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ABSTRACT  

Objective:  To determine whether anatomical thigh muscle cross-sectional areas 

(MCSAs) and strength differ between osteoarthritis (OA) knees with frequent pain 

compared with contralateral knees without pain, and to examine the correlation between 

MCSAs and strength in painful versus painless knees.  

Methods: 48 subjects (31 women; 17 men; age 45-78 years) were drawn from 4796 

Osteoarthritis Initiative (OAI) participants, in whom both knees displayed the same 

radiographic stage (KLG2 or 3), one with frequent pain (most days of the month within 

the past 12 months) and the contralateral one without pain. Axial MR images were used 

to determine MCSAs of extensors, flexors and adductors at 35% femoral length (distal to 

proximal) and in two adjacent 5 mm images. Maximal isometric extensor and flexor 

forces were used as provided from the OAI data base.  

Results: Painful knees showed 6.2% lower extensor MCSAs (p=0.00003; paired t-test), 

and 15.4% lower maximal extensor muscle forces (p=0.003) than contra-lateral painless 

knees. There were no significant differences in flexor forces, or flexor and adductor 

MCSAs (p>0.39). Correlations between force and MCSAs were similar in painful and 

painless OA knees (0.44<r<0.66).  
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Conclusions: Knees with frequent pain demonstrate lower MCSAs and force of the 

quadriceps (but not of other thigh muscles) compared with contra-lateral knees without 

knee pain with the same radiographic stage. Frequent pain does not appear to affect the 

correlations between MCSAs and strength in OA knees. The findings indicate that 

quadriceps strengthening exercise may be useful in treating symptomatic knee OA. 

Key Words: muscle, magnetic resonance imaging, strength, knee, osteoarthritis
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INTRODUCTION 

Osteoarthritis (OA) is recognized as a heterogeneous disease, associated with structural 

alterations of intra- and extra-articular tissues 
1
. A remarkable discordance between 

disease symptoms and radiographic changes has been reported, particularly at early 

disease stages 
2,3

. As shown by recent between-knee, within person comparisons, 

however, this discordance may be partly attributable to inter-person variation in pain 

perception 
4
. Further, radiography is limited to delineating pathological changes in the 

bones, whereas magnetic resonance (MR) imaging is capable of also visualizing other 

intra- and peri-articular structures, of which some (e.g. bone marrow lesions, synovitis) 

have been shown to display significant associations with joint pain 
5-12

.   

 Another potential extra-articular source for pain, and hence a potential 

explanation for the apparent discordance between radiographic disease and symptoms, is 

reduced muscle strength 
13

. Quadriceps weakness was shown to be a stronger determinant 

of functional disability and knee pain than radiographic disease stage 
14,15

, potentially due 

to failure of stabilizing the joint during physiological activity 
16

 and greater joint loading 

17
. It is currently unclear, however, whether quadriceps weakness results from disuse 

atrophy secondary to pain, or whether it precedes knee OA and represents an independent 

risk factor for the disease 
18-21

.  

Significant reductions in anatomical muscle cross-sectional areas (MCSAs) of the 

quadriceps have been reported in (incident) knee OA 
22-24

 and may be responsible for loss 

of muscle strength. However, the extent of maximal voluntary muscle activation also has 

been reported to be compromised 
15,25-28

, and anxiety, lack of motivation, and other 

covariates may interfere with the ability to activate muscle fibers in patients with painful 
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knee OA 
16

. Further, most studies have focused on the quadriceps, and the contribution of 

other thigh muscles to painful knee OA has not been adequately investigated. 

The objective of the current study was to take a step in disentangling the 

relationship between knee pain, thigh muscle strength, muscle MCSAs, and radiographic 

knee OA. To eliminate between-person confounding from inter-subject differences in 

pain perception, thigh MCSAs and muscle strength were compared in participants with 

unilateral frequent knee pain ( no pain in the contra-lateral knee) and an identical 

radiographic disease stage in both knees (between knee, within-person comparison). If 

the specific characteristic in question that differentiates both knees is rare (i.e. frequent 

pain versus no pain in contralateral knees with the same Kellgren Lawrence grade [KLG], 

this particular study design relies on large sample sizes for selecting the participants that 

display the specific between-knee differences of interest. For this reason, the above study 

design was applied to the Osteoarthritis Initiative (OAI) cohort that includes 4796 

participants. 

