–
40 years and a normal BMI (18.5–24.9 kg/m2)46 while
exclusion criteria were any history of lower extremity
injury, any history of smoking, and any evidence of
knee OA as assessed by MRI by an experienced mus-
culoskeletal radiologist. As our prior work investigat-
ing creep in vivo examined ten subjects and found a
significant correlation between loading and cartilage
strain (strain increased with increasing walk dura-
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tion),36 our goal was to analyze a similar number of
subjects in the current study to investigate the rela-
tionship between unloading and cartilage strain (re-
covery).

The study consisted of a single visit for each subject
(Fig. 1). Subjects were instructed to refrain from
strenuous activity the day before the study and arrived
at the study center at 7am to minimize cartilage load-
ing prior to the study.10,42 Upon arrival, subjects rested
supine for 45 min to allow for cartilage equilibration.41

Then, subjects were transported by wheelchair to the
MR scanner where they underwent baseline (pre-ac-
tivity) MRI using a 3 Tesla scanner (Trio Tim, Sie-
mens, Erlangen, Germany) and an 8-channel knee coil
(Invivo Corporation, Gainesville, FL). Specifically,
each subject’s dominant knee was imaged while they
lay supine with their leg in a relaxed and extended
position. Leg dominance was determined by which leg
the subject preferred to use to kick a ball.17 All MR
images were acquired in the sagittal plane, and three
different sequences were used to obtain three types of
images during the baseline MRI: a double-echo steady-
state (DESS) scan, a T1rho scan, and a T2 mapping
scan (see Table 1 for scan parameters). Total baseline
scan time was approximately 35 min.

After the baseline MRI, subjects walked on a
treadmill for 30 min in a room adjacent to the MR
scanner. This duration was chosen because it induces
statistically significant strain within tibiofemoral car-
tilage.26,36 Subjects walked at a fixed, comfort-
able speed normalized to their lower limb length.
Normalization was accomplished using the Froude
number (Fr),2 which is a dimensionless quantity
relating walk speed (m, in m/s), lower limb length (L, in
m, defined as the vertical distance from the surface of
the floor to the greater trochanter, identified by man-
ual palpation), and the gravitational constant
(g = 9.81, in m/s2) according to Eq. 1. Each subject
walked at a normalized speed of Fr = 0.25 (corre-
sponding to 1.48 ± 0.05 m/s for these subjects,
mean ± standard deviation) which represents a com-
fortable walking pace for adults.2,25

v ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Frð Þ Lð Þ gð Þ
p

: ð1Þ

Immediately after the walking exercise, subjects
underwent five consecutive post-activity DESS MRIs
to capture the recovery of cartilage thickness after
loading, with no wait time between sequences. As each
DESS scan lasted approximately 10 min, the post-ac-
tivity MRIs captured a total period of 50 min after the
walking activity. Time between the walk and MRI was
3:36 ± 0:47 min (mean ± standard deviation).

Data Analysis—DESS Scans

The DESS MR images were used to create virtual
three dimensional (3D) knee joint models8 from which
tibial cartilage thickness was measured (Fig. 2). This
technique has been previously shown to measure
changes in cartilage thickness with a coefficient of
variation of 1%.10 Quantifying tibial cartilage thick-
ness involved three steps: (1) manual segmentation by
a single investigator of the outer margins of the tibia
and the tibial articular cartilage surface in each DESS
MR image slice (Fig. 2a) using solid modeling software
(Rhinoceros 4.0, Robert McNeel and Associates,
Seattle, WA); (2) stacking the segmented contours
across slices to create a wireframe model of the joint
(Fig. 2b); and (3) generating a 3D surface mesh model
from the wireframe models (Fig. 2c) using solid mod-
eling software (Geomagic Studio 11, 3D Systems,
Rock Hill, SC). This procedure was carried out for
each DESS scan (pre-activity scan and five post-ac-
tivity scans) to generate a 3D surface mesh model
representing the tibia and tibial cartilage at each time
point (pre-activity and 10, 20, 30, 40, and 50 min post-
activity).

