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Abstract
STUDY DESIGN—Case series.

BACKGROUND—It has been shown in rodent and canine models that cartilage composition is
significantly altered in response to long-term unloading. To date, however, no in vivo human
studies have investigated this topic. The objective of this case series was to determine the
influence of unloading and reloading on T1rho and T2 relaxation times of articular cartilage in
healthy young joints.

CASE DESCRIPTION—Ten patients who required 6 to 8 weeks of non–weight bearing (NWB)
for injuries affecting the distal lower extremity participated in the study. Quantitative T1rho and
T2 imaging of the ipsilateral knee joint was performed at 3 time points: (1) prior to surgery
(baseline), (2) immediately after a period of NWB (post-NWB), and (3) after 4 weeks of full
weight bearing (post-FWB). Cartilage regions of interest were segmented and overlaid on T1rho
and T2 relaxation time maps for quantification. Descriptive statistics are provided for all changes.

OUTCOMES—Increases of 5% to 10% in T1rho times of all femoral and tibial compartments
were noted post-NWB. All values returned to near-baseline levels post-FWB. Increases in medial
tibia T2 times were noted post-NWB and remained elevated post-FWB. The load-bearing regions
showed the most significant changes in response to unloading, with increases of up to 12%.

DISCUSSION—The observation of a transient shift in relaxation times confirms that cartilage
composition is subject to alterations based on loading conditions. These changes appear to be
mostly related to proteoglycan content and more localized to the load-bearing regions. However,
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following 4 weeks of full weight bearing, relaxation times of nearly all regions had returned to
baseline levels, demonstrating reversibility in compositional fluctuations.

LEVEL OF EVIDENCE—Therapy, level 4.
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biomechanics; knee; medical imaging; MRI

Osteoarthritis (OA) is a degenerative disease that is characterized by cartilage thinning and
biochemical compositional changes. It is estimated that 20 million individuals in the United
States are living with the disease, at an annual cost of over 15 billion dollars.13,16 OA
primarily affects weight-bearing joints, with the knee and hip joints being the most common
sites.1

It is believed that the initiating element of cartilage degeneration is an imbalance between
applied mechanical stress and the physicochemical ability of the cartilage to resist stress.1

Several studies have shown that loading of articular cartilage is necessary for stimulation of
chondrocytes and normal joint function. In particular, it has been shown in cartilage explants
that parameters of intermittent mechanical loading are related to proteoglycan synthesis,
indicating that loading is a necessary and beneficial element for cartilage health, and that a
lack of mechanical stimulation may be detrimental to cartilage health.31,32,35

Chronic unloading of cartilage has been studied using animal models. After 6 to 8 weeks of
immobilization (splinting in flexion to achieve non–weight bearing [NWB]), decreases in
proteoglycan content and increases in water content were observed in canines.14,33 In a
review paper, Vanwanseele and colleagues37 compiled all studies on immobilization in
animal models and reported a trend toward signs of early degenerative changes in articular
cartilage after prolonged immobilization. Fewer studies have investigated the influence of
remobilization on cartilage composition after a period of immobilization. Leroux and
colleagues17 investigated the proteoglycan-water ratio in canines during an immobilization
period, followed by a remobilization period. It was observed that this ratio was significantly
reduced after 4 weeks of immobilization and returned to baseline levels after 3 weeks of
remobilization. Jortikka and colleagues14 showed similar results in cartilage proteoglycan
concentration over longer remobilization periods. This indicates that proteoglycan and water
content have relatively rapid adaptation in response to the physical environment.
Experimental studies to determine the role of loading on cartilage composition have
traditionally been limited to in vitro and animal studies. These studies have helped to
recognize many of the important attributes of the loading conditions (magnitude, frequency,
duration, etc). However, only human in vivo studies can be used to definitively determine
the role of loading on human cartilage composition.

Recent advancements in magnetic resonance imaging (MRI) technology have led to an
improved ability to monitor early signs of OA in vivo. Of particular interest in identifying
the earliest degenerative changes is the development of T1rho and T2 relaxation-time
mapping.