Using this design for selecting participants from the OAI, we addressed the following 

primary questions: 

1) Do muscle strength and MCSAs differ between painful and (contra-lateral) painless 

OA knees, and do side differences vary between different thigh muscle groups (i.e. 

quadriceps, hamstrings and adductors)? 

2) Does the specific muscle strength (strength / MCSAs) of the quadriceps and 

hamstrings differ between painful and (contra-lateral) painless OA knees? 

Because a weaker correlation between muscle strength and MCSAs was observed in 

knees with unilateral end-stage knee osteoarthritis  compared with contralateral knees 
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without OA 
29

, and because frequent pain may potentially interfere with the ability to 

fully activate the available muscle fibers, we additionally investigated whether the 

correlation of muscle strength and MCSAs of the quadriceps and hamstrings differ 

between painful and (contra-lateral) painless OA knees. Further, sensitivity analyses were 

carried out to explore whether side differences and correlations differ between men and 

women, and whether they differ between cases with early (just osteophytes) vs. advanced 

bilateral radiographic knee OA (osteophytes and joint space narrowing). Further we 

explored whether side differences depended on the use of pain medication, the duration 

of pain, and on age.  Lastly, it was explored whether averages of MCSA measurement 

from several MR images are more sensitive in detecting potential pain-related side-

differences than analysis of a single MR image.  

 

METHODS 

Study design and sample selection 

Data used in the preparation of this study were obtained from the Osteoarthritis Initiative (OAI) 

database, which is available for public access at http://www.oai.ucsf.edu/ . Selection of OAI 

study subjects that matched the criteria of the current within-person, between-knee comparison 

design was performed using baseline and 12 months follow-up clinical and radiographic data 

(public-use data set 0.2.2 and 1.2.1). The study rationale and general inclusion criteria for the 

OAI (e.g. male or female sex, age 45-78, presence of symptoms and/or knee radiographic OA 

(rOA), or risk factors for developing knee OA) have been published 
30,31

  and are publicly 

available (http://oai.epi-ucsf.org/datarelease/). The participants were recruited at the University 

of Maryland School of Medicine (Baltimore), the Ohio State University (Columbus), the 

http://www.oai.ucsf.edu/
http://oai.epi-ucsf.org/datarelease/
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University of Pittsburgh, and the Memorial Hospital of Rhode Island (Pawtucket). Informed 

consent was obtained from all participants and the study was approved by the local ethics 

committees.  

The radiographic grading used for participant selection relied on the fixed-flexion 

radiographs obtained at baseline. Calculated Kellgren Lawrence grades 
32

 (cKLG), were derived 

from OARSI atlas osteophyte and joint space narrowing (JSN) grades, which were assigned by 

centrally trained and certified readers at the clinical sites 
33,34

. Readers assessed each knee for 

presence/absence of definite marginal osteophytes (OARSI atlas grade 1-3 any medial and 

lateral, tibial and femoral osteophytes), and medial and lateral OAI JSN grades 1 (OARSI atlas 

grades 1-2) or 2 (OARSI atlas grade 3). Knees with a definite osteophyte and grade 0 OARSI-

JSN were classified as cKLG2; based on previous recommendations the OAI graded knees with 

definite osteophytes and OARSI-JSN grade 1 and 2 as cKLG3 
35

. 

 

Subjects used in the current analysis were selected as follows: 

 Presence of definite rOA and identical cKLG (i.e. either cKLG2 or cKLG3) in both knees at 

the baseline examination. 

 Frequent pain (Variable P01RKSX/P01LKSX; grade 2 = “pain, aching or stiffness in or 

around the knee” for at least one month during the past 12 months ) in one knee and no pain 

(grade 0 = no pain in the past 12 months) in the other knee at the baseline examination. 

Knees with frequent pain will be termed “painful” and knees with no pain (according to 

variable P01RKSX/P01LKSX) will be termed “painless” knees throughout the study. 

 Maximal change of symptom status at 12 months follow-up in either knee to infrequent pain 

(grade 1 = pain in past 12 months, but not on most days of months), in order to avoid that 
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subjects had more frequent pain in the formerly painless knee than in the former knee with 

frequent pain. 

