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Abstract
Objective—The purpose of this investigation is to evaluate the T1ρ relaxation times of articular
cartilage surrounding focal defects of the tibiofemoral joint.

Materials and Methods—Quantitative assessment of cartilage was performed using 3T MRI
with T1ρ mapping in 19 healthy individuals and 44 OA patients. Sagittal T2-weighted fast spin
echo (FSE) fat-saturated images were acquired for cartilage and meniscal lesion assessment.
Western Ontario and McMaster University (WOMAC) scores were obtained to assess clinical
symptoms. Differences between quantitative measures were determined using analysis of variance
(ANOVA).

Results—Cartilage lesions were found in 37% of controls, and 93% of OA patients. Meniscal
tears were found in 16% of controls and 57% of OA patients. We observed no difference in T1ρ
relaxation times when comparing cartilage immediately surrounding a focal defect, and the
remaining cartilage within that compartment. The medial femoral condyle (MFC) had the highest
incidence of cartilage defects. A high incidence of medial meniscal lesions were observed in
subjects without MFC lesions (18/45). MFC and medial meniscus posterior horn T1ρ were higher
in subjects having multiple focal lesions (p=0.048, p<0.001 respectively) and extensive full
thickness lesions (p=0.009, p<0.001 respectively) compared to subjects with no MFC defects.
Significant elevations in T1ρ of the adjacent compartment (medial tibia) and medial meniscus were
observed in subjects with MFC lesions.

Conclusions—Increased relaxation times in the involved compartment as well as the adjacent
compartment and associated meniscus underscores the interdependence of the these structures at
bearing load. However, no differences in cartilage composition immediately surrounding a defect
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was noted. Finally, there was a close association between cartilage defects and meniscal damage
in advanced disease.
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Introduction
Cartilage lesions within the knee joint are commonly found in healthy subjects, and patients
with osteoarthritis (OA).1-5 The medial compartment is more commonly implicated in OA,
and an increased rate of lesion growth has been reported in the medial compartment of
subjects with OA.6 Cartilage lesions are associated with the severity of OA, and are
predictors for cartilage loss and knee joint replacement surgery.2,5,7-8 Furthermore, the
severity of cartilage lesions has been observed to be associated with meniscal
degeneration.9-10 However, treatment options for individual with meniscal lesions are
limited to debridement in a majority of cases.

Microfracture, mosaicplasty, and autologous chondrocyte implantation are some of the
current treatment options for patients with cartilage lesions. While each of these treatment
options have their strengths and limitations, one challenge for all of them is addressing the
lesion and surrounding tissue. It has been stated that the quality of the rim of the lesion is
critical for clot stability following microfracture.11 Pre-surgical quantitative evaluation of
this tissue would be very valuable in surgical planning. However, standard clinical MRI can
give some details about cartilage pathology but lacks the detail to evaluate tissue
composition and ultimately determine surrounding cartilage viability. Advanced MR
relaxation time mapping techniques for evaluating cartilage composition have received
considerable attention recently.12-17 T1ρ relaxation times of cartilage have been suggested as
technique that provide a non-invasive means of detecting early OA prior to morphological or
clinical changes. A decline in the proteoglycan content during early osteoarthritis may be
quantified using T1ρ relaxation times.12,18 Cartilage T1ρ relaxation times have been
investigated in subjects with OA both in vitro13-14 and in vivo.15-17 Several studies have
found that subjects with early or moderate OA based on radiographic changes have elevated
T1ρ relaxation times.15-17 Stahl and colleagues6 reported elevated relaxation times in the
surrounding cartilage of subjects with focal cartilage lesions in several compartment.
Additionally, Li and colleagues16 reported a trend toward increasing T1ρ times with each
increasing grade of radiographic disease severity but did not statistically analyze this
relationship due to limited sample sizes. Furthermore, in another study which used visual
inspection to grade disease severity on a limited number of cartilage specimen, Regatte and
colleagues13 reported significant increase in T1ρ times between mild and advanced disease.
Taken together, T1ρ relaxation time mapping of cartilage appears to be a valuable technique
for evaluating tissue composition and identifying early disease.

The purpose of this investigation is to evaluate the T1ρ relaxation times of articular cartilage
surrounding focal defects of the tibiofemoral joint. We hypothesized that the cartilage
immediately surrounding (within 1 cm) of the injured area will have elevated relaxation time
values when compared to control subjects, but that the remaining compartment and adjacent
structures (meniscus, tibia) will be unaffected.

Souza et al. Page 2

Knee. Author manuscript; available in PMC 2014 March 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



MATERIALS AND METHODS
Subjects

The patient recruitment for the study was a combination of referral by UCSF orthopaedic
surgeons and recruitment from the general public. The inclusion criteria for OA patients
were frequent clinical symptoms of OA over the last 6 months prior to the study and
radiographic evidence of OA. The control cohort was recruited through posted flyers in the
surrounding community and included subjects that had no history of diagnosed OA, no
clinical OA symptoms (pain, stiffness, or swelling) requiring regular medication usage or
modification of activities, and no previous knee injuries. Standard standing anteroposterior
radiographs of the knee were obtained in all subjects at baseline to determine K-L grade.20

All controls were only enrolled in the study if they received a KL score of 0 indicating no
signs of radiographic OA. Subjects included in the study were in good health as assessed by
a medical history and physical examination and had no contraindications to MR imaging.
Subjects were asked to complete the Western Ontario and McMasters University (WOMAC)
questionnaire to assess pain, stiffness, and function through a 5-point scale.21 Subject
characteristics are presented in Table 1. The study was approved by the Committee on
Human Research at the University of California, San Francisco, and subjects gave written
informed consent to participate in the study.

