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Abstract

STUDY DESIGN—Controlled laboratory study using a cross-sectional design.

OBJECTIVES—To analyze the relationship of quadriceps-hamstrings and medial-lateral 

quadriceps anatomical cross-sectional area (ACSA) ratios with knee loads during walking and 

articular and meniscal cartilage composition in young, healthy subjects.

BACKGROUND—Muscle forces affect knee loading during walking, but it is not known if 

muscle morphology is associated with walking mechanics and cartilage composition in young 

subjects.

METHODS—Forty-two knees from 27 young, healthy, active volunteers (age, 20-35 years; body 

mass index, <28 kg/m2) underwent 3-T magnetic resonance imaging (MRI) and 3-D motion 

capture. Standard MRI sequences were used for articular and meniscal cartilage T1rho and T2 

relaxation times and for quadriceps and hamstrings muscle ACSA. Frontal plane kinetics during 

the stance phase of walking was calculated. Generalized estimating equation models were used to 

identify muscle variables that predicted MRI and gait parameters.

RESULTS—Quadriceps-hamstrings and medial-lateral quadriceps ACSA ratios were positively 

related to frontal plane loading (β = .27-.54, P≤.006), global articular cartilage relaxation times (β 
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= .22-.28, P≤.041), and the medial-lateral ratio of meniscus T1rho relaxation time (β = .26-.36, P≤.

049). The medial-lateral quadriceps ACSA ratio was positively related to global meniscus T1rho 

relaxation times (β = .30, P = .046).

CONCLUSION—Higher quadriceps-hamstrings and medial-lateral quadriceps ACSA ratios were 

associated with higher frontal plane loading during walking and with articular and meniscal 

cartilage T1rho and T2 relaxation times. These findings highlight the relationships between 

different knee tissues and knee mechanics in young, healthy individuals.

Keywords

cartilage; gait; knee adduction moment; meniscus; quantitative MRI

Quadriceps and hamstrings muscles, along with the gastrocnemii, are the largest contributors 

to articular loading at the knee during walking and impact the distribution of loads across the 

knee.19,38,47,58,59 The external knee adduction moment (KAM)4,19 and impulse54 are 

common indirect measures of frontal plane knee loading. They are associated with greater 

load over the medial knee compartment19,32 and an increased risk of medial cartilage and 

meniscus damage, and may lead to medial knee osteoarthritis (OA).29,46,55 Although 

radiographic OA severity and varus malalignment partly explain the variability in KAM 

across individuals,12 biomechanical properties of the quadriceps and hamstrings may also be 

related to the magnitude of frontal plane loads.13,25,34 For instance, greater quadriceps 

strength has been shown to be related to faster walking speed,9,36,57 which leads to higher 

KAM.33 In people with knee OA and obesity, maximal hamstring strength was found to be 

positively correlated with KAM.1 These findings suggest that quadriceps and hamstrings 

strength may be related to KAM during walking.

Muscle strength tests are affected by multiple factors, including motivation, pain, fatigue, 

etc.44 Because the force-generating ability of a muscle closely depends on the muscle mass, 

anatomical cross-sectional area (ACSA) measured with magnetic resonance imaging (MRI) 

offers a valid and easy alternative that has been shown to strongly correlate with strength 

measures.14,35,49 Earlier work has shown that healthy individuals with varus alignment have 

a greater vastus medialis-vastus lateralis ACSA ratio.50 It is also known that healthy 

individuals with varus alignment walk with higher KAM compared to those with neutral 

alignment, which may predispose them to knee OA.6 Hence, there may be an association 

between measures of muscle ACSA ratios and those of knee loading.