Of the 4796 OAI participants, 56 fulfilled the above criteria. In eight of these, no MR 

images of the thigh were available, so that a total of 48 participants were studied. Of the 

48 participants, five did not have measurements of maximal isometric muscle forces. 

 

MCSA analysis from MR image data  

The analysis of thigh MCSAs relied on the public-use MR image data set 0.E.1 (baseline 

images). These were acquired using a 3 Tesla Magnetom Trio scanner (Siemens 

Healthcare Erlangen, Germany)
31,36

, with the participant positioned supine on the table. 

Coronal localizer images were used to delineate the distal femoral epiphyses (Fig. 1). 

Fifteen axial contiguous slices with 0.5cm slice thickness and an 0.977mm x 0.977mm 

in-plane resolution (field of view = 500mm, matrix = 512) of the thigh muscles were then 

acquired using a T1-weighted spin echo sequence (TR 500ms, TE 10ms; Fig. 2). 

Acquisition started 10cm proximal to the distal femoral epiphysis and extended 7.5cm 

proximally (Fig. 1). Details regarding the MRI techniques and protocols are available 

online (www.oai.ucsf.edu/datarelease/operationsmanuals.asp). 

 Note that due to the fixed distance (10cm) between the distal femoral epiphysis 

and the most distal MR image being acquired per OAI protocol, the position of the 

images relative to the femur and thigh musculature of the participants varied, depending 

on femoral length and body height. In order to adjust for this variability, three (of the 15 

available) MR images, at intervals of 1cm, were selected based on body height. Because 

the thigh muscles (specifically the adductors) display larger MCSAs and greater 
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correlations with total muscle volume proximally than distally 
37

, we selected the most 

proximal slice covered by the OAI muscle acquisitions in the largest person (1.88m) 

included in the current study. This position was estimated to be located at 35% of the 

femoral length (from distal to proximal), based on the relationship between body height, 

femoral length, and location of the distal femoral epiphysis previously determined in 48 

OAI participants (Fig. 1) 
38

. Based on these relationships 
38

, different slice numbers 

within the acquisition were selected amongst the participants to ensure an anatomically 

consistent location.  

Manual segmentation of the MCSAs of the quadriceps, the hamstrings, and the 

adductors (excluding the Sartorius) was performed (Fig. 2), as described previously 
37,39

. 

Fat tissue between the muscle groups was not included in the segmentation. Although the 

test-retest reproducibility was not assessed in this sample (because the OAI has not 

provided test-retest image data with repositioning), the test-retest precision for similar 

measurements (average of MCSAs in 3 slices spaced at 25%, 50% and 75% of the femur, 

with repositioning of the participant in the scanner) amounted to 1.7% for the quadriceps, 

3.4% for the hamstrings, and 9.9% for the adductors 
40

. 

 

Measurements of muscle strength and specific muscle strength  

The maximal isometric forces of the quadriceps (variable V00_R/L_EmaxF) and of the 

hamstrings (variable V00_R/L_FmaxF), as measured at baseline were taken from the 

OAI data base (http://www.oai.ucsf.edu/datarelease/forms.asp). These had been measured 

using the “Good strength isometric strength chair” (Metitur Oy, Jycaskyla, Finland)
41,42

. 

The participants had been positioned sitting, with the back erect and the legs hanging 
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over the edge of the chair. A seatbelt had been used to stabilize the pelvis, the thigh and 

upper leg of the participant. After two warm-up trials with 50% effort, three 

measurements of the maximal isometric force (N) were taken of each knee at an angle of 

60°, pushing the leg forward against the pad (extension) and pulling the leg back against 

the pad (flexion), respectively.  

To determine the specific strength, the maximal isometric force measured in 

extension was divided by the MCSAs of the quadriceps, and maximal isometric force 

measured in flexion by the MCSAs of the hamstrings, in both knees of each participant.  

 

Statistical analyses 

The primary analyses focused on side-differences (pain versus no pain in knees with the 

same cKLG) in the MCSAs of the quadriceps, hamstrings, and adductors, and in side 

differences of the maximal isometric force in extension and flexion. To account for five 

parallel t-tests and to maintain a global error level of 5%, a p-value of <0.01 was 

considered to indicate statistical significance. P-values <0.05 (but not <0.01) in a single 

test were considered borderline significant. Sensitivity analyses comparing  side 

differences in men versus women, cKLG2 versus cKLG3 knees, and participants with 

and without medication were performed by comparing % differences in these strata. 