T1rho relaxation time, or spin-lattice relaxation in the rotating frame, has been correlated
with proteoglycan levels of articular cartilage. The loss in proteoglycan concentration within
cartilage and the percentage increase in T1rho have been found to be correlated, with
reported relationships (R2) ranging between 0.203 and 0.986.2,19 Using previously validated
techniques (sodium MRI, biochemistry), several investigators have validated T1rho as an
effective method to determine cartilage proteoglycan content both in vivo and ex
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vivo.19,38,39 It has been shown that individuals with early OA have significantly elevated
T1rho relaxation times.18,30

T2 relaxation time, also known as spin-spin relaxation, has been found to distinguish
between normal and OA cartilage.8 It has been established that T2 relaxation is dominated
by cartilage water and collagen contents, and structural organization of the cartilage
matrix.22,23,28,40,42 As these changes are known to occur early in the cartilage disease
process, T2 mapping is promising in its ability to identify biochemical changes associated
with early cartilage degeneration. Similar to T1rho, increased T2 relaxation times have been
observed in persons with OA.9,18

These recent advancements in MRI technology allow investigation into the changes related
to cartilage composition. Furthermore, these methods allow for monitoring of cartilage in
vivo during periods of unloading. The purpose of this case series was to determine the
influence of unloading and reloading on T1rho and T2 relaxation times of articular cartilage
in healthy young adults. It is hypothesized that after 6 weeks of NWB subjects will
demonstrate elevated T1rho and T2 times and that after a period of remobilization back to
full weight bearing (FWB) those values will return to baseline levels.

CASE DESCRIPTION
Subjects

Ten subjects (4 male, 6 female; mean ± SD age, 35 ± 11 years) were recruited for the current
study through referrals from the Department of Orthopaedic Surgery at the University of
California, San Francisco. All subjects were prescribed 6 to 8 weeks of NWB requiring use
of crutches for injuries affecting the distal lower extremity. This injury paradigm allowed for
the observation of unloading effects on the ipsilateral knee joint of the injured limb. Specific
diagnoses for each subject are provided in TABLE 1. Exclusion criteria included (1) any
previous knee injuries or surgeries ipsilateral to the injury, (2) previous diagnosis of OA or
any other disease affecting the articular cartilage of the knee, and (3) implanted biological
devices that might interact with the magnetic field (eg, pacemakers, cochlear implants, or
ferromagnetic cerebral aneurysm clips). All subjects were free of any knee range-of-motion
restrictions and were allowed unlimited knee motion during all stages of the investigation.
All procedures were approved by the Committee on Human Research at the University of
California, San Francisco, and all subjects signed informed consent and Health Insurance
Portability and Accountability Act (HIPAA) forms prior to data collection.