Because quadriceps and hamstrings muscles influence loading patterns at the knee during 

walking, presumably, they would be related to knee cartilage health. People with knee OA 

or patellofemoral joint pain syndrome exhibit a reduction of quadriceps ACSA.18,41 In 

young, healthy people, thigh muscle ACSA is positively associated with knee cartilage 

thickness and volume.15 Early cartilage changes in knee OA consist of proteoglycan loss 

and an increase in water content, along with loosening, disorganization, and loss of collagen 

matrix (FIGURE 1).26,39 These early changes can be detected as an increase in MRI T1rho 

and T2 relaxation-time parameters.2,22,23,42,43 A positive association between higher 

medial-lateral quadriceps ACSA ratio and greater cartilage degeneration has been shown in 
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older adults with preclinical knee OA, using quantitative T2 relaxation-time mapping and 

clinical whole-organ MRI scores.37

Quantitative evaluation of thigh muscle, knee cartilage, and gait mechanics in asymptomatic 

young populations has not been performed. As such, the aims of this study were (1) to 

analyze the relationship of the quadriceps-hamstrings (QH) ACSA ratio and the medial-

lateral quadriceps (QuadML) ACSA ratio with walking mechanics, and (2) to analyze the 

relationship of the QH ACSA ratio and the QuadML ACSA ratio with articular and meniscal 

cartilage T1rho and T2 relaxation times in young, healthy people. The study hypotheses 

were that (1) higher muscle ACSA ratios would be related to higher frontal plane loading 

during walking, and (2) higher muscle ACSA ratios would be related to higher articular and 

meniscal cartilage T1rho and T2 relaxation times.

METHODS

Subjects

Twenty-seven healthy volunteers (mean ± SD age, 27.6 ± 3.7 years; body mass index 

[BMI], 22.7 ± 2.1 kg/m2; 18 men, 9 women) between the ages of 20 and 35 years were 

recruited from the community. The University of California San Francisco Institutional 

Review Board approved the study protocol, and all subjects signed an approved informed-

consent form. The subjects were physically active (at least 150 min/ wk of moderate to 

vigorous physical activity) and had no history of knee pain or any other lower extremity 

injuries that would confound the evaluation of walking patterns. Though MRI images from 

both knees were collected where available, not all subjects completed an MRI in both knees, 

thus the total sample was of 42 knees.

MRI Image Acquisition

All imaging was performed with a 3-T Signa HDx MRI scanner (GE Healthcare, Waukesha, 

WI), using an 8-channel phased-array transmit/receive knee coil (Invivo, Gainesville, FL). 

The total acquisition time for 1 knee was approximately 25 minutes. For thigh muscle 

ACSA, the subjects were repositioned in the scanner without the knee coil. The body coil 

was used to acquire axial slices from the middle 50% of the total length of the bilateral 

thighs in the same field of view. The mid thigh was selected, because earlier work has 

shown that image acquisition at 50% of the femur length is the best compromise for 

evaluating quadriceps and hamstrings ACSA in a single slice, and ACSA estimates at this 

level correlate well with muscle volume.11 It also helped standardize image acquisition. The 

length of the thighs was calculated using the distance between the center of the femoral head 

and the center of the knee joint from a scout view. The imaging parameters for all sequences 

are shown in TABLE 1.

Semi-quantitative Morphological MRI Grading

The modified whole-organ MRI score40,61 was used to assess cartilage and meniscus 

abnormalities on sagittal, T2-weighted, fast spin echo, fat-saturated images (TABLE 1) by a 

musculoskeletal radiologist with 20 years of experience (T.M.L.).
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MRI Image Analysis

MRI images were transferred to a workstation (Hewlett-Packard Company, Palo Alto, CA) 

for offline quantification of MRI relaxation times (T1rho and T2). Cartilage surface and 

meniscus were segmented in sagittal spoiled gradient-echo images using a software program 

developed in-house, based on a spline-based, semi-automated (automated edge detection and 

manual correction) segmentation algorithm in MATLAB (The MathWorks, Inc, Natick, 

MA). This algorithm was used to identify the boundary of the cartilage regions of interest.

Cartilage segmentation was divided into 6 regions: medial and lateral femoral condyle, 

medial and lateral tibial plateau, patella, and trochlea. For the purpose of this paper, all the 

regions of interest were merged to form the global knee region. Also, the medial femur and 

tibia were combined to form the medial knee region, and the lateral femur and tibia 

combined to form the lateral knee region. Relaxation times were then calculated for the 

merged regions of interest. Medial-lateral ratios were taken by dividing medial-region by 

lateral-region variables.