Magnetic Resonance Imaging Protocol
MRI of the knee was performed using a 3T GE Excite Signa MR Scanner (General Electric,
Milwaukee, WI, USA) and an 8-channel phased-array knee coil (Invivo, Orlando, FL,
USA). In the OA subjects, the knee with more severe radiographic findings was imaged. In
control subjects, the dominant leg was imaged. Parallel imaging was performed with an
array spatial sensitivity technique (ASSET) using acceleration factor (AF) = 2. High spatial
resolution volumetric fat-suppressed spoiled-gradient-echo (SPGR) sequences (TR/TE =
15/6.7 ms, flip angle = 12, FOV =14 cm, matrix = 512 × 512, slice thickness = 1 mm, BW =
31.25 kHz, number of excitations = 0.75, acquisition time = 7 m 37 s) were acquired for
cartilage segmentation and image registration of the relaxation time maps. A T2-weighted
fat-saturated FSE sequence (TR/TE = 4300/51ms, FOV = 14 cm, matrix = 512 × 256, slice
thickness = 2.5 mm, gap = 0.5 mm) was used to assess lesions of the cartilage and the
menisci.

Sagittal three-dimensional (3D) T1ρ sequences were used to assess cartilage relaxation
times. The T1ρ-weighted images were obtained using a spin-lock technique followed by
SPGR acquisition using transient signals evolving towards steady-state (TR/TE = 9.3/3.7
ms, time of recovery = 1500ms, FOV = 14 cm, matrix = 256 × 192, slice thickness = 3 mm,
BW = 31.25 kHz, views per segment = 48, time of spin-lock (TSL)= 0/10/40/80 ms, FSL=
500 Hz, acquisition time of approximately 13 min).22

MRI Analysis
Morphological Analysis—The clinical assessment of cartilage and meniscus was
performed using a sagittal T2-weighted FSE fat-saturated image by two experienced
radiologists. The radiologists were blinded to subject information and relaxation time data,
and performed separate readings, with a consensus in the case of disagreement. Analysis
was performed separately for four cartilage regions: medial femoral condyle (MFC), lateral
femoral condyle (LFC), medial tibia (MT), and lateral tibia (LT).

Cartilage and meniscal lesions were graded using a modified Whole Organ Magnetic
Resonance Imaging Score (WORMS) of the knee.23 Cartilage lesions were graded as
follows: 0 = normal thickness, 1 = normal thickness, increased signal intensity in T2-
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weighted FSE images, 2 = partial thickness focal lesion less than 1cm of greatest width, 2.5
= full thickness focal lesion less than 1 cm of greatest width, 3 = multiple areas partial lesion
less than 1 cm of greatest width, or grade 2 lesion wider than 1cm but less than 75% of the
region, 4 = diffuse partial thickness loss greater than 75% of the region, 5 = multiple areas
of full thickness lesion greater than 1 cm but less than 75% of the region, 6 = diffuse full
thickness loss greater than 75% of the region.23 Subjects were then stratified into four
ordinal categories for analysis: No lesions (WORMS 0-1); Focal lesions (WORMS grades
2-2.5); Multiple focal lesions (WORMS grades 3-4); and Extensive full thickness lesions
(WORMS grades 5-6).

Meniscal lesions were graded as follows: 0 = no lesion, 1 = intrasubstance abnormality, 2 =
non-displaced tear, 3 = displaced or complex tear without deformity, and 4 = maceration of
the meniscus.23 Meniscal scores of 2 through 4 were collapsed into one category to
represent the group with a meniscal tear. The meniscus compartments analyzed included the
following: anterior horn lateral meniscus (AHLAT), anterior horn medial meniscus
(AHMED), posterior horn lateral meniscus (PHLAT), and posterior horn medial meniscus
(PHMED).

Lesion Assessment—For all tibiofemoral cartilage plates that were observed via clinical
assessment to have focal lesions, size of defects were measured in mm. In addition, the
cartilage segmentation of these compartments were subdivided into: Surrounding Cartilage –
all tissue within 1 cm of the defect, but not including any cartilage that remained under the
defect; and Remaining Cartilage – the rest of the cartilage within the compartment after
removal of the defect and Surrounding Cartilage.

Quantitative Assessment—All MR images were transferred to a Sun Workstation (Sun
Microsystems, Palo Alto, CA) for data processing and quantification of T1ρ relaxation times.
Cartilage compartments were segmented semi-automatically in high resolution SPGR
images using in-house software developed with Matlab (Mathworks, Natick, MA, USA)
based on edge detection and Bezier splines. Cartilage segmentation was performed by
investigators with extensive experience and included the following regions: LFC, MFC, LT,
and MT.

The menisci were segmented using a T1ρ image with TSL = 40 ms, which was rigidly
registered to the SPGR image using the VTK CISG Registration Toolkit. Anatomical
landmarks defined for meniscus segmentation have been previously described in detail.24

Additional studies from our laboratory utilizing the same techniques and protocols for
cartilage and meniscus quantification have reported good reproducibility and precision.24-25

T1ρ maps were reconstructed by fitting the T1ρ-weighted images voxel by voxel using a
Levenberg-Marquardt mono-exponential fitting algorithm developed in-house using the
equations below:

For cartilage, all four T1ρ-weighted images were used to reconstruct the maps. For
meniscus, only the first three T1ρ-weighted images were used. T1ρ-weighted images with
TSL = 80 ms had a very low SNR (<5) for meniscus due to short T1ρ and T2 times of
meniscus, and therefore were not used during map reconstruction. Unpublished data from
our lab suggests that this strategy gives a better approximation of the actual tissue relaxation
time. The reconstructed T1ρ maps were then rigidly registered to the SPGR image using
VTK CISG Registration Toolkit.26 Three-dimensional cartilage and meniscus contours after
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segmentation were overlaid on T1ρ maps. Mean T1ρ values were calculated in defined
regions. T1ρ measures were compared between subjects with varying severity of lesions.

Statistical Analysis
All statistical analyses were conducted using JMP software, version 8.0 (SAS Institute,
Cary, NC, USA). All analyses were conducted using 2-tailed tests and a p-value of less than
0.05 was considered significant. Analysis of variance (ANOVA) was used to assess the
differences between the subject characteristics and relaxation measurements by lesion
severity grade. Post-hoc comparisons were made with Fischer’s protected least significant
difference test. In cases where the ANOVA test was significant, the p-values for the post-
hoc analysis are reported. Spearman correlation coefficient measurements were conducted to
assess the correlations of cartilage lesion grades and meniscal lesion grades.