Magnetic Resonance Imaging
All imaging was performed at the University of California, San Francisco, Department of
Radiology and Biomedical Imaging MRI facilities using a Signa HDxt 3.0T MRI scanner
(GE Healthcare, Waukesha, WI) and an 8-channel phased-array knee coil (Invivo,
Gainesville, FL). Sagittal high-resolution spoiled-gradient-recalled (SPGR) images
(repetition time [TR], 22 milliseconds; echo time [TE], 7.0 milliseconds; flip angle, 18°;
field of view, 14 cm; matrix, 512 × 512; slice thickness, 1.5 mm), sagittal T1rho maps (TR,
9.3 milliseconds; TE, 3.7 milliseconds; field of view, 14 cm; matrix, 256 × 128; slice
thickness, 3 mm; time of spin lock, 0, 10, 40, and 80 milliseconds; frequency of spin lock,
500 Hz), and sagittal T2 maps (parameters were identical to T1rho parameters, with the
following exceptions: TR, 11.5 milliseconds; TE, 2.8, 13.2, 23.7, and 44.5 milliseconds)
were acquired using previously published protocols.34,41
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Procedures
All subjects underwent imaging of the ipsilateral knee joint at 3 subject-specific time points:
(1) prior to surgery (baseline), (2) immediately prior to discontinuing crutches, as
determined by the referring physicians (post-NWB), and (3) after a minimum of 4 weeks of
FWB, defined as elimination of all ambulatory assistive devices used at any time (post-
FWB). For surgical conditions that were preplanned (peroneal tendon fixation, tarsal
arthrodesis, etc), the subject’s baseline MRI was performed prior to the surgery, within 1
week of the surgery date. For subjects with traumatic injury conditions (tibial and/or fibular
fractures, etc), the subject’s baseline MRI was acquired within 5 days of the injurious event,
and prior to surgical intervention. The 5-day threshold was selected because it is unlikely
that such a brief period would result in compositional changes within the articular cartilage
but would allow subjects to arrange transportation to the MRI facilities. All subjects were
contacted between 3 and 4 weeks following their baseline MRI to schedule a post-NWB
MRI. By this time, most subjects had returned to the referring physician and the date of their
crutch discharge could be determined. The post-NWB MRI acquisition was scheduled as
close as possible to the date of crutch discharge, to allow for the maximum effects of
unloading to be observed. For the post-FWB time point, subjects were contacted 2 to 3
weeks after the acquisition of the post-NWB MRI. At this time, they were interviewed to
evaluate their weight-bearing status during the preceding weeks. If it was determined that
the subject had been FWB since the post-NWB MRI acquisition, a final MRI scan was
scheduled as close as possible to 4 weeks after crutch discharge. However, some conditions
resulted in substantial partial–weight-bearing phases (eg, Achilles rupture repairs). In these
cases, subjects were contacted every 1 to 2 weeks to evaluate weight-bearing status and the
final MRI was scheduled as close as possible to 4 weeks following FWB. Specific time
details for each subject are listed in TABLE 1.

For MRI procedures, all subjects arrived at the MRI center and were seated in a wheelchair
for 30 minutes prior to data acquisition. Subjects were scanned in the supine position with
the knee joint ipsilateral to the distal lower extremity injury in an MRI knee coil and
positioned in 10° to 15° of flexion and neutral rotation. Following a 3-D localizer scan and a
calibration scan, high-resolution SPGR images were acquired for cartilage segmentation.
Next, T1rho and T2 relaxation-time mapping sequences were acquired using the identical
prescription used to acquire SPGR images. Total scan time was approximately 40 minutes.

Data Analysis
SPGR images were rigidly registered to the T1rho relaxation-time map using the
Visualization Toolkit registration software (Kitware, Inc, Clifton Park, NY).7 A blinded
investigator (T.B.), using a semi-automatic process (automatic edge detection and manual
correction) custom-developed in MATLAB software (The MathWorks, Inc, Natick, MA),
segmented 5 compartments: medial femoral condyle (MFC), lateral femoral condyle (LFC),
medial tibia (MT), lateral tibia (LT), and patella (PAT). Next, the femoral condyles and
tibiae were further divided into regions, based on load-bearing relationships
(subcompartmental analysis), and into 2 equal layers (laminar analysis) for regional analysis.
Subcompartments were defined with regard to meniscus position, as reported in the
literature and detailed in FIGURE 1.5 Laminar analysis consisted of dividing each cartilage
plate into 2 equally spaced layers (superficial and deep), as has been previously described.12

The T1rho and T2 maps were reconstructed voxel by voxel, by fitting T1rho- and T2-
weighted images to the following standardized equation:

, where S is the image signal at a given time
point (TSL for T1rho maps or TE for T2 maps).
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Segmented cartilage contours were overlaid on T1rho and T2 maps for relaxation-time
quantification. Careful correction of segmented regions of interest was performed on the
relaxation-time map to eliminate any abnormally high relaxation values (defined as T1rho
values greater than 150 milliseconds and T2 values greater than 120 milliseconds), which
might indicate inclusion of synovial fluid. The average T1rho and T2 values in each
cartilage plate were recorded as a primary variable of interest. Secondary variables of
interest included T1rho and T2 relaxation-time values for the subcompartmental and laminar
analyses.

Reproducibility
Previous studies have examined the reproducibility of these quantitative MRI measures of
cartilage composition. Specifically, Li and colleagues20 reported an overall T1rho
coefficient of variation value of 1.6%, with compartmental and sub-compartmental variation
ranging from 3.0% to 6.4% in regions similar to those analyzed in the current study. In a
similar study, Pai and colleagues29 reported T2 reproducibility across compartments to be
approximately 4.2% using a T2-mapping pulse sequence similar to that used in the current
study.