These exploratory analyses did not account for multiple testing. Linear regression 

analysis (Pearson correlation coefficients) was performed to explore the correlation 

between maximal isometric forces and MCSAs. Further, linear regression analysis was 

used to explore whether side-differences in isometric forces and MCSAs correlate with 

pain duration or age.  
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RESULTS 

Demographics 

Of the 48 participants in this sample, 17 were men and 31 women. The five participants 

who did not have maximal isometric force measurements were all women. The age of the 

participants ranged from 45 to 78 years (mean±SD = 63±9.3 years), the body height from 

1.47 to 1.88m (mean±SD = 1.67±0.10m), the body weight from 52.3 to 121.8kg 

(mean±SD = 83.3±15.5kg), and the body mass index (BMI) from 21.2 to 44 (mean±SD = 

29.9±4.8). Twenty-one participants displayed cKLG2 in both knees (6 men, 15 women), 

and 27 bilateral cKLG3 (11 men, 16 women). In three participants no information on 

limb dominance was available from the OAI data base (base on the question: “Which leg 

do you use to kick a ball?”), in 23 there was no side preference, in 21 the dominant knee 

was the frequently painful knee, and in only 1 the dominant knee was the painless knee. 

Painful knees displayed greater pain intensity (numerical rating scale = 3.7±2.6) than the 

contra-lateral painless knees (0.8±2.3), with 10 corresponding to the worst pain the 

participant could imagine. The pain subscale WOMAC score (Western Ontario and 

McMaster Universities, range 0-20, with 20 being the worst) was greater in the frequently 

painful (4.0±3.5) than in the painless knees (1.1±2.4). At 12 months follow-up, 9 

participants still displayed frequently painful versus painless (contra-lateral) knees, 11 

frequently painful versus infrequently painful (contra-lateral) knees, 13 infrequently 

painful vs. painless (contra-lateral) knees, and 15 bilateral, infrequently painful knees.  

 

Primary analyses 
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Painful knees displayed significantly lower quadriceps MCSAs (-6.2%) than painless 

contra-lateral knees, whereas the MCSAs of the hamstrings and adductors did not show 

significant differences. This result was similar for all 48 participants and for those 43 

who also had muscle strength measurements  (Table 1).  

The maximal isometric force measured in extension also was significantly 

lowered in painful vs. painless contra-lateral knees (-15.4%), but no significant difference 

was observed in maximal isometric forces measured in flexion (Table 1). The specific 

force (maximal isometric force per unit MCSA) in extension or flexion did not differ 

significantly between painful and painless knees (Table 1). 

The correlation between maximal isometric force in extension and the quadriceps 

MCSA was r=0.64 in painful and r= 0.66 in painless knees (Fig. 3). The correlation 

between maximal isometric force in flexion and hamstring MCSA was r=0.44 in painful 

and r= 0.52 in painless knees (Fig. 3). The correlation between maximal isometric force 

measured in extension and that measured in flexion was r=0.69 in painful and r=0.79 in 

painless knees. All above correlations were statistically significant at p<0.01.  

 

Exploratory (sensitivity) analyses 

The percent difference of the MCSAs and maximal isometric forces between painful and 

painless knees were similar in men and women, and in cKLG2 and cKLG3 strata (Table 2). 

The percent side-differences in quadriceps MCSAs also were similar for participants taking pain 

medication (-5.7±7.5%; n=31) versus those not taking pain medication (-4.3%±8.5%; n=17), and 

the same was observed for extension MIFs (-7.3%±16.2%; n=26 vs. -8.4±24.2%; n=17). No 
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significant correlation was observed between percent side-differences in quadriceps MCSAs and 

extensor MIFs with pain duration or age (data not shown). 

Analyses that were based on a single (transverse) MR image, rather than on an average of three 

slices; (Table 1) displayed similar sensitivity to detecting side differences between painful and 

painless knees (Table 3). Further, the correlation between MCSAs and maximal isometric forces 

were very similar when data from one slice was used compared to using the average MCSAs 

from three contiguous slices (data not shown). 