RESULTS
Subject Characteristics

A total of 63 subjects (29 men and 34 women) participated in the study. All controls subjects
received a KL score of 0. Of the 44 knee OA subjects, 26 received a KL score of either 1 or
2, and 18 received a score of 3 or 4. Table 1 shows the subject characteristics of all subjects
enrolled in the study stratified by K-L grade. The mild OA subjects were older than the
controls (p<0.001), while severe OA subjects were older than controls (p<0.001) and mild
OA subjects (p=0.002). The BMI and clinical WOMAC scores for pain, stiffness, and
function were higher in severe OA subjects compared to controls (p<0.001 for BMI and
WOMAC) and mild OA (p=0.028 for BMI, p<0.001for WOMAC). However, there was no
difference in BMI or WOMAC scores between controls and mild OA, with each group
having, on average, low levels of pain, stiffness, and function restrictions.

The highest incidence of lesions were noted in the MFC. Therefore, analyses that compared
between subjects (those with large vs. small lesions), only subjects with MFC lesions were
used as we did not have the statistical power to conduct an analysis for every cartilage
compartment. Furthermore, previous studies have indicated that the medial compartment has
the highest incidence of cartilage damage and cartilage loss in OA.27-29 For analyses that
made comparisons within a subject (immediately surrounding area vs. remaining areas), all
lesions of the tibiofemoral compartment were included.

Table 2 shows the subject characteristics of the subjects stratified by lesion severity of the
MFC with 4 subdivisions. Subjects having no MFC cartilage lesions were younger and had
lower WOMAC scores compared to subjects with multiple focal lesions (p<0.001 for age,
pain, and function, p=0.001 for stiffness) and extensive full-thickness lesions (p=0.001 for
age, p<0.001 for all WOMAC). The BMI was higher in the subjects extensive full-thickness
lesions compared to subjects with no cartilage lesions (p=0.003).

T1ρ Times Stratified by Cartilage Lesion Severity—Table 3 shows the cartilage and
meniscus T1ρ measurements in subjects stratified by lesion severity of the MFC. Subjects
with multiple focal lesions or extensive full-thickness lesions (WORMS: > 2.5) had higher
MFC T1ρ (p=0.048, p=0.009 respectively) when compared to subjects with no MFC
cartilage lesions. No significant difference was observed in T1ρ times of the MFC between
subjects with multiple focal lesions (WORMS: 3-4) and those with extensive full-thickness
lesions (WORMS: 5-6).

When analyzing the adjacent cartilage compartment – MT, subjects with extensive full-
thickness lesions (WORMS: 5-6) had higher T1ρ times compared to subjects with no MFC
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cartilage lesions (p<0.001 for both) or focal cartilage lesions (WORMS: 2-2.5; p=0.035 for
T1ρ). Subjects with multiple focal lesions or extensive full-thickness lesions (WORMS: >
2.5) had higher PHMED T1ρ (p<0.001) when compared to subjects with no MFC cartilage
lesions. Furthermore, subjects with multiple focal lesions or extensive full-thickness lesions
(WORMS: > 2.5) also had a higher PHMED T1ρ compared to subjects with small lesions
(WORMS: 2–2.5; p<0.001 for both).

T1ρ Times in Compartments with Cartilage Defects—When evaluating the cartilage
in all compartments with defects, the overall T1rho times in the entire affected
compartments were significantly higher than cartilage in compartments without defects
(p<0.03). When comparing the tissue within 1 cm surrounding the defect with that the
remaining cartilage within that compartment, there was no difference in T1rho times (41.4
vs. 40.9 ms respectively, p=0.335) when lesions of all sizes were combined. Additionally,
small defects (<1 cm), medium defects (1-2 cm) and large defects (2-2.5 cm) all behaved
similarly without significant difference between the relaxation time surrounding the defect,
and that of the remaining cartilage (Table 4). When evaluating the defects within femoral
condyles only (excluding tibiae), only those with large defects (2-2.5 cm) showed
significantly elevated cartilage surrounding the defect, when compared to compartments
with no defects, although a similar trend was seen in compartments with smaller defects.

Cartilage and Meniscus WORMS Assessment—The percentages of subjects having
cartilage lesions of any severity (cartilage WORMS>1) in the femorotibial compartment
were as follows: 30.2% in the LFC, 22.2% in the LT, 39.7% in the MFC, and 19.0% in the
MT. Stratifying by MFC lesion severity reveals interesting patterns of meniscal lesions in
the PHMED. While 89% of control subjects did not have evidence of lesions in the MFC,
37% had clinical abnormalities of the PHMED (Table 5). In the mild OA group, 77% of
subjects were free of lesions to the MFC, but a large majority (73%) had evidence of
meniscal pathology. Finally, in the severe OA group, a small minority (6%) lacked evidence
of lesions to the MFC, and most had involvement of pathology in the PHMED (89%), with a
large group possessing full meniscal tears (72%, Table 5).

DISCUSSION
Quantitative MRI was used to evaluate cartilage T1ρ relaxation times in subjects with
differing severity of cartilage lesions. As expected, subjects with more advanced disease
were poorer functioning. Subjects with larger lesions to the MFC had significant elevations
in T1ρ relaxation times in the MFC, MT, and in the adjacent meniscus. The relationship
noted between lesion severity of the MFC and degeneration of the adjacent MT
compartment as well as the PHMED underscores the strong biomechanical interdependence
of these structures.

Our data indicate that compartments with cartilage defects have significantly elevated
relaxation times when compared to healthy compartments, but that there is no difference in
the cartilage immediately surrounding the defect when compared to the remaining tissue in
that compartments. These data suggest that the cartilage composition (particularly the
proteoglycan content) immediately adjacent to defects is no worse than that of the remaining
compartment and interventions such as microfracture or autologous condrocyte implantation
do not need to remove additional cartilage surrounding the defect for compositional reasons
(tissue instability may warrant additional removal). However, within a small sample of large
defects (2-2.5cm) within the femoral condyles, significant elevations were observed in the
tissue immediately surrounding the defect, but not in the remaining tissue, suggesting that
patients with these lesions may have more progression towards generalized OA.
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It was observed that T1ρ times of the MFC are higher in subjects with multiple focal lesions
(WORMS: 3-4) or extensive full-thickness lesions (WORMS: 5-6) compared to subjects
with no MFC cartilage lesions. While the majority of controls and mild OA subjects had no
lesions in the MFC, a relatively higher percentage of subjects showed lesions to the
PHMED.