Descriptive Analysis
Differences in primary variables of interest across time points were explored using
descriptive statistics. All differences are expressed in average or percentage change in
dependent variables. For percentage change scores, these were calculated as the average of
each individual pairwise percentage change. Note that this calculation results in a different
value from that determined by the percentage change from the group average values.

OUTCOMES
Compartmental Analysis

Baseline Versus Post-NWB—When compared to baseline values, average T1rho
relaxation times following a period of NWB were notably higher in the LFC (mean
percentage change ± SD, 5.6% ± 8.4%; range, −1.6% to 25.0%), LT (6.0% ± 7.0%; range,
−3.0% to 17.4%), MFC (5.7% ± 5.7%; range, −2.0% to 18.0%), and MT (9.5% ± 7.7%;
range, −3.1% to 25.2%). Changes were less remarkable in the PAT and showed substantial
variability (2.5% ± 9.0%; range, −11.2% to 14.2%) (FIGURE 2A). There were minimal
differences in average T2 relaxation times between baseline and post-NWB measures in the
LFC (−0.1% ± 4.1%; range, −8.4% to 6.4%), LT (−0.5% ± 5.3%; range, −8.7% to 8.3%),
and MFC (−0.7% ± 3.2%; range, −5.1% to 4.0%). However, we observed higher T2 values
in the MT (9.1% ± 13.0%; range, −15.4% to 30.4%), slightly lower values in the PAT
(−3.7% ± 5.2%; range, −12.5% to 1.7%), and substantial variability in changes among
subjects was noted in all compartments (FIGURE 2B).

Baseline Versus Post-FWB—When compared to baseline values, average T1rho
relaxation times following 4 weeks of FWB were similar for all cartilage plates except PAT
(LFC mean ± SD percentage change [range], −2.2% ± 11.8% [−23.7% to 20.0%]; LT,
−1.3% ± 7.6% [−18.8% to 8.5%]; MFC, −1.9% ± 4.1% [−6.7% to 6.8%]; MT, 2.3% ±
12.4% [−22.8% to 22.7%]; and PAT, −4.5% ± 8.9% [−18.6% to 7.1%]). Additionally, there
were minimal differences in T2 relaxation times when comparing baseline values to post-
FWB values in the LFC (1.8% ± 4.1% [−6.8% to 7.4%]), LT (−0.8% ± 6.9% [−12.1% to
9.2%]), MFC (−0.4% ± 5.1% [−5.6% to 8.6%]), and PAT (−0.3% ± 8.7% [−11.8% to
22.3%]). However, T2 values in the MT, although less than those following the NWB
period, remained above baseline values (percentage change, 6.3% ± 7.9% [−7.2% to
19.6%]).
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Laminar Analysis
When evaluating T1rho relaxation-time change scores from baseline to post-NWB, the deep
layer showed, on average, larger percentage changes than those of the superficial layer
(7.4% versus 4.6%) (TABLE 2). Greater changes in the deep layer compared to the
superficial layer were measured in all compartments, except the MT, which demonstrated
large changes in both the deep (9.6%) and superficial (10.0%) layers.

Laminar analysis of T2 relaxation times revealed slightly higher change scores between
baseline and post-NWB values in the deep layer compared to the superficial layer, but the
laminar changes in individual compartments varied greatly (TABLE 2). The MT was the
only compartment that showed change scores greater than 5% and had similar values in the
deep and superficial layers (9.5% and 8.8%, respectively).

Subcompartmental Analysis
The highest T1rho change scores between baseline and post-NWB were observed in the
LFC-2, MT-2, MFC-3, and LT-2 (FIGURE 1, TABLES 3 and 4). Similarly, the largest
change scores for T2 relaxation times were observed in the LFC-2, LT-2, and MT-2. All
other subcompartments had T2 changes less than 5% (TABLES 3 and 4).