Next, each post-activity tibia model was aligned
with the pre-activity tibia model using an iterative
closest-point technique (Geomagic Studio 11, 3D
Systems, Rock Hill, SC). This was done in order to
sample cartilage thickness at the same locations in the
pre- and each post-activity model. To quantify carti-
lage thickness, 18 sampling points were applied across
the surface of the tibial cartilage (9 points arranged in a
3 9 3 grid on the medial and lateral plateaus, respec-
tively; Fig. 3), and custom software (Wolfram Math-
ematica 9, Wolfram Research, Champaign, IL) was
used to measure cartilage thickness at each sampling
point.26,36 Thickness was defined as the distance
between each node of the cartilage surface mesh and
the nearest node of the tibial surface mesh. The
thickness value of all cartilage surface nodes within a
2.5 mm radius were averaged to represent the cartilage
thickness at each sampling point. Cartilage strain was
calculated for each sampling point as the thickness
change from post- to pre-activity, normalized to the
pre-activity thickness, expressed as a percent (Eq. 2).
All 18 sampling points were averaged to represent the
mean cartilage strain per subject at each recovery time
point. As our prior work36 included measurement of
five separate pre-activity scans on a group of ten sub-
jects, each taken on different days, we quantified our
technique’s strain error using this data. For each sub-
ject, the difference in pre-activity thickness was calcu-
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FIGURE 1. Study timeline for each subject. Figure adapted from Ref. 21

TABLE 1. MRI parameters.

Parameter DESS scan T1rho scan T2 mapping scan

Field of view 16 cm 9 16 cm 14 cm 9 14 cm 16 cm 9 16 cm

Matrix size 512 px 9 512 px 256 px 9 256 px 384 px 9 384 px

Slice thickness 1 mm 3 mm 3 mm

Flip angle 25� 15� 180�
Repetition time 17 ms 3500 ms 3500 ms

Echo time(s) 6 ms 5.9 ms 13.8, 27.6, 41.4, 55.2, 69.0, 82.8, 96.6 ms

Spin lock times – 5, 10, 40, 80 ms at 500 Hz –

Duration ~ 10 min ~ 13 min ~ 12 min

FIGURE 2. Tibial cartilage thickness measurement procedure, showing (a) segmentation of tibial cortex and tibial articular
cartilage, (b) segmentation stack across several slices, and (c) 3D surface mesh model creation
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lated between the first pre-activity scan and each of the
four subsequent pre-activity scans. Each difference was
normalized to the first pre-activity thickness and ex-
pressed as a percent (Eq. 3), analogous to our calcu-
lation of strain (Eq. 2). The mean difference across all
four measures per subject and across all ten subjects
was 0.2%. As the expected difference in pre-activity
thickness between different days is 0% (i.e. a ‘‘strain’’
of 0%), this measurement encompasses both the error
resulting from day-to-day differences in cartilage
thickness as well as the error in pre- and post-activity
model alignment.

e tð Þ ¼ hpost � hpre
hpre

� �

� 100%; ð2Þ

where e = strain, t = time, hpre = pre-activity thick-
ness, and hpost = post-activity thickness.

Dh ¼ hpren � hpre1
hpre1

� �

� 100%; ð3Þ

where Dh = difference in pre-activity thickness,
hpre1 = pre-activity thickness from first pre-activity

scan, and hpren = pre-activity thickness from a subse-

quent (either second, third, fourth, or fifth) pre-activity
scan.

Importantly, ex vivo studies using mechanical test-
ing3–5,34,40 and a recent in vivo MRI study from our
group36 have demonstrated the viscoelastic behavior of
cartilage, commonly described using biphasic theory.34