Six regions of the meniscus (medial and lateral posterior horns, medial and lateral anterior 

horns, and medial and lateral body) were also segmented. For the purpose of this paper, all 

subregions of the medial meniscus were combined to form the medial meniscus region and, 

similarly, all subregions of the lateral meniscus were combined to form the lateral meniscus 

region. Medial and lateral regions were combined to form the global meniscus region. 

Medial-lateral ratios for the meniscus were taken by dividing medial by lateral values.

Quantification of T1rho and T2

The T1rho and T2 maps (FIGURES 2A and 2B) were reconstructed by fitting the image 

intensity (voxel by voxel) using a Levenberg-Marquardt monoexponential fitting algorithm 

developed in-house: S(TSL) = S0 exp(–TSL/T1rho) for T1rho fitting, where TSL is the spin 

lock time and S0 is the signal intensity when TSL equals 0 milliseconds; and S(TE) = S0 

exp(–TE/T2) for T2 fitting, where TE is the echo time and S0 is the signal intensity when TE 

equals zero. All 4 T1rho- or T2-weighted images were used to reconstruct the cartilage 

maps. However, for the meniscus (FIGURES 2C and 2D), only the first 3 T1rho- and T2-

weighted images were used.42 T1rho-weighted images with TSL equal to 80 milliseconds 

and T2-weighted images with TE equal to 44.8 milliseconds had a very low signal-to-noise 

ratio (less than 5) for the meniscus due to short T1rho and T2 in the meniscus, and therefore 

were not used during map reconstruction. To minimize the error due to knee motion between 

the scans, T1rho- and T2-weighted images with the shortest TSL or TE (and, therefore, the 

highest signal-to-noise ratio) were rigidly registered to high-resolution, spoiled gradient-

echo images (TABLE 1) acquired in the same examination with the Visualization Toolkit 

by the Computational Imaging Sciences Group (Kitware, Inc, Clifton Park, NY).51,53 The 

transformation matrix was applied to the reconstructed T1rho and T2 maps. The original 

splines of segmented cartilage and meniscus contours from the high-resolution spoiled 

gradient-echo images were superimposed on the corresponding reconstructed T1rho and T2 

maps to define the regions of interest for T1rho and T2 assessment.21,53,61 To reduce 

artifacts caused by partial-volume effects with synovial fluid, regions with relaxation time 
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greater than 150 milliseconds in T1rho or 100 milliseconds in T2 maps were removed from 

the data used for quantification.53

Quantification of Muscle Cross-sectional Area

One researcher (W.L.) manually segmented vastus medialis, vastus lateralis, vastus 

intermedius, rectus femoris, medial hamstrings (semitendinosus and semi-membranosus), 

and lateral hamstrings (biceps femoris long head) regions of interest on 4 slices at the middle 

of the scanned volume (FIGURE 3A). Because the scanned volume was the middle 50% of 

the thigh for every subject, the segmented slices corresponded to the midsection of the thigh. 

Intramuscular fat, which would be minimal in these young, healthy, active subjects 

(Goutallier grade 0, indicating less than 5% fat fraction),3 was not excluded for the purpose 

of calculating muscle ACSA. After segmentation, ACSA for each muscle was calculated for 

each slice, using a routine developed in-house in MATLAB. The area over the 4 slices was 

averaged for each muscle. The 4 quadriceps were added to form the quadriceps area 

(FIGURE 3B). The 2 hamstrings were added to form the hamstrings area (FIGURE 3B). 

For the statistical analyses, ratios were taken (FIGURE 3C) for QH ACSA and QuadML 

ACSA.

Motion Analysis

All subjects walked at their self-selected speed, while 3-D kinematic data were collected at 

250 Hz using a passive 10-camera system (Vicon; OMG plc, Oxford, UK) and kinetic data 

were collected at 1000 Hz from 2 embedded force platforms (Advanced Mechanical 

Technology, Inc, Watertown, MA). Spherical retroreflective markers (14 mm) were placed 

on bony landmarks of bilateral lower extremities for identification of joint centers, and rigid 

clusters were placed bilaterally on the lateral surface of the subject's thighs, legs, and heel 

shoe counters to track segment motions.52 A trial was considered acceptable when there was 

a clean foot strike on any of the force platforms and the speed was within 5% of the first 

good trial. Five good trials were collected from both lower extremities.