  

DISCUSSION 

The objective of this study was to take a step in disentangling the relationship between 

knee pain, thigh muscle strength, muscle MCSAs, and radiographic knee OA. This was 

done by determining whether thigh MCSAs and muscle strength differ between painful 

and (contra-lateral) painless OA knees with the same radiographic disease stage, and 

whether specific muscle strength (strength/MCSAs) and the correlation between strength 

and MCSAs of the quadriceps and hamstrings differ between these knees. Key findings 

were that quadriceps MCSAs and maximal isometric force were significantly lower (6 

and 15% respectively) in painful knees with the same radiographic disease stage than in 

contra-lateral knees without pain, whereas the hamstrings and adductors did not show 

significant side differences. The specific muscles strength was lower in painful than in 

painless knees, but the difference did not reach statistical significance. Correlations 

between the MCSAs and the maximal isometric force did not exhibit significant side 

differences between painful and painless (contra-lateral) OA knees. 
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 To eliminate confounding in pain perception and other inter-person 

differences, a between-knee, within-person approach was chosen 
4
. This design 

represents a distinct strength of the study, as it has been shown to be more sensitive to 

identifying associations between structural changes and symptoms than between-person 

comparisons 
4
. Another advantage of this particular approach is that it circumvents the 

need to normalize the MCSAs and muscle strength to body weight or other 

anthropometric measures, as this can pose conceptional difficulties, particularly when 

including participants with a large variation in body mass index 
16,43

. A limitation of the 

current study is that alignment measures are not currently available for the OAI 

participants. Although malalignment has been shown to mediate the effect of quadriceps 

strengthening on knee adduction moments, pain and function in knee OA
44

, the difference 

in alignment between both (contralateral) knees are, however, likely, relatively small. 

Another limitation is that also  limb length  and femoro-patellar disease status were not 

used as covariates, because no data on these are currently available for the sample studied 

from the OAI data base.Within-person, between-knee comparisons do not account for 

between-knee confounding: Pain is known to increase with radiographic disease stage 
4
, 

and quadriceps strength is also known to be significantly reduced in participants with 

radiographic knee OA 
25,27,45-50

. To eliminate confounding by this co-linear relationship, 

the current analysis was confined to participants with the same KL grade in both knees. A 

limitation of this study design is that only a limited number of participants show 

differences in pain frequency status (frequent versus none) between contra-lateral knees 

with the same KL grade, despite selection from a larger cohort. However, this approach 

permits one to explore the relationship between pain and muscle status “up and above” 
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femorotibial radiographic disease stage, and thus to disentangle the relationship between 

pain and muscle status from that between radiographic disease and muscle status.  

In our study, both muscle isometric forces and MCSAs were compared between 

painful and painless knees. Measuring MCSAs permitted inclusion of the adductors, for 

which no force measurements were available. Further, this allowed us to investigate 

whether or not potential differences in muscle strength between painful and painless OA 

knees result from morphological differences in thigh muscles (i.e. differences in 

MCSAs), or from inability to activate (existing) muscle fibers in knee OA, with the latter 

being potentially affected by anxiety, motivation and other covariates 
16

. Previous studies 

have reported that the extent of maximal voluntary muscle activation was reduced in 

subjects with knee OA 
15,25-29

. We find a slightly lower “specific” maximal isometric 

force in painful versus contra-lateral painless knees, and although the difference did not 

attain statistical significance (when accounting for the differences in MCSAs), between-

knee percent difference of extensor muscle strength were larger compared with 

quadriceps MCSAs in painful vs. painless knees. These findings indicate that, in addition 

to reductions in quadriceps MCSAs, pain may also provide a source of inhibition in the 

ability to voluntarily activate muscles surrounding arthritic joints 
16

 and in reducing the 

central activation ratio 
29

.  

The correlation between MCSAs and strength was highly significant and appeared 

not to be different in painful versus painless joints. The correlation coefficients observed 

here (r=0.44 to 0.66) are at the lower end of correlations reported in the literature/ 

compare well to correlations reported in the literature in healthy (refs) and in OA knees 

(refs). A weaker correlation between muscle strength and MCSAs was observed in knees 
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with unilateral end-stage knee osteoarthritis (r=0.XX) compared with contralateral knees 

without OA (r=0.XX) 
29

, but according to our findings, the presence of symptoms does 

not appear to introduce increased variability in the relationship between the MCSAs and 

the strength that can be generated in OA knees. 