Subjects with multiple focal lesions or extensive full-thickness lesions were older and had
higher WOMAC scores compared to subjects with no MFC cartilage lesions (Table 2).
Previous studies report a positive correlation between age and cartilage lesion severity,
regardless of OA status.30 Although the only statistically significant difference in BMI was
between subjects with extensive full-thickness lesions and subjects with no cartilage lesions,
there was a trend of increasing BMI associated with increasing severity of cartilage lesions.

Similar to others, we report that 76% of subjects had cartilage lesions with the highest
prevalence in the medial compartment.1-2,31-32 Specifically, the MFC had the highest
incidence of cartilage lesions.1,31 The high incidence of cartilage lesion in the medial
compartment may be attributed to the fact that the medial compartment withstands a greater
compressive force and transmits a greater proportion of the total intrinsic compressive load
across the joint than the lateral compartment.32-33 Medial meniscal damage may also
contribute to the high incidence of medial cartilage lesions.9,34 Specifically, 57% of OA
patients had a meniscal tear, with the highest incidence occurring in the PHMED.
Furthermore, there was a direct association between the MFC lesion severity and incidence
of PHMED damage.32 The meniscus plays a central role in maintaining the integrity of
articular cartilage by reducing the contact impact forces between the articular surfaces.
Damage to the meniscus increases the contract stress on the articular cartilage surfaces and
alters the biomechanical loading of the joint, putting the patient at increased risk of cartilage
degeneration.35

One of the interesting findings of the current study is that we observed a high incidence of
meniscal damage in subjects without MFC cartilage lesions. Specifically, 31% of controls
and 46% of mild OA subjects had meniscal damage despite having no MFC cartilage lesions
(Table 5). These findings lead us to speculate whether meniscal damage precedes the
development of cartilage lesions. However, longitudinal studies are needed to confirm this
hypothesis.

Subjects with more advanced cartilage disease (multiple focal lesions or extensive full-
thickness lesions) of the MFC had significantly elevated T1ρ relaxation times of the
remaining cartilage in the MFC when compared to subjects without lesions, suggesting that
T1ρ relaxation time mapping can be useful not only for monitoring early changes within the
cartilage matrix prior to morphological damage, but also at tracking further damage to the
proteoglycan-collagen matrix that occur with increased lesion severity. However, it should
be noted that in our cohort we did not observe significant differences between those with
small focal lesions and those without lesions. While the reason for this lack of difference
remains unclear, one explanation may be that changes to the cartilage proteoglycan content
remain fairly unchanged in the presence of small focal lesions, and it is not until more
extensive damage occurs that the cartilage composition breaks down further. Additionally,
we did not observe differences in T1ρ relaxation of the MFC between the subjects with
multiple focal lesions and subjects with extensive full-thickness lesions. These data suggest
that the remaining cartilage in subjects with more advanced disease does not continue to
undergo compositional changes as is observed in the early and moderate diseased cartilage.
Based on these results, it is important to always include clinical grading of cartilage
morphology along with more advanced quantitative imaging in subjects with OA.
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In this group of subjects stratified by lesion severity of the MFC, we observed elevations in
cartilage relaxation times of the adjacent cartilage plate (MT). Specifically, we observed that
the MT of subjects with extensive full-thickness lesions had significantly greater T1ρ values
when compared to subjects with no lesions or compared to those with small focal lesions.
These data suggest that the adjacent cartilage surfaces may be sensitive to cartilage lesions,
likely due to the altered biomechanical loads that are imposed. Consistent with the
framework proposed by Andriacchi and colleagues36, cartilage lesions will change the local
biomechanical environment, unloading areas of the MT within the MFC lesion site, and
increasing load in the remaining contact areas. Support for this idea comes from Pena and
colleagues37 who used finite element analysis to evaluate joint stresses and strains with
MFC lesions. These authors reported no differences in stresses or strains with smaller
defects (<1 cm2), but significant elevations in these variables with larger lesions.

There was a significant correlation between MFC cartilage lesion severity and meniscal
lesion severity of the PHMED (Spearman ρ=0.638, p<0.001), underlining the association
between cartilage and meniscal damage.32 Previous studies have shown that meniscal T1ρ
measures are associated with the severity of OA.24 Our findings indicate that the magnitude
of PHMED T1ρ times were directly related to the severity of the MFC cartilage lesion.
PHMED T1ρ elevations in subjects with multiple focal lesions or extensive full-thickness
lesions parallel the trends in MFC T1ρ, illustrating that cartilage and meniscus degeneration
are tightly linked with one another in this cohort. Furthermore, previous studies have
reported strong relationships between physical examination findings and meniscal damage
on MRI, particularly in more advance knee OA.38 Determining the initiating cascade of
events in knee OA onset will help focus intervention studies to slow the disease process.

When we compare the findings of the current study to those of the previous investigation by
Zarins and colleagues19 using this same cohort of patients, several important relationships
are observed. Zarins and colleagues reported that subjects with medial meniscal tears had
significantly higher meniscal T1ρ and T2 values in the posterior horn of the corresponding
meniscus. Furthermore, they reported significantly higher T1ρ values in the MT, but not in
the adjacent MFC.19 In the current study, we observed elevated T1ρ relaxation times of the
MFC, MT, and both posterior and anterior horns of the meniscus in subjects with the most
extensive cartilage lesions. Taken together, these investigations suggest that meniscal tears
are observed often in subjects with relatively limited adjacent pathology. However,
extensive cartilage lesions are frequently observed in advanced OA pathology including
compositional deterioration of the adjacent cartilage plates and the local menisci.