Motion Analysis Data Processing

Kinematics and kinetics were calculated using Visual3D (C-Motion, Inc, Germantown, 

MD). All net joint moments are expressed as external moments and normalized to body 

weight and height (Nm/ BW·Ht). Variables were calculated for the stance phase when the 

foot was in contact with the ground and included peak external knee flexion moment, KAM, 

and KAM impulse. The average of 5 trials was calculated for each subject.

Statistics

Group means and standard deviations were calculated for all variables. Because there were 

data from both knees of some of the individuals in our cohort, we used generalized 

estimating equations (GEEs) to assess the relationships of muscle ACSA measures with 

articular and meniscal cartilage T1rho and T2 relaxation times, and with kinematic and 

kinetic variables. The GEE method is able to account for the interrelationship of data from 

bilateral knees of the same individuals.30,60 Furthermore, because muscle ACSA is known 

to be related to BMI and gender, the GEE models were adjusted for age, BMI, gender, and 
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walking speed (for gait mechanics). Because the units for the muscle area, gait, and MRI 

variables are very different, all data were standardized (z-scores) so that the beta coefficients 

were in SD units. Beta coefficients range from −1 to 128 but are not equivalent to the 

Pearson correlation coefficient. For instance, a Pearson correlation coefficient of 0.25 would 

be considered a measure of a “weak” relationship (explaining 6.25% variability in the 

outcome), but a beta coefficient of 0.25 would indicate that a 2-SD change in the predictor is 

associated with a change in the outcome variable of 0.5 SD (2 × 0.25 SD), which is enough 

to move someone from the 50th percentile to approximately the 68th percentile. Hence, 

these beta coefficients should be interpreted on a case-by-case basis, considering the relative 

changes in SD between the predictor and the outcome variable and the associated P value.

The primary analyses were designed to evaluate the relationship of QH and QuadML ACSA 

ratios with peak external knee flexion moment, peak KAM, and KAM impulse during 

walking. Secondary analyses were used to evaluate the relationship of QH and QuadML 

ACSA ratios with global T1rho and T2 times, with global meniscus T1rho and T2 times, and 

with medial-lateral ratios of articular and meniscal cartilage T1rho and T2 times.

RESULTS

Semi-quantitative Morphological MRI Grading

Abnormalities of the menisci and cartilage were found only in 4 of 42 knees. There was 1 

knee with a medial meniscus tear (posterior horn, grade 2) and 3 knees with patellofemoral 

cartilage lesions. These were confirmed on a repeat reading, as well as on a reading by a 

second experienced musculo-skeletal radiologist.

Muscle ACSA

Means and standard deviation values of the ACSA for all muscle groups are listed in 

TABLE 2. The ACSA of quadriceps muscle was approximately 3 times larger than that of 

the hamstrings, with a QH ratio of 2.85 (TABLE 2). The QuadML ACSA ratio was 0.44 

(TABLE 2).

Muscle ACSA and Gait Mechanics

Results are shown in TABLE 3. After accounting for age, gender, BMI, and walking speed, 

the QH and QuadML ACSA ratios were positively related to KAM (β = .48, P<.001; β = .

27, P = .006) and KAM impulse (β = .54, P<.001; β = .32, P = .001) (FIGURES 4A and 

4B). Neither of the predictors showed a significant relationship with peak external knee 

flexion moment (P>.05).

Muscle ACSA and Articular Cartilage MRI Relaxation Times

Results are shown in TABLE 4. After accounting for age, gender, and BMI, the QuadML 

ratio was a significant predictor of global T1rho relaxation times (β = .23, P = .020), but the 

QH ACSA ratio did not show a similar association (β = .16, P = .199). Both the QH ratio (β 

= .28, P = .009) and QuadML ratio (β = .22, P = .041) had a significant positive association 

with global T2 relaxation times. Neither of the predictors showed a significant association 

with medial-lateral T1rho or T2 relaxation-time ratios (P>.05).
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Muscle ACSA and Meniscal Cartilage MRI Relaxation Times

Results are shown in TABLE 4. After accounting for age, gender, and BMI, the QuadML 

ACSA ratio (β = .30, P = .046), but not the QH ACSA ratio (β = −.09, P = .563), had a 

positive association with global meniscus T1rho relaxation times. Neither predictor had a 

significant relationship with global meniscus T2 relaxation times (P>.05). Both the QH 

ACSA ratio (β = .36, P = .003) and QuadML ACSA ratio (β = .26, P = .049) had a 

significant positive relationship with the medial-lateral ratio of meniscus T1rho relaxation 

time. Similar relationships were not observed for the medial-lateral ratio of meniscus T2 

relaxation times (P>.05).