DISCUSSION
This study evaluated cartilage relaxation-time parameters before and after a period of NWB,
and again after a period of FWB. The results show that T1rho relaxation times of all load-
bearing cartilage plates were greater following NWB, suggesting a decrease in proteoglycan
content. With the exception of the MT, which showed increased T2 values following NWB
(suggesting disorganization of the collagen network), all other cartilage plates had fairly
unchanged T2 relaxation times. Following the NWB period, nearly all T1rho and T2 times
had returned to values similar to those at baseline levels within 4 weeks of FWB, with the
most notable exception being T2 of the MT (FIGURES 2 and 3). These findings suggest that
there may be a window of time in which articular cartilage of a lower extremity undergoing
weight-bearing restrictions experiences compositional changes that subsequently place it at
risk for injury.

As hypothesized, we observed increases in T1rho relaxation times in articular cartilage
following a 6-week period of NWB. Interestingly, these findings were most notable in the
weight-bearing cartilage surfaces. The patella, which is relatively unloaded during quiet
standing, showed the smallest differences in T1rho relaxation times following NWB. This
suggests that cartilage that habitually experiences loading during weight-bearing activities
may respond differently to episodes of unloading, when compared to cartilage that is not a
primary load-bearing surface. Furthermore, the findings from our subcompartmental
analysis support this premise, as the areas of primary load bearing (LFC-2 to LFC-4, MFC-2
to MFC-4, LT-2, and MT-2) showed the greatest average change scores after the period of
NWB. These findings are consistent with a framework of OA development after injury to
anterior cruciate ligament, as proposed by Andriacchi and colleagues,3 in which the
initiating element of cartilage degeneration is a shift of weight-bearing loads on the articular
surface of the cartilage plate from one region to another. Our findings support this
framework, in that primary load-bearing regions that go unloaded appear to experience
compositional changes that are similar to quantitative MRI findings associated with early
OA.

The increase in average T1rho relaxation times following NWB may reflect a decrease in
proteoglycan content, as previous studies have shown a very close relationship between
these 2 variables (R2 = 0.986).23 These findings are consistent with the literature that has
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reported 30% and 50% reductions in proteoglycan content and synthesis following periods
of experimental NWB in small animals.4,11 Furthermore, these works reveal evidence of
reduced biomechanical properties of articular cartilage, whereby reductions of 17% to 75%
in elastic and equilibrium shear modulus have been reported following similar periods of
NWB.10,15,17 This is consistent with the data published by Tang and colleagues,36 who
found a significant relationship (R2 = 0.908) between cartilage T1rho relaxation times and
the viscoelastic properties of articular cartilage measured ex vivo. However, it should be
noted that it is unknown how a 5% to 10% increase in T1rho relaxation times may affect
cartilage biomechanics. Clearly, further work is needed to elucidate the clinical implication
of these findings.

When comparing our relaxation-time data to those reported in the literature on persons with
OA, it is important to compare data acquired with similar pulse sequences and scanners. A
previous data set on persons with OA acquired by Bolbos and colleagues,6 using a nearly
identical pulse sequence and the same MRI scanner as that used in the current investigation,
found that average T1rho relaxation times of persons with OA were approximately 43
milliseconds for LFC, 38 milliseconds for LT, 45 milliseconds for MFC, and 36
milliseconds for MT (outcomes for PAT were not reported). Interestingly, for some
compartments (LT and MT), these values are very similar to those observed in the current
investigation after a period of NWB (LFC, 41.4 milliseconds; LT, 39.1 milliseconds; MFC,
41.2 milliseconds; and MT, 38.4 milliseconds). However, it is important to note that
substantial variability was observed in both cohorts, and no threshold of T1rho relaxation
times has been identified as being a criterion for diagnostic purposes.