The potential limitations of this study are the cross-sectional design and relatively small
sample size. The relatively small number of subjects limited our analysis to cartilage lesions
of the MFC. Additional studies need to evaluate the effects of lesions in other cartilage
plates in the knee to better determine their influence. Additionally, we did not measure knee
alignment because we did not take long-limb radiographs and we did not include a physical
activity level assessment. Previous studies have reported associations of malalignment and
physical activity with knee cartilage lesions.6,32,39-40 Future longitudinal studies involving a
larger cohort with measures of alignment and physical activity levels are needed to confirm
the present findings.

CONCLUSION
We observed no difference in T1ρ relaxation times when comparing cartilage immediately
surrounding a focal defect, and the remaining cartilage within that compartment. We did
however, observed higher T1ρ times of the MFC in the subjects with MFC cartilage lesions
and observed significant elevations in T1ρ times of the adjacent cartilage plate (MT) and the
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medial meniscus owing to the strong mechanical interactions of these structures. While the
majority of controls and mild OA subjects had no lesions in the MFC, a relatively higher
percentage of subjects showed damage to the PHMED, suggesting perhaps that meniscal
lesions may precede cartilage lesions in this population.

Acknowledgments
The authors thank D Kuo, J Schooler, and J Zuo for their technical support, and T. Munoz and M. Guan for their
help in recruiting and consenting patients for the study. This study was supported by NIH RO1 AR46905.

This study was supported by NIH RO1 AR46905.

Funding: NIH RO1 AR46905

References
1. Hjelle K, Solheim E, Strand T, Muri R, Brittberg M. Articular cartilage defects in 1,000 knee

arthrosopies. Arthroscopy: the journal of arthroscopic and related surgery. 2002; 18:730–4.

2. Cicuttini F, Ding C, Wluka A, Davis S, Ebeling PR, Jones G. Association of cartilage defects with
loss of knee cartilage in healthy, middle-age adults. Arthritis & Rheumatism. 2005; 52:2033–9.
[PubMed: 15986359]

3. Ding C, Garnero P, Cicuttini F, Scott F, Cooley H, Jones G. Knee cartilage defects: association with
early radiographic osteoarthritis, decreased cartilage volume, increased joint surface area and type II
collagen breakdown. Osteoarthritis and Cartilage. 2005; 13:198–205. [PubMed: 15727885]

4. Davies-Tuck ML, Wluka AE, Wang Y, Teichtahl AJ, Jones G, Ding C, et al. The natural history of
cartilage defects in people with knee osteoarthritis. Osteoarthritis and Cartilage. 2008; 16:337–42.
[PubMed: 17698376]

5. Link TM, Steinbach LS, Ghosh S, Ries M, Lu Y, Lane N, et al. Osteoarthritis: MR imaging findings
in different stages of disease and correlation with clinical findings. Radiology. 2003; 226:373–81.
[PubMed: 12563128]

6. Stahl R, Luke A, Li X, Carballido-Gamio J, Ma CB, Majumdar S, et al. T1rho and T2 and focal
knee cartilage abnormalities in physically active and sedentary healthy subjects versus early OA
patients – a 3.0 Tesla MRI study. Eur Radiol. 2009; 19:132–43. [PubMed: 18709373]

7. Lefkoe TP, Trafton PG, Ehrlich MG, Walsh WR, Dennehy T, Barrach H-J, et al. An experimental
model of femoral condylar defect leading to osteoarthritis. Journal of Orthopaedic Trauma. 1993;
7:458–67. [PubMed: 8229383]

8. Wluka AE, Ding C, Jones G, Cicuttini FM. The clinical correlates of articular cartilage defects in
symptomatic knee osteoarthritis: a prospective study. Rheumatology. 2005; 44:1311–6. [PubMed:
16030084]

9. Christoforakis J, Pradhan R, Sanchez-Ballester J, Hunt N, Strachan RK. Is there an association
between articular cartilage changes and degenerative meniscus tears? Arthroscopy: the journal of
arthroscopic and related surgery. 2005; 21:1366–9.

10. Crema MD, Guermazi A, Li L, Nogueira-Barbosa MH, Marra MD, Roemer FW, et al. The
association of prevalent medial meniscal pathology with cartilage loss in the medial tibiofemoral
compartment over a two year period. Osteoarthritis and Cartilage. 2010; 18:336–43. [PubMed:
19914195]

11. Bedi A, Feeley BT, Williams RJ 3rd. Management of articular cartilage defects of the knee. J Bone
Joint Surg Am. 2010; 92:994–1009. [PubMed: 20360528]

12. Duvvuri U, Kudchodkar S, Reddy R, Leigh JS. T1ρ relaxation can assess longitudinal proteglyccan
loss from articular cartilage in vitro. Osteoarthritis and Cartilage. 2002; 10:838–44. [PubMed:
12435327]

13. Regatte RR, Akella S, Lonner JH, Kneeland JB, Reddy R. T1ρ relaxation mapping in human
osteoarthritis (OA) Cartilage: comparison of T1 with T2. Journal of Magnetic Resonance Imaging.
2006; 23:547–53. [PubMed: 16523468]

Souza et al. Page 9

Knee. Author manuscript; available in PMC 2014 March 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



14. David-Vaudey E, Ghosh S, Ries M, Majumdar S. T2 relaxation time measurements in
osteoarthritis. Magnetic Resonance Imaging. 2004; 22:673–82. [PubMed: 15172061]

15. Regatte RR, Akella SVS, Wheaton AJ, Lech G, Borthakur A, Kneeland JB, et al. 3D-T1ρ-
relaxation mapping of articular cartilage: In vivo assessment of early degenerative changes in
symptomatic osteoarthritic subjects. Acad Radiol. 2004; 11:741–9. [PubMed: 15217591]

16. Li X, Ma B, Link TM, Castillo DD, Blumenkrantz G, Lozano J, et al. In vivo T1ρ and T2 mapping
of articular cartilage in osteoarthritis of the knee using 3 T MRI. Osteoarthritis and Cartilage.
2007:789–97. [PubMed: 17307365]