DISCUSSION

The aims of this study were (1) to analyze the relationship of the QH and QuadML ACSA 

ratios with walking mechanics, and (2) to analyze the relationship of the QH and QuadML 

ACSA ratios with articular and meniscal cartilage T1rho and T2 relaxation times in young, 

healthy people. Results show that higher QH and QuadML ACSA ratios are associated with 

higher KAM and KAM impulse during walking in young, healthy volunteers, in accordance 

with our first hypothesis. The results partly support our second hypothesis, as we observed 

positive associations between muscle ACSA ratios and some of the articular and meniscal 

cartilage T1rho and T2 relaxation-time variables. These findings highlight the relationships 

between different knee tissues and knee mechanics in young, healthy individuals. We found 

that QH and QuadML ACSA ratios were positively related with peak KAM and KAM 

impulse in this cohort of young, healthy individuals. Overall, these associations were strong 

(β>.25, P≤.006), but the QH ACSA ratio demonstrated a stronger relationship (β>.45, P<.

001) with these loading variables, compared to the QuadML ACSA ratio (.25<β<.45, P≤.

006). Earlier studies have shown that in young, healthy individuals, muscle ACSA is 

strongly associated with joint moments assessed using dynamometry.5,8 In people with knee 

OA, it was shown that quadriceps strength is not related to KAM25 and that a program of 

quadriceps strengthening did not lead to a change in KAM.24 It has also been shown that 

quadriceps strength is not related to impact loading in the same population.17 Net joint 

moments during gait do not take into account muscle coactivations and hence may 

underestimate joint loads. Musculoskeletal modeling approaches have demonstrated that 

muscle forces are critical to balancing the external loads during dynamic activities.19,20,38 

Hence, knowledge of muscle ACSA and ratios provides additional insight into the role of 

muscles in counterbalancing external loads. Our data demonstrate that larger quadriceps 

relative to hamstrings and larger medial quadriceps relative to lateral quadriceps are 

associated with greater frontal plane loading. Higher frontal plane loading is known to be 

associated with onset and progression of knee OA.4,29 The magnitude of the muscle ACSA 

ratio at which the imbalance pre-disposes individuals to cartilage degeneration and whether 

a similar relationship may exist in people with pre-existing disease remain to be seen.

We did not find significant relationships between thigh muscle ACSA ratios and sagittal 

plane moment in this cohort. Instrumented knee prosthesis and modeling studies suggest that 

sagittal moment also needs to be taken into consideration to better characterize knee loading 

during walking.19,56 For example, if the KAM decreases and the knee flexion moment 
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decreases, then one can be fairly, although not 100%, confident that the medial contact force 

has decreased. If both increase, it is likely that medial contact force will also increase. When 

the moments change in opposite directions, it is difficult to infer what might be occurring at 

the joint. It may be possible that the differences in the relative sizes of thigh muscles and 

their corresponding force-generation ability are more critical to balancing frontal plane loads 

than sagittal plane loads, although this is hard to conclude from these data.

We observed that larger quadriceps ACSA relative to hamstrings ACSA (greater QH ACSA 

ratio) was associated with higher global knee articular cartilage T2 relaxation times. Larger 

medial quadriceps relative to the lateral quadriceps (greater QuadML ACSA ratio) was 

associated with higher global T1rho and T2 relaxation times. Similar to the associations 

between muscle ACSA ratios and frontal plane loading metrics, the QH ratio (β>.25, P = .