In contrast to our T1rho results, we observed minimal differences in T2 relaxation times
following NWB in most cartilage plates. However, the MT, the cartilage plate that showed
the largest T1rho relaxation change score, showed increased values compared to baseline
values, and these values remained elevated after the period of FWB. These findings, along
with the T1rho findings, suggest that collagen composition is less likely to be influenced by
periods of unloading than proteoglycan content is, but that, when changes do occur, they are
more permanent. It is difficult to compare our results to those reported in the literature, as
there is a paucity of data regarding the influence of NWB on relaxation times of cartilage.
Several investigators have shown that increased loading results in changes in T2 times. For
example, it has been reported that static loading of cartilage results in immediate decreases
in T2 relaxation times.26,27,34 Furthermore, it has been shown that increased dynamic loads,
such as performing bouts of running, result in longer-term increases in cartilage T2
times.21,24 Finally, our data are consistent with an unloading study in canines by Muller and
colleagues,25 which reported that after 4 weeks of NWB there was a decrease in
proteoglycan content but no change in collagen content. However, no human studies on the
response of cartilage T2 relaxation during long-term unloading have been performed.

Despite remarkable changes in T1rho relaxation times following NWB, all compartments
had values that returned to baseline levels following 4 weeks of FWB. This has important
clinical implications because it implies that periods of NWB may result in altered cartilage
composition of the limb being unloaded, but that normal loading rapidly reverses these
alterations. Nonetheless, there appears to be a period immediately following NWB in which
the cartilage may be at risk for injury, given its decreased proteoglycan content and
potentially reduced ability to resist loads. Further work is needed to evaluate this very
sensitive period to determine the time frame of altered cartilage composition. Interestingly,
the only region that was observed to have higher T2 values following NWB remained
elevated after a period of FWB. This suggests that collagen disorganization occurring from
NWB may be a slower process or, potentially, a permanent change. Longer follow-up is
needed to address this uncertainty. Conversely, the PAT showed slightly lower values
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following NWB, which may reflect an increase in collagen organization or a decrease in
tissue hydration, and returned to baseline levels following FWB. The PAT is the only
cartilage plate evaluated that is not loaded in quiet standing, and the differing response of
this plate to unloading underscores the biochemical dependence of cartilage on mechanical
loading.

This study evaluated the regional dependence on changes in cartilage relaxation times with
unloading. The deep layer appears to be more sensitive to changes associated with
unloading, particularly with respect to T1rho relaxation times. With the exception of the
MT, which showed substantial changes in both layers, all other cartilage surfaces had deep-
layer change values of approximately twice those of their superficial layer. The laminar
analysis of the T2 data is more variable and the findings are less clear. In the MT, the
changes in T2 between the deep and superficial layers were large and consistent. However,
layers within other cartilage plates showed differing patterns of T2 changes, with
magnitudes in the reproducibility error range.

With regard to subcompartments, the current data reveal the largest changes following NWB
within the weight-bearing regions. For both T1rho and T2 changes, the largest percentages
were noted in the cartilage-on-cartilage surfaces (MT-2, LT-2, and MFC-3) (FIGURE 1) and
the meniscal horn–covered, load-bearing surfaces (LFC-2), indicating that the habitual
loading associated with these areas may play a role in the compositional changes observed
with unloading. One surprising result observed was that MFC-1 showed an opposite trend
when compared to the rest of the MFC subcompartments. However, it must be noted that
due to the anatomy of the anterior MFC, MFC-1 is a very small subcompartment that at
times may consist of only a few pixels. Therefore, these results might have been influenced
by undersampling in this region and should be interpreted in light of this limitation.

There are several important clinical implications of this research. First, these findings should
inform the clinician of the potential for injury following periods of NWB. In as little as 6
weeks, we observed deficits in proteoglycan content in young asymptomatic joints. This
needs to be considered when implementing rehabilitation strategies following prolonged
NWB, with particular attention not only to the joint involved, but also to the other load-
bearing joints that experienced unloading. Although the 2 subjects with Achilles rupture
repairs underwent prolonged partial–weight-bearing phases, leading to a much longer time
between post-NWB and post-FWB MRIs (TABLE 1), many other subjects went from NWB
to FWB immediately on surgeon approval. These data suggest that a transition period may
be warranted in these individuals.