Care was taken, to measure MCSAs at anatomically corresponding locations 

across participants 
38

. A recent study used the same slice (number) of the OAI 

acquisitions in all participants and found a greater ratio between the medial versus lateral 

vastus in men than in women
43

. Because men are larger and have longer femora than 

women, the measurements in this study very likely had a more distal location in men
43

. 

As the medial vastus extends further distally than the lateral vastus, the reported sex-

difference in the medial/lateral vastus ratio 
43

 is potentially due to failure to account for 

differences in femoral length, when using the same slice number from the OAI protocol 

across participants. Also, failure to account for differences in body height and 

measurement at variable anatomical locations likely attenuates the correlation between 

muscle cross-sectional areas and strength. Although no measurements of femoral length 

are currently  available in OAI participants, slice selection by body height has been 

shown to substantially reduce the variability in measurement location of MCSAs 
38

. 

Sensitivity analyses performed in the current study indicate that, if the slice selection 

considers variation in body size, analysis of a single MR image is sufficient in identifying 

relevant relationships between MCSAs and pain, and that analysis of several images may 

not be necessary.  

In a previous study, quadriceps and hamstring weakness was observed in subjects 

with knee pain but without radiographic knee OA
13

. Our results highlight that, in 
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participants with radiographic OA, the association between muscle weakness and loss of 

MCSAs is limited to the quadriceps and cannot be identified in other muscle groups of 

the thigh (i.e. the hamstrings or adductors). Further, knee extensor strength was 

previously found to protect against the onset of symptomatic (albeit not radiographic) 

knee OA 
51

, and quadriceps strengthening represents an established approach of OA 

exercise therapy 
16,52

. Thus, quadriceps weakness appears to be of particular importance 

in symptomatic knee OA, potentially due to the lack of providing sufficient joint stability 

during physiological activity, and may hence be a primary therapeutic target. Based upon 

our study, small differences in muscle strength and size are related to substantive 

differences in pain status, and could be potent targets to improve symptom control. 

Although our findings support the use of quadriceps strengthening exercise in the 

symptomatic treatment of knee OA, it has to be kept in mind that our study is cross-

sectional. Future longitudinal studies will have to explore the causal relationship and 

temporal sequence of pain onset (or progression) and changes and muscle status. In 

particular, these studies should identify whether pain leads to loss of muscle mass and 

strength, or whether muscle weakness precedes the onset of symptoms.  

In conclusion, knees with frequent knee pain demonstrate significantly lower 

quadriceps MCSAs and strength compared with contra-lateral knees without knee pain 

with same radiographic OA stage. Other muscles of the thigh, in contrast, did not differ 

between painful and painless knees. The presence of frequent pain does not appear to 

affect the correlations between MCSAs and strength in OA knees. The findings indicate 

that quadriceps strengthening exercise may be useful in treating symptomatic knee OA, 
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and future interventional studies will have to demonstrate to what extent quadriceps 

strengthening programs can reduce the onset of progression of pain in knee OA. 
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Figure legends: 

 

Figure 1: Coronal localizer image: 15 axial images (0.5 cm) were acquired starting 100 

mm proximal to the distal femoral epiphysis. Body height was used to determine an axial 

slice located at 35% femoral length. The slices located at 35% length and the slices 

proximal and distal to that slice were analysed. 

 

Figure 2: Axial T1-weighted spin echo sequence delineating both thighs. Segmentation of 

the quadriceps (magenta), hamstrings (green), and adductors (red) are shown in the right 

thigh. 

 

Figure 3: Scatter plots showing the correlation between anatomical muscle cross-

sectional areas (MCSAs) and maximal isometric force: 

a) Quadriceps MCSAs vs. maximal isometric force in frequently painful knees 

b) Quadriceps MCSAs vs. maximal isometric force in painless knees 

c) Hamstring MCSAs vs. maximal isometric force in frequently painful knees 

d) Hamstring MCSAs vs. maximal isometric force in painless knees 
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Table 1: Anatomical muscle cross-sectional areas (MCSAs; three slices averaged), maximal 

isometric forces, and maximal isometric forces per unit MCSAs in painful versus painless 

knees. 