009) demonstrated stronger associations with articular cartilage MRI relaxation times than 

the QuadML ratio (β<.25, P = .041). Higher T1rho and T2 relaxation times indicate 

relatively lower proteoglycan content and greater collagen disruption. The only other study 

with a similar objective found a higher vastus medialis-vastus lateralis ratio to be associated 

with higher knee articular cartilage T2 times in people with knee OA.37 The present study 

supports those findings and extends those results to young, healthy individuals. The present 

study found a high QuadML ratio to be related to higher articular cartilage global T1rho and 

T2 relaxation times. There was a difference in the vastus medialis-vastus lateralis ratio 

found in that previous study37 (approximately 1.12) compared to our results (0.44). In the 

Osteoarthritis Initiative study,37 ACSA was measured at a location 15 cm above the patella, 

which was defined as the mid thigh. We defined mid thigh as the middle 50% of the thigh, 

which could have led to underrepresentation of the vastus medialis in this study and an 

underestimation of the vastus lateralis in the Osteoarthritis Initiative study.37 The difference 

may also be attributable to the different sample populations of the 2 studies.

For the meniscus, we found that a higher QH ACSA ratio was associated with a higher 

medial-lateral ratio of meniscus T1rho relaxation times. A higher QuadML ACSA ratio was 

associated with higher meniscus global T1rho relaxation times and the medial-lateral ratio of 

T1rho relaxation times. As for articular cartilage, the QH ratio (β>.25, P = .003) 

demonstrated stronger associations with the meniscus MRI relaxation times than the 

QuadML ratio (β>.25, P = .049). These results suggest that larger quadriceps relative to the 

hamstrings and, perhaps, larger medial quadriceps relative to lateral quadriceps are 

associated with relatively lower proteoglycan in the medial meniscus relative to the lateral 

meniscus. Because both QH and QuadML ratios were positively related to frontal plane 

loading, it is possible that the impact of muscle ACSA ratios on cartilage composition is 

mediated through abnormal frontal plane loading. Longitudinal studies would be needed to 

confirm this speculation.

Our findings show different relationships of muscle ACSA ratios with articular and meniscal 

cartilage T1rho and T2 relaxation times. T1rho relaxation time is related to the proteoglycan 

content of the cartilage, whereas the T2 relaxation-time parameter is related to collagen 

integrity.23 Furthermore, the structure of articular and meniscal cartilage is very different. 

The knee menisci are fibrocartilaginous and composed primarily of type 1 collagen, whereas 

the articular cartilage is hyaline cartilage primarily composed of type 2 collagen and has a 
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larger proteoglycan concentration compared to the knee meniscus. During loading, the knee 

menisci carry 45% to 70% of the compressive knee load, respond by converting vertical 

loads into hoop stresses, and help in load transmission.10,45,48 These differences between 

T1rho and T2 relaxation times, and between articular and meniscal cartilage structure, may 

be reflected in the results from this study.

There are limitations in this study that need to be addressed when interpreting the results. A 

mid-thigh ACSA was employed instead of volume for describing muscle morphology. 

However, a number of studies have demonstrated that single-slice ACSA is predictive of 

muscle volume and that muscle ACSA measurements are predictive of muscle strength and 

joint moments, and are sensitive to changes due to disuse/training.7,8,11,16,27 In our study, 

the ACSA for the vastus medialis might have been underestimated, which could have 

influenced our findings related to the QuadML ACSA ratio but is unlikely to have 

influenced those related to the QH ACSA ratio, because mid-thigh ACSA is considered 

adequate for overall quadriceps and hamstrings volume.11 We also did not take into 

consideration fascicle length and pennation angle, which are used to calculate physiological 

CSA. However, studies have shown that ACSA of the quadriceps correlates well with 

physiological CSA.8,31 Due to the small sample size, the results of this study are only 

generalizable to young, healthy, physically active adults. A P value of less than .05 was 

considered significant for each individual GEE model. Due to the large number of GEE 

models, P values close to .05 need to be interpreted with caution. Also, muscle activation 

during walking was not assessed; these data could have provided further insight into the 

relationship between CSA and walking mechanics. Finally, another limitation is that the 

MRI and motion analysis were not performed in immediate succession but with an average 

gap of 1 week between collections. Because the response of cartilage to loading is 

cumulative in nature, and none of our subjects sustained any injuries between the 2 sessions, 

the gap is unlikely to have affected our data.