A second, albeit very small, population for which these findings have significant
implications is those who perform space travel. Clearly, these individuals are at risk for
cartilage compositional changes if countermeasures are not implemented. Currently,
focused-task missions range from 1 to 2 weeks, and longer missions to the International
Space Station may last 6 months or more. These cartilage compositional changes need to be
considered when evaluating the health of these individuals. Additionally, with travel to Mars
becoming a real goal of NASA, travel times would take approximately 6 months, with total
missions lasting 18 months to 3 years. Cartilage-specific countermeasures may be necessary
to prevent catastrophic compositional changes.

The data from this study must be viewed in the light of their respective reproducibility and
inherent errors. As noted previously, the coefficient of variation for T1rho relaxation times
has been reported to be between 1.6% and 6.4%.20 The reproducibility for T2 relaxation
times has been reported to be approximately 4.2% across all compartments.29 In the current
study, many of the T2 change scores and several of the superficial T1rho change scores are

SOUZA et al. Page 8

J Orthop Sports Phys Ther. Author manuscript; available in PMC 2013 June 05.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



within this error range and should be evaluated carefully, keeping in mind these limitations.
However, we observed several compartments and subcompartments with change scores of
8% to 12%, particularly in the MT, deep laminar layer, and load-bearing subcompartments
of the cartilage. As such, these changes are probably not the result of reproducibility error
and likely reflect true compositional changes occurring in response to unloading.

Several potential limitations need to be noted for the current study. First, the influence of
lower-leg/ankle injury in the current model of unloading has not been thoroughly evaluated.
The T1rho and T2 relaxation times in participants who might have been taking pain
medications immediately following their injury might have been influenced. However, given
the previous literature on the determinants of T1rho and T2 imaging, this would not be
expected to influence the findings. Second, 2 of the subjects in the current study had been
NWB for several days prior to the baseline scan, due to an unexpected traumatic event
(TABLE 1). It is unclear if changes in composition from unloading could have manifested in
this short a time, which might have resulted in larger differences between baseline and post-
NWB follow-up. Finally, it is unclear how a 12% increase in relaxation times might have
affected cartilage biomechanical properties and influenced injury risk potential. Further
studies are needed during this post-NWB period to evaluate the potential for secondary
injury.

CONCLUSION
We observed substantial fluctuations in cartilage composition following a period of NWB.
These changes appear to have been mostly related to proteoglycan content and more
localized to the load-bearing surfaces and deep layer of the cartilage. However, following 4
weeks of FWB, relaxation times of nearly all cartilage plates had returned to baseline levels,
suggesting an important reversibility in compositional fluctuations. These findings suggest
that there may be a window of time in which articular cartilage of a lower extremity that has
undergone weight-bearing restrictions experiences compositional changes that place it at
risk for injury upon return to FWB status.
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FIGURE 1.
Subcompartment analysis of T1rho change scores between baseline and post-NWB time
point. Values indicate mean change in T1rho value as a percentage of baseline relaxation
time. Abbreviations: LFC, lateral femoral condyle; LT, lateral tibia; MFC, medial femoral
condyle; MT, medial tibia; NWB, non–weight bearing.
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FIGURE 2.
(A) T1rho and (B) T2 relaxation times of cartilage at baseline, following approximately 6
weeks of non–weight bearing (post-NWB), and after 4 weeks of returning to full weight
bearing (post-FWB). The values above each set of bars indicate the percentage change score
between baseline and post-NWB. Abbreviations: FWB, full weight bearing; LFC, lateral
femoral condyle; LT, lateral tibia; MFC, medial femoral condyle; MT, medial tibia; NWB,
non–weight bearing; PAT, patella.
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FIGURE 3.
Representative T1rho color map of the medial femoral condyle and medial tibia (A) before
non–weight bearing, (B) after non–weight bearing, and (C) after returning to full weight
bearing. The unit for the color scale is milliseconds.
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TABLE 2