17. Dunn TC, Lu Y, Jin H, Ries M, Majumdar S. T2 relaxation time of cartilage at MR imaging:
comparison with severity of knee osteoarthritis. Radiology. 2004; 232:592–8. [PubMed:
15215540]

18. Akella SV, Regatte RR, Gougoutas AJ, Borthakur AB, Shapiro EM, Kneeland JB, et al.
Proteoglycan-induced changes in T1ρ-relaxation of articular cartilage at 4T. Magnetic Resonance
in Medicine. 2001; 46:419–23. [PubMed: 11550230]

19. Zarins ZA, Bolbos RI, Pialat JB, Link TM, Li X, Souza RB, et al. Cartilage and meniscus
assessment using T1rho and T2 measurements in healthy subjects and patients with osteoarthritis.
Osteoarthritis Cartilage. 2010; 18(11):1408–1416. [PubMed: 20696262]

20. Kellgren J, Lawrence J. Radiologic assessment of osteoarthritis. Ann Rheum Dis. 1957; 16:494–
501. [PubMed: 13498604]

21. Bellamy N, Buchanan WW, Goldsmith CH, Campbell J, Stitt LW. Validation study of WOMAC: a
health status instrument for measuring clinically important patient relevant outcomes to
antirheumatic drug therapy in patients with osteoarthritis of the hip or knee. J Rheumatol. 1988;
15:1833–40. [PubMed: 3068365]

22. Li X, Han ET, Busse RF, Majumdar S. In vivo T1ρ mapping in cartilage using 3D magnetization-
prepared angle-modulated partitioned k-space spoiled gradient echo snapshots (3D MAPSS).
Magnetic Resonance in Medicine. 2008; 59:298–307. [PubMed: 18228578]

23. Peterfy CG, Guermazi A, Zaim S, Tirman PFJ, Miaux Y, White D, et al. Whole-organ magnetic
resonance imaging score (WORMS) of the knee in osteoarthritis. Osteoarthritis and Cartilage.
2004; 12:177–90. [PubMed: 14972335]

24. Rauscher I, Stahl R, Cheng J, Li X, Huber M, Luke A, et al. Meniscal measurements of T1ρ and
T2 at MR imaging in healthy subjects and patients with osteoarthritis. Radiology. 2008; 249:591–
600. [PubMed: 18936315]

25. Bolbos RI, Link TM, Ma B, Majumdar S, Li X. T1ρ relaxation time of the meniscus and its
relationship with T1ρ of adjacent cartilage in knees with acute ACL injuries at 3T. Osteoarthritis
and Cartilage. 2009; 17:12–8. [PubMed: 18602280]

26. Rueckert D, Sonoda LI, Hayes C, Hill DL, Leach MO, Hawkes DJ. Nonrigid registration using
free-form deformations: application to breast MR images. IEEE Trans Med Imaging. 1999;
18:712–21. [PubMed: 10534053]

27. Eckstein F, Maschek S, Wirth W, Hudelmaier M, Hitzl W, Wyman B, et al. One year change of
knee cartilage morphology in the first release of participants from the Osteoarthritis Initiative
progression subcohort: association with sex, body mass index, symptoms and radiographic
osteoarthritis status. Ann Rheum Dis. 2009; 68:674–9. [PubMed: 18519425]

28. Pelletier JP, Raynauld JP, Berthiaume MJ, Abram F, Choquette D, Haraoui B, et al. Risk factors
associated with the loss of cartilage volume on weight-bearing areas in knee osteoarthritis patients
assessed by quantitative magnetic resonance imaging: a longitudinal study. Arthritis Research &
Therapy. 2007; 9:R74. [PubMed: 17672891]

29. Raynauld JP, Martel-Pelletier J, Berthiaume MJ, Labonte F, Beaudoin G, de Guise JA, et al.
Quantitative magnetic resonance imaging evaluation of knee osteoarthritis over two years and
correlation with clinical symptoms and radiologic changes. Arthritis & Rheumatism. 2004;
50:476–87. [PubMed: 14872490]

30. Ding C, Cicuttini F, Scott F, Cooley H, Jones G. Association between age and knee structural
change: a cross sectional MRI based study. Extended report. Ann Rheum Dis. 2005; 64:549–55.
[PubMed: 15769915]

Souza et al. Page 10

Knee. Author manuscript; available in PMC 2014 March 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



31. Curl WW, Krome J, Gordon ES, Rushing J, Smith BP, Poehling GG. Cartilage injuries: a review of
31,516 knee arthroscopies. Arthroscopy: The Journal of Arthroscopic and Related Surgery. 1997;
13:456–60.

32. Zamber RW, Teitz CC, McGuire DA, Frost JD, Hermanson BK. Articular cartilage lesions of the
knee. Arthroscopy: The Journal of Arthroscopic and Related Surgery. 1989; 5:258–68.

33. Cerejo R, Dunlop DD, Cahue S, Chanin D, Song J, Sharma L. The influence of alignment on risk
of knee osteoarthritis progression according to baseline stage of disease. Arthritis & Rheumatistm.
2002; 46:2632–6.

34. Anandacoomarasamy A, Smith G, Leibman S, Caterson I, Giuffre B, Fransen M, et al. Cartilage
defects are associated with physical disability in obese adults. Rheumatology. 2009; 48:1290–3.
[PubMed: 19690127]

35. Maquet PG, Van de Berg AJ. Femorotibial weight-bearing areas. Experimental determination. J
Bone Joint Surg. 1975; 57:766–71. [PubMed: 1158911]

36. Andriacchi TP, Mündermann A, Smith RL, Alexander EJ, Dyrby CO, Koo S. A framework for the
in vivo pathomechanics of osteoarthritis at the knee. Ann Biomed Eng. 2004; 32:447–57.
[PubMed: 15095819]

37. Peña E, Calvo B, Martínez MA, Doblaré M. Effect of the size and location of osteochondral
defects in degenerative arthritis. A finite element simulation. Comput Biol Med. 2007; 37:376–87.
[PubMed: 16796999]