CONCLUSION

Higher QH and QuadML ACSA ratios were associated with higher KAM and KAM impulse 

during walking in young, healthy subjects. Higher QH and QuadML ACSA ratios were also 

positively related to some of the parameters of articular and meniscal cartilage T1rho and T2 

relaxation times. These findings highlight the relationships between different knee tissues 

and knee mechanics in young, healthy individuals.
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KEY POINTS

FINDINGS: Higher QH and QuadML ACSA ratios were associated with higher KAM 

and KAM impulse during walking in young, healthy subjects. Higher QH and QuadML 

ACSA ratios were also positively related to some of the parameters of articular and 

meniscal cartilage T1rho and T2 relaxation times.

IMPLICATIONS: These results show that the relative size of quadriceps and 

hamstrings, and that of medial and lateral quadriceps, is related to frontal plane loading 

and may be related to cartilage and meniscus composition.

CAUTION: Because these analyses were performed on young, healthy, physically active 

adults, the observed relationships would need to be investigated in people with knee OA. 

Also, these results would need to be replicated in larger samples and the subjects 

followed longitudinally to ascertain the long-term relationship of muscle ACSA with 

loading and cartilage health.
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FIGURE 1. 
Schematic showing changes in articular cartilage with osteoarthritis. Cartilage layer is 

shown in blue and subchondral bone in yellow. The zoomed area shows cartilage 

composition with pink collagen network and blue proteoglycan molecules. (A) Healthy 

cartilage, (B) early degeneration with intact cartilage but loss of proteoglycans and 

disruption of collagen network, and (C) advanced degeneration with cartilage fissuring, 

further loss of proteoglycans, and collagen degradation. ©Andrew Swift. Reproduced with 

permission.
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FIGURE 2. 
Color maps of medial femur and medial tibia articular cartilage for T1rho (A), T2 (B), and 

meniscal cartilage T1rho (C) and T2 (D).
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FIGURE 3. 
(A) Bilateral thigh muscle regions of interest for RF, VM, VL, VI, MH, and LH; (B) 

grouping of muscle regions as quadriceps (red) and hamstrings (green); and (C) grouping of 

the quadriceps muscle regions as medial (yellow) and lateral (pink) regions. Abbreviations: 

LH, lateral hamstrings; MH, medial hamstrings; RF, rectus femoris; VI, vastus intermedius; 

VL, vastus lateralis; VM, vastus medialis.
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FIGURE 4. 
Scatter plots of key relationships. (A) Quadriceps-hamstrings ACSA ratio and peak knee 

adduction moment, (B) quadriceps-hamstrings ACSA ratio and knee adduction moment 

impulse, (C) quadriceps-hamstrings ACSA ratio and global T2, and (D) quadriceps-

hamstrings ACSA ratio and medial-lateral meniscus T1rho ratio. Abbreviations: ACSA, 

anatomical cross-sectional area; BW, body weight; Ht, height.

KUMAR et al. Page 18

J Orthop Sports Phys Ther. Author manuscript; available in PMC 2015 June 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

KUMAR et al. Page 19

TABLE 1

Magnetic Resonance Imaging Acquisition Parameters

Sequence Parameters Variables

Sagittal, T2-weighted, fat-saturated FSE TR/TE, 4300/51 ms; FOV, 14 cm; matrix, 512 × 256; slice 
thickness, 2.5 mm; gap, 0.5 mm; ETL, 9; bandwidth, 31.25 
kHz; NEX, 2

Semi-quantitative clinical 
WORMS grades

Sagittal, 3-D, fat-saturated high-resolution 
SPGR

TR/TE, 15/6.7 ms; flip angle, 18; FOV, 14 cm; matrix, 512 
× 512; slice thickness, 1 mm; bandwidth, 31.25 kHz; NEX, 
1

Articular cartilage thickness

T1rho/T2 quantification sequence TSL, 0/10/40/80 ms; prep TE, 0/13.7/27.3/54.7 ms; FOV, 
14 cm; matrix, 256 × 128; VPS, 64; time of recovery, 1.2 
s; slice thickness, 4 mm; number of slices, 26; acquisition 
time, 9 min and 30 s