Relaxation-Time Change Scores From Laminar Analysis

T1rho Relaxation Times T2 Relaxation Times

Superficial Layer Deep Layer Superficial Layer Deep Layer

LFC

 Baseline, ms 44.9 33.6 32.7 27.7

 Post-NWB, ms 46.3 36.5 32.6 27.8

 Change, %* 3.3 8.9 −0.2 0.4

LT

 Baseline, ms 42.6 31.6 30.3 23.9

 Post-NWB, ms 44.4 34.2 29.1 25.0

 Change, %* 4.2 9.1 −4.1 4.8

MFC

 Baseline, ms 44.8 33.0 32.0 28.5

 Post-NWB, ms 46.6 35.8 31.7 28.5

 Change, %* 3.7 8.9 −1.1 −0.1

MT

 Baseline, ms 41.2 30.0 29.1 22.9

 Post-NWB, ms 45.2 32.4 31.5 25.0

 Change, %* 10.0 9.6 8.8 9.5

PAT

 Baseline, ms 47.0 34.6 36.2 28.1

 Post-NWB, ms 48.1 35.7 34.7 27.0

 Change, %* 1.9 3.5 −3.7 −3.2

Abbreviations: LFC, lateral femoral condyle; LT, lateral tibia; MFC, medial femoral condyle; MT, medial tibia; NWB, non–weight bearing; PAT,
patella.

*
Percentages listed are calculated as the mean of the individual percentage change scores on a pairwise basis.
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TABLE 3

Relaxation-Time Change Scores From Femoral Subcompartments

T1rho Relaxation Times T2 Relaxation Times

LFC-1

 Baseline, ms 42.5 33.3

 Post-NWB, ms 45.2 33.7

 Change, %* 7.6 1.5

LFC-2

 Baseline, ms 36.5 25.1

 Post-NWB, ms 40.7 26.4

 Change, %* 12.2 6.7

LFC-3

 Baseline, ms 40.8 29.2

 Post-NWB, ms 42.9 28.5

 Change, %* 5.5 −2.6

LFC-4

 Baseline, ms 40.7 31.3

 Post-NWB, ms 41.3 30.0

 Change, %* 1.8 −3.4

LFC-5

 Baseline, ms 38.5 30.4

 Post-NWB, ms 39.3 28.7

 Change, %* 2.3 −4.9

MFC-1

 Baseline, ms 41.4 32.0

 Post-NWB, ms 39.4 30.4

 Change, %* −4.1 −4.6

MFC-2

 Baseline, ms 37.2 27.3

 Post-NWB, ms 38.2 27.0

 Change, %* 3.1 −0.6

MFC-3

 Baseline, ms 39.6 30.3

 Post-NWB, ms 42.7 29.9

 Change, %* 8.2 −1.2

MFC-4

 Baseline, ms 39.5 29.7

 Post-NWB, ms 39.8 29.6

 Change, %* 0.6 −0.4

MFC-5

 Baseline, ms 40.4 31.6
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T1rho Relaxation Times T2 Relaxation Times

 Post-NWB, ms 40.9 31.4

 Change, %* 1.3 −0.9

Abbreviations: LFC, lateral femoral condyle; MFC, medial femoral condyle; NWB, non–weight bearing.

*
Percentages listed are calculated as the mean of the individual percentage change scores on a pairwise basis.
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TABLE 4

Relaxation-Time Change Scores From Tibial Subcompartments

T1rho Relaxation Times T2 Relaxation Times

LT-1

 Baseline, ms 38.0 26.1

 Post-NWB, ms 39.2 25.1

 Change, %* 3.8 −4.1

LT-2

 Baseline, ms 34.9 25.6

 Post-NWB, ms 37.3 27.1

 Change, %* 8.0 6.3

LT-3

 Baseline, ms 39.9 28.8

 Post-NWB, ms 41.7 30.0

 Change, %* 4.8 4.0

MT-1

 Baseline, ms 34.8 24.2

 Post-NWB, ms 36.6 25.3

 Change, %* 5.2 4.5

MT-2

 Baseline, ms 35.7 27.5

 Post-NWB, ms 39.7 33.2

 Change, %* 11.9 20.9

MT-3

 Baseline, ms 36.7 25.9

 Post-NWB, ms 38.3 26.6

 Change, %* 4.6 2.9

Abbreviations: LT, lateral tibia; MT, medial tibia; NWB, non–weight bearing.

*
Percentages listed are calculated as the mean of the individual percentage change scores on a pairwise basis.
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