Under biphasic theory, the time constant (Eq. 4c) de-
scribes how quickly equilibrium (the asymptote) is
reached and is related to the stiffness (HA), thickness
(h), and permeability (k) of the cartilage.34 It is often
reported as the characteristic time (Eq. 4d),3 corre-
sponding to the first term (n = 0) in the summation
(Eqs. 4a and 4b). As only five time points were quan-
tified in this study, the empirical Kelvin–Voigt vis-
coelastic two-parameter exponential model33

describing recovery (Eq. 5), which represents a first-
order approximation of the biphasic equation, was fit
to the in vivo compressive strain vs. time post-activity
(10, 20, 30, 40, and 50 min) data, similar to our pre-
vious work.36 Thus, the Kelvin–Voigt recovery time
constant (1/B) of the tissue was calculated as an
approximation of the characteristic recovery time.
Curve-fitting was carried out using custom software
written in MATLAB (version R2018a, Mathworks,
Natick, MA). To characterize the cohort of subjects in
our study, the mean strain trajectory across time was
used for the curve-fit, and was calculated as the mean
strain at each post-activity time point across all sub-
jects (n = 11). As one subject’s 40 min post-activity
scan showed motion artifact, it was not included in the
analysis, resulting in n = 10 for the 40 min time point.
Strains, where reported or graphed, are presented as
the mean strain (± 95% confidence interval) at the
specified post-activity time point, where a negative sign
indicates compression. Finally, to explore relationships
between baseline MRI measures (T1rho and T2
relaxation times and cartilage thickness) and the
characteristic recovery time, each subject’s strain tra-
jectory was also fit with the Kelvin–Voigt recovery
model to calculate the characteristic recovery time on a
per-subject basis.

e tð Þ ¼ � r
HA

1� 2
X

1

n¼0

1

M
e�

M
sð Þt

" #

; ð4aÞ

where

M ¼ p2 nþ 1

2

� �2

; ð4bÞ

s ¼ h2

HAk
; ð4cÞ

and

s0 ¼
4

p2
h2

HAk
; ð4dÞ

where e = strain, t = time, h = baseline thickness,
r0 = applied stress, HA = aggregate modulus,
s = time constant, s0 = characteristic time,
and k = permeability.

FIGURE 3. Grid sampling system used to define cartilage
thickness in each model (A anterior, P posterior, M medial, L
lateral)
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e tð Þ ¼ A e� Btð Þ
h i

; ð5Þ

where e = strain, t = time, and A and B are fitted
constants.

Data Analysis—T1rho and T2 Mapping Scans

The T1rho and T2 mapping images were used to
calculate T1rho and T2 relaxation times6,20,30 on a per-
subject basis using custom software written in MA-
TLAB. First, the cartilage was manually segmented in
each slice of the scan corresponding to the first acquired
spin lock time (T1rho) or echo time (T2 map) to define
the subset of pixels representing cartilage. These same
cartilage masks were then applied to the scans from
subsequent spin lock times (T1rho) or echo times (T2
map). Next, the signal intensity in each cartilage pixel
was extracted for every spin lock time (T1rho) or for
every echo time (T2 map). Finally, for each pixel, the
signal intensities across time (either spin lock or echo,
respectively) were fit with an exponential decay curve
(Eqs. 6a or 6b, respectively), where the relaxation time
was defined as the decay constant of the exponential
curve.30 The mean relaxation time across all pixels from
all slices was used to represent each subject’s relaxation
time (both for T1rho and T2 relaxation times).

S tð Þ ¼ S0 e�
t

T1rhoð Þ
h i

; ð6aÞ

S tð Þ ¼ S0 e�
t
T2ð Þ

h i

; ð6bÞ

where S(t) = signal intensity, t = time—either spin
lock (T1rho) or echo (T2 map), T1rho = T1rho
relaxation time, and T2 = T2 relaxation time.

Statistical Analysis

Statistical modeling was performed in SAS (SAS 9.4,
SAS Institute Inc., Cary, NC) with a significance level of
p < 0.05. Outcome measures (characteristic recovery
time, baseline cartilage thickness, baseline T1rho relax-
ation time, and baseline T2 relaxation time) were
assessed fornormality using theShapiro–Wilk test. Two-
tailed Pearson correlations were used to test for signifi-
cant correlations between the outcome measures. Fi-
nally,multiple linear regressionmodelingwas performed
to determine whether baseline MR-derived measures
(cartilage thickness,T1rho relaxation time,T2 relaxation
time) were predictive of the characteristic recovery time.