38. Kemp MA, Lang K, Dahill M, Williams JL. Investigating meniscal symptoms in patients with knee
osteoarthritis--is MRI an unnecessary investigation? Knee. 2011; 18:252–3. [PubMed: 20800498]

39. Stehling C, Liebl H, Krug R, Lane NE, Nevitt MC, Lynch J, et al. Patellar cartilage: T2 values and
morphologic abnormalities at 3.0-T MR imaging in relation to physical activity in asymptomatic
subjects from the osteoarthritis initiative. Radiology. 2010; 254:509–20. [PubMed: 20019141]

40. Ding C, Cicuttini F, Jones G. Tibial subchondral bone size and knee cartilage defects: relevance to
knee osteoarthritis. Osteoarthritis Cartilage. 2007; 15:479–86. [PubMed: 17291789]

Souza et al. Page 11

Knee. Author manuscript; available in PMC 2014 March 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Souza et al. Page 12

Ta
bl

e 
1

Su
bj

ec
t C

ha
ra

ct
er

is
tic

s 
st

ra
tif

ie
d 

by
 K

L
 g

ra
de

.

W
O

M
A

C

A
ge

(y
rs

)
H

ei
gh

t
(c

m
)

W
ei

gh
t

(k
g)

B
M

I
P

ai
n

St
if

fn
es

s
F

un
ct

io
n

C
on

tr
ol

s
(n

=
19

)

M
ea

n
39

.1
0

17
2.

50
70

.7
9

23
.4

7
3.

26
1.

63
6.

79

SD
10

.1
5

9.
09

12
.6

6
3.

44
3.

26
1.

67
8.

98

M
ild

 O
A

(n
=

26
)

M
ea

n
52

.2
7*

17
0.

04
75

.2
8

26
.0

0
3.

19
1.

88
10

.4
2

SD
10

.3
0

9.
05

13
.4

9
4.

01
3.

13
1.

24
11

.1
1

p-
va

lu
e 

(v
s.

co
nt

ro
ls

)
<

0.
00

01
0.

08
7

0.
94

8
0.

57
8

0.
30

0

Se
ve

re
 O

A
(n

=
18

)

M
ea

n
62

.6
1*

#
16

6.
58

80
.8

9
29

.3
3*

#
10

.7
2*

#
4.

67
*#

35
.5

5*
#

SD
10

.3
3

8.
48

16
.6

7
6.

78
4.

48
1.

64
14

.1
5

p-
va

lu
e 

(v
s.

co
nt

ro
ls

)
<

0.
00

01
0.

00
05

<
0.

00
01

<
0.

00
01

<
0.

00
01

p-
va

lu
e 

(v
s.

m
ild

 O
A

)
0.

00
17

0.
02

8
<

0.
00

01
<

0.
00

01
<

0.
00

01

A
N

O
V

A
Pr

ob
>

F
<

0.
00

01
0.

13
7

0.
10

6
0.

00
2

<
0.

00
01

<
0.

00
01

<
0.

00
01

* Si
gn

if
ic

an
tly

 d
if

fe
re

nt
 th

an
 c

on
tr

ol
 (

p<
0.

05
).

# Si
gn

if
ic

an
tly

 d
if

fe
re

nt
 th

an
 m

ild
 O

A
 (

p<
0.

05
).

B
M

I=
bo

dy
 m

as
s 

in
de

x;
 K

L
=

 K
el

lg
re

n-
L

aw
re

nc
e;

 W
O

M
A

C
=

W
es

te
rn

 O
nt

ar
io

 a
nd

 M
cM

as
te

rs
 U

ni
ve

rs
iti

es
 A

rt
hr

iti
s 

In
de

x.
 C

on
tr

ol
s 

ar
e 

de
fi

ne
d 

as
 s

ub
je

ct
s 

ha
vi

ng
 a

 K
L

 s
co

re
 o

f 
0,

 M
ild

 O
A

 a
re

 d
ef

in
ed

 a
s

su
bj

ec
ts

 w
ith

 a
 K

L
 s

co
re

 o
f 

1 
or

 2
, a

nd
 S

ev
er

e 
O

A
 a

re
 d

ef
in

ed
 a

s 
su

bj
ec

ts
 h

av
in

g 
a 

K
L

 s
co

re
 o

f 
3 

or
 4

.

Knee. Author manuscript; available in PMC 2014 March 01.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Souza et al. Page 13

Ta
bl

e 
2

Su
bj

ec
t c

ha
ra

ct
er

is
tic

s 
st

ra
tif

ie
d 

by
 le

si
on

 s
ev

er
ity

 o
f 

th
e 

M
FC

.

W
O

M
A

C

A
ge

(y
rs

)
H

ei
gh

t
(c

m
)

W
ei

gh
t

(k
g)

B
M

I
P

ai
n

St
if

fn
es

s
F

un
ct

io
n

M
F

C
 n

o 
le

si
on

(n
=

38
)

M
ea

n
46

.0
0

17
1

72
.7

9
24

.6
3

3.
05

1.
74

8.
31

SD
12

.8
6

9.
13

13
.2

6
4.

25
2.

71
1.

48
9.

66

F
oc

al
 le

si
on

s 
(W

O
R

M
S 

gr
ad

es
 2

-2
.5

)
(n

=
5)

M
ea

n
49

.2
0

16
5

75
.2

8
27

.3
5.

80
3.

20
19

.6

SD
7.

26
10

.3
9

11
.5

0
1.

26
6.

83
1.

79
21

.1
4

p-
va

lu
e 

(v
s.

 g
ra

de
s 

0-
1)

0.
56

8
0.

26
2

0.
15

1
0.

07
3

0.
07

7

M
ul

ti
pl

e 
le

si
on

s 
(W

O
R

M
S 

gr
ad

es
 3

-4
)

(n
=

9)

M
ea

n
64

.4
4*

#
16

5
75

.1
6

27
.6

3
9.

22
*

3.
89

*
30

.2
2*

SD
10

.2
5

4.
84

17
.2

1
6.

89
4.

32
1.

27
11

.7
5

p-
va

lu
e 

(v
s.

 g
ra

de
s 

0-
1)

<
0.