Articular and meniscal cartilage 
T1rho/T2 relaxation times

Axial, FSE T1-weighted sequence of thigh 
muscles

TE/TR, 6.41/800; slice thickness, 10 mm; matrix, 384 × 
1932; ETL, 2; bandwidth, 150 kHz; NEX, 4

Thigh muscle ACSA

Abbreviations: ACSA, anatomical cross-sectional area; ETL, echo train length; FOV, field of view; FSE, fast spin-echo; NEX, number of 
excitations; SPGR, spoiled gradient-echo; TE, echo time; TR, relaxation time; TSL, spin lock time; VPS, views per segment; WORMS, whole-
organ magnetic resonance imaging score.
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TABLE 2

Mid-Thigh Muscle Anatomical Cross-sectional Area and Ratios
*

Compartment Area, mm2

Vastus medialis 1294.30 ± 396.42

Vastus lateralis 2968.02 ± 589.40

Vastus intermedius 2416.68 ± 501.23

Rectus femoris 910.12 ± 231.41

Medial hamstrings 1580.84 ± 302.24

Lateral hamstrings 1090.41 ± 204.52

Quadriceps 7589.12 ± 1471.56

Hamstrings 2671.25 ± 453.76

Anatomical cross-sectional area ratios

    Quadriceps-hamstrings 2.85 ± 0.39

    Medial-lateral quadriceps 0.44 ± 0.09

*
Values are mean ± SD.
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TABLE 3

Results From Generalized Estimating Equations for Association Between Muscle Cross-sectional Area and 

Kinetic Gait Variables

Outcome/Predictor Beta Coefficient
* P Value

Peak sagittal moment

    Quadriceps-hamstrings ratio −.21 (−.49, .06) .133

    Medial-lateral quadriceps ratio .09 (−.14, .31) .451

Peak KAM

    Quadriceps-hamstrings ratio .48 (.28, .69) <.001

    Medial-lateral quadriceps ratio .27 (.01, .47) .006

KAM impulse

    Quadriceps-hamstrings ratio .54 (.35, .73) <.001

    Medial-lateral quadriceps ratio .32 (.13, .50) .001

Abbreviation: KAM, knee adduction moment.

*
Accounting for age, gender, body mass index, and walking speed. Values in parentheses are 95% confidence interval.
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TABLE 4

Results From Generalized Estimating Equations for Association Between Muscle Cross-sectional Area and 

Articular and Meniscal Cartilage T1rho and T2 Relaxation Times

Outcome/Predictor Beta Coefficient
* P Value

Articular cartilage T1rho and T2 relaxation times

    Global T1rho

        Quadriceps-hamstrings ratio .16 (−.08, .40) .199

        Medial-lateral quadriceps ratio .23 (.02, .44) .020

    Medial-lateral ratio T1rho

        Quadriceps-hamstrings ratio (−.03 (−.27, .21) .820

        Medial-lateral quadriceps ratio .19 (−.11, .49) .207

    Global T2

        Quadriceps-hamstrings ratio .28 (.07, .49) .009

        Medial-lateral quadriceps ratio .22 (.01, .44) .041

    Medial-lateral ratio T2

        Quadriceps-hamstrings ratio −.19 (−.41, .03) .084

        Medial-lateral quadriceps ratio .19 (−.07, .45) .160

Meniscal cartilage T1rho and T2 relaxation times

    Global T1rho

        Quadriceps-hamstrings ratio −.09 (−.37, .20) .563

        Medial-lateral quadriceps ratio .30 (.01, .59) .046

    Medial-lateral ratio T1rho

        Quadriceps-hamstrings ratio .36 (.13, .60) .003

        Medial-lateral quadriceps ratio .26 (.01, .51) .049

    Global T2

        Quadriceps-hamstrings ratio .06 (−.14, .26) .561

        Medial-lateral quadriceps ratio .15 (−.10, .39) .234

    Medial-lateral ratio T2

        Quadriceps-hamstrings ratio .08 (−.17, .32) .537

        Medial-lateral quadriceps ratio .08 (−.18, .34) .549

*
Accounting for age, gender, and body mass index. Values in parentheses are standard error.
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