RESULTS

As expected, the magnitude of cartilage strain in-
curred by the 30 min walk decreased with time after
activity, indicative of the recovery of cartilage thick-

ness with time after activity. Specifically, at 10 min
post-activity, the mean strain was 2 4 ± 1% (± 95%
confidence interval), while at 50 min post-activity, it
had recovered to 2 1 ± 1% (Fig. 4). Indeed, the mean
strain trajectory across time (calculated as the mean
strain value across subjects at each post-activity time
point) was well-fit by the empirical Kelvin–Voigt
exponential model for recovery (Fig. 4), with a char-
acteristic recovery time of 25.2 min (root mean square
error, RMSE = 0.24; RMSE of a line fit to these
data = 0.46).

The correlation analysis and multiple linear regres-
sion model predicting the characteristic recovery time
as a function of baseline measures (cartilage thickness,
T1rho relaxation time, T2 relaxation time) was based
on a subset of our cohort (8 subjects), as three subjects
did not complete T2 mapping scans. No significant
correlations between any of the outcome measures
were found, and the multiple linear regression model
did not find any of the baseline measures to be sig-
nificant predictors of the characteristic recovery time
(Table 2).

DISCUSSION

As the diagnosis of OA depends on features that are
typically not present until advanced stages of the dis-
ease (including radiographic findings and pain),32

assessment of changes that can be observed at earlier
stages of disease progression is important for improved
identification, prevention, and treatment of OA. Be-
cause cartilage’s mechanical response and composition
both change during OA progression,24 their measure-
ment in vivo may enable earlier detection of OA. As
qMRI techniques allow for the noninvasive assessment
of cartilage composition in vivo, we sought here to
propose a noninvasive MRI methodology for the
assessment of cartilage mechanical response in vivo. As
such, in this study we measured the in vivo recovery
response of tibial cartilage to 30 min of walking using
MRI in a cohort of relatively young, adult human
subjects with asymptomatic cartilage. This enabled us
to quantify the characteristic recovery time, a
mechanical property of cartilage tissue, in vivo. In
addition, we measured baseline values of cartilage
thickness, T1rho relaxation time, and T2 relaxation
time in our cohort, in order to examine predictive
relationships between these baseline measures and the
characteristic recovery time.

Through the use of our noninvasive MRI method-
ology evaluating cartilage recovery, we found the
in vivo characteristic recovery time of our cohort to be
25.2 min. This value is consistent with human cartilage
characteristic recovery times reported in the litera-
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ture,1,3 obtained through ex vivo mechanical testing
(Table 3). Using the reported literature values of mean
explant height, stiffness, and permeability from two
studies of creep in ex vivo human cartilage,1,3 we cal-
culated the corresponding characteristic creep times via
Eq. 4d3,34 to be 26.8 min for tibial plateau cartilage1

and 17.7 min for patellar cartilage.3 These are similar
to the characteristic recovery time measured in the
present in vivo study (25.2 min for tibial plateau car-
tilage). While future work is needed to understand how
the characteristic recovery time changes with OA, the
consistency between our in vivo results and ex vivo
literature findings validates our novel MRI approach,
and reveals the utility of the characteristic recovery
time as an in vivo metric reflecting cartilage’s
mechanical function.

Additionally, our observations of cartilage’s recov-
ery trajectory are comparable to other observations in
the literature. For example, a recent MRI study44

found that in response to 30 min of running, femoral
and tibial cartilage volume of control subjects recov-
ered to within 1% of baseline after 45 min. Likewise,
another MRI study investigating a running activity
found that tibial cartilage volume recovered to within
1% of baseline after 60 min.23 In the current study,
tibial cartilage thickness also recovered to within 1%
of baseline after a similar amount of time (strain after
50 min of recovery, mean ± 95% confidence interval:
2 1 ± 1%). Finally, the in vivo recovery response
measured here is similar to our prior work investigat-
ing the in vivo loading response, which was also well-fit
by the Kelvin–Voigt model for creep.36 The similarity

FIG. 4. Tibial cartilage strain (%, mean 6 95% confidence interval) across time after activity, including a fit of the empirical
Kelvin–Voigt model for recovery. The magnitude of cartilage strain decreased with time post-activity

TABLE 2. Parameter estimates from a multiple linear regression predicting the characteristic recovery time.