00
01

0.
10

8
<

0.
00

01
0.

00
1

<
0.

00
01

p-
va

lu
e 

(v
s.

 g
ra

de
s 

2-
2.

5)
0.

02
3

0.
90

4
0.

12
7

0.
46

6
0.

15
4

E
xt

en
si

ve
 f

ul
l t

hi
ck

ne
ss

 le
si

on
s 

(W
O

R
M

S 
gr

ad
es

 5
-6

)
(n

=
11

)

M
ea

n
59

.5
4*

16
9.

37
85

.3
9

29
.8

8*
10

.0
0*

4.
27

*
32

.1
8*

SD
9.

54
10

.0
4

15
.3

1
6.

27
5.

65
2.

45
19

.7
3

p-
va

lu
e 

(v
s.

 g
ra

de
s 

0-
1)

0.
00

1
0.

00
3

<
0.

00
01

<
0.

00
01

<
0.

00
01

p-
va

lu
e 

(v
s.

 g
ra

de
s 

2-
2.

5)
0.

10
7

0.
33

8
0.

05
4

0.
24

2
0.

08
2

p-
va

lu
e 

(v
s.

 g
ra

de
s 

3-
4)

0.
35

6
0.

31
7

0.
66

4
0.

61
4

0.
74

2

A
N

O
V

A
 P

ro
b>

 F
0.

00
01

0.
20

7
0.

09
0

0.
01

8
<

0.
00

01
<

0.
00

01
<

0.
00

01

* Si
gn

if
ic

an
tly

 d
if

fe
re

nt
 th

an
 M

FC
 g

ra
de

s 
0-

1 
(p

<
0.

05
).

# Si
gn

if
ic

an
tly

 d
if

fe
re

nt
 th

an
 M

FC
 g

ra
de

s 
2-

2.
5 

(p
<

0.
05

).

Knee. Author manuscript; available in PMC 2014 March 01.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Souza et al. Page 14

Table 3

Cartilage and Meniscus T1rho stratified by lesion severity of the MFC.

CARTILAGE MENISCUS

MFC MT AHMED PHMED

MFC no lesion (WORMS grades 0-1)
(n=38)

Mean 41.43 34.92 12.62 16.11

SD 4.81 4.10 2.14 5.77

Focal lesions (WORMS grades 2-2.5)
(n=5)

Mean 41.13 35.06 11.49 15.92

SD 3.10 3.43 1.91 2.65

p-value (vs. grades 0-1) 0.894 0.954 0.338 0.943

Multiple lesions (WORMS grades 3-4)
(n=9)

Mean 44.85* 38.00 13.21 23.23*#

SD 3.08 4.11 2.43 6.53

p-value (vs. grades 0-1) 0.048 0.122 0.521 0.0009

p-value (vs. grades 2-2.5) 0.150 0.324 0.215 0.021

Extensive full thickness lesions (WORMS grades 5-6)
(n=11)

Mean 45.65* 41.24*# 15.49*#^ 23.33*#

SD 5.03 9.22 3.64 4.11

pvaue (vs. 0-1) 0.009 0.0009 0.002 0.0005

p value (vs. 2-2.5) 0.071 0.035 0.004 0.017

p value (vs. 3-4) 0.695 0.179 0.049 0.967

ANOVA Prob> F 0.024 0.007 0.008 0.0002

*
Significantly different than MFC grades 0-1 (p<0.05).

#
Significantly different than MFC grades 2-2.5 (p<0.05).

^
Significantly different than MFC grades 3-4 (p<0.05).

Knee. Author manuscript; available in PMC 2014 March 01.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Souza et al. Page 15

Table 4

Surrounding and Remaining Cartilage T1rho times in subjects with Cartilage Defects.

Surrounding
Cartilage

Remaining
Cartilage P-value

No Defects N/A 37.1

Defects 0- 1cm (n=15) 41.5 41.0 0.919

Defects 1-2 cm (n=9) 39.4 39.7 0.472

Defects 2-2.5 cm (n=4) 45.8 43.4 0.355
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Table 5

Interrelationship between the incidence of MFC cartilage defects and posterior horn medial meniscus
(PHMED) damage as assessed by meniscal WORMS grade and stratified by KL group (control, mild, and
severe OA).

CONTROLS MILD OA SEVERE OA TOTAL

MFC no lesion

PHMED grade 0 11 (58 %) 8 (31%) 1 (6%) 20

PHMED grade 1 4 (21%) 6 (23%) 0 (0%) 10

PHMED grades 2-4 2 (10 %) 6 (23%) 0 (0%) 8

Total percent per
KL group

89% 77% 6% 38

Focal lesions (WORMS grades 2-2.5)

PHMED grade 0 1 (5%) 1 (4%) 0 (0%) 2

PHMED grade 1 1 (5%) 1 (4%) 1 (6%) 3

PHMED grades 2-4 0 (0%) 0 (0%) 0 (0%) 0

Total percent per
KL group

10% 8% 6% 5

Multiple lesions (WORMS grades 3-4)

PHMED grade 0 0 (0%) 0 (0%) 1 (6%) 1

PHMED grade 1 0 (0%) 1 (4%) 1 (6%) 2

PHMED grades 2-4 0 (0%) 1 (4%) 5 (28%) 6

Total percent per
KL group

0% 8% 40% 9

Extensive full thickness lesions (WORMS grades 5-6)

PHMED grade 0 0 (0%) 0 (0%) 0 (0%) 0

PHMED grade 1 0 (0%) 1 (4%) 1 (6%) 2

PHMED grades 2-4 0 (0%) 1 (4%) 8 (44%) 9

Total percent per
KL group

0% 8% 50% 11

Total number of
subjects

19 subjects 26 subjects 18 subjects 63 subjects

MFC=medial femoral condlye, PHMED=posterior horn of the medial meniscus, WORMS=Whole-Organ Magnetic Resonance Imaging Score,
KL= Kellgren-Lawrence. The number in parenthesis represents the percentage of controls, mild OA or severe OA with a given cartilage defect
grade.
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