Variable Parameter estimate Standard error p value

Baseline thickness (mm) 37.46 24.61 0.20

Mean T1rho relaxation time (ms) 2.31 1.33 0.16

Mean T2 relaxation time (ms) 0.79 2.54 0.77

TABLE 3. Literature values of human cartilage creep characteristic time.

References Cartilage location Sample height (h, mm) Stiffness (HA, MPa)

Permeability

(k, x 10215 m4/Ns) Characteristic time (s0, min)

Akizuki et al.1 Tibial Plateau 2.27 0.65 2.00 26.8

Armstrong and Mow3 Patella 3.12 0.79 4.70 17.7
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between the in vivo creep and recovery strain trajec-
tories is in line with our ex vivo results, in which
comparable mechanical property measurements
resulted from assessing either the loading or the
unloading response.12

Moreover, the characteristic recovery time was not
significantly correlated with the baseline MRI metrics
measured here (T1rho relaxation time, T2 relaxation
time, cartilage thickness), nor were these metrics sig-
nificant predictors of the characteristic recovery time.
This might suggest that the characteristic recovery time
contributes independent information about the
mechanical state of the cartilage not captured by the
other MRI metrics measured in this study. This further
underscores the characteristic recovery time’s value as
an indicator of cartilage’s mechanical function, and
illustrates the potential importance of its measurement
in addition to baseline qMRI measures of cartilage
composition for the noninvasive assessment of carti-
lage health. However, this study analyzed only rela-
tively young and asymptomatic volunteers, and may
therefore have been underpowered to detect relation-
ships between the characteristic recovery time and
baseline measures with the current sample size. As
T1rho and T2 relaxation times change with OA pro-
gression,30 these baseline measures may be more
indicative of mechanical response if analyzed when a
larger variation in cartilage health is assessed. On the
other hand, recent work investigating changes in
stiffness and histology in murine cartilage after surgical
destabilization of the medial meniscus found that sig-
nificant changes in stiffness were apparent sooner after
the surgery (within a week) than were histological
changes as assessed by Mankin grading (within four to
8 weeks).13 This supports the hypothesis that
mechanical changes may be one of the earliest changes
occurring in the progression of OA. Furthermore, our
results suggest that baseline qMRI may not fully cap-
ture information about cartilage mechanical properties
such as the characteristic recovery time. Overall, as
cartilage mechanical response changes as cartilage
health changes,20,24,37,39 the characteristic recovery
time presented here may represent another useful
indicator of in vivo cartilage health that is important to
quantify in addition to baseline measures of composi-
tion and morphology. However, future studies,
including assessment of characteristic recovery time in
OA patients and those at risk of OA (such as with
obesity or joint injury), are required to fully under-
stand the value of the characteristic recovery time as an
indicator of cartilage health.

Overall, in this work we developed a novel
methodology for measuring in vivo cartilage mechani-
cal properties, by assessing the recovery response after
loading and quantifying the characteristic recovery

time in vivo. The results of this study show that com-
parable characteristic times (mechanical properties) are
measured using our in vivo MRI approach as they are
using literature values from ex vivo mechanical testing,
supporting the validity of our methodology. Addi-
tionally, because cartilage mechanical properties
change with OA progression,20,24,37,39 the characteris-
tic recovery time may represent a potential noninvasive
MRI marker of cartilage health, as it represents a
combination of these mechanical properties (by
Eq. 4d). Therefore, we propose the characteristic
recovery time to be a new, noninvasive metric
describing the mechanical function of cartilage. As
such, the results presented here quantify normative
values of the in vivo characteristic time of asymp-
tomatic tibial plateau cartilage, against which future
values of OA cartilage can be compared. Future
studies investigating how the characteristic recovery
time changes with OA severity are warranted to assess
its value as a marker of early-stage OA and its rela-
tionship to cartilage health.
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