 

 Painful knees Painless knees Diff. Painful vs. Painless 

 Mean  SD Mean SD Mean % SD% p value 

Anatomical muscle cross-sectional areas (MCSAs) in cm
2
 

Quadriceps (n=48) 49.6 12.1 52.6 13.4 -6.2 8.6 0.00003* 

Hamstrings (n=48) 31.8 7.9 31.8 7.4 -0.9 9.9 0.98 

Adductors (n=48) 14.1 5.5 14.4 5.7 -4.1 19.0 0.40 

Quadriceps (n=43) 50.4 12.2 53.2 13.6 -5.4 8.2 0.00022 

Hamstrings (n=43) 32.1 8.1 32.1 7.5 -0.9 10.5 0.96 

Adductors (n=43) 14.1 5.7 14.4 5.8 -4.1 19.4 0.44 

Maximal isometric force in N 

Extension (n=43) 331.3 127.4 363.7 125.5 -15.4 37.1 0.003* 

Flexion (n=43) 141.1 58.5 143.6 65.3 -2.6 34.1 0.68  

Specific maximal isometric force (per unit MCSA in N/cm
2
) 

Extension (n=43) 6.6 4.4 6.9 4.5 -9.4 32.2 0.06 

Flexion (n=43) 1.9 1.8 1.8 1.9 -6.0 37.0 0.57  

SD = standard deviation. The mean % and SD % of the difference (painful vs. painless 

knees) was determined across the individual pairwise differences between both knees of 

all participants. Negative differences refer to lower values in painful vs. painless 

(contralateral) knees. 
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Table 2: Differences (%) between muscle cross-sectional areas (MCSAs), maximal 

isometric forces, and maximal isometric forces per unit MCSAs in painful versus painless 

knees in men and women, and in cKLG2 and cKLG3 strata 

 

 All Men Women cKLG2 cKLG3  

Anatomical muscle cross-sectional areas (MCSAs)  

Quadriceps § -6.2±8.6% -6.7±8.9% -5.9±8.7% -6.7±9.7% -5.7±7.9% 

Hamstrings § -0.9±9.9% -0.04±15% -1.1±6.3% 0.5±9.3% -2.0±10% 

Adductors § -4.1±19% -7.5±21% -2.2±18% -8.4±15% -0.7±21%  

Maximal isometrics forces 

Quadriceps 15.4±37% -7.9±15% -20±46% -18±33% -14±39% 

Hamstrings -2.6±34% -9.3±34% -1.7±34% -3.1±28% -6.9±39%  

Maximal isometric force per unit MCSA 

Quadriceps -9.4±32% -1.7±11% -14.8±40% -10.8±26% -8.4±37% 

Hamstrings -6.0±37% -10.8±37% -2.8±37% -4.5±29% -7.0±43%  

§ Values for three slices averaged; KLG = Kellgren Lawrence Grade. The mean % 

differences (painful vs. painless knees) were determined across the individual pairwise 

differences between both knees in each stratum. Negative differences refer to lower 

values in painful vs. painless (contralateral) knees. 
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Table 3: Anatomical muscle cross-sectional areas (MCSAs) in painful versus painless knees 

(analysis for single slice) 

 

 Painful knees Painless knees Differences Painful vs. Painless 

 Mean  SD Mean SD Mean % SD% p value  

Proximal slice 

Quadriceps 48.0 11.9 51.0 13.2 -6.4 8.7 0.00001 

Hamstrings 31.9 7.9 32.0 7.3 -1.3 10.7 0.84 

Adductors 11.1 5.0 11.8 5.6 -8.4 30.2 0.13 

Middle slice 

Quadriceps 49.7 12.2 52.6 13.3 -5.9 8.7 0.00008 

Hamstrings 31.9 8.0 32.0 7.4 -1.1 10.1 0.86 

Adductors 13.9 5.5 14.2 5.6 -4.1 20.8 0.58 

Distal slice 

Quadriceps 51.1 12.5 54.2 13.8 -6.2 8.7 0.00004 

Hamstrings 31.5 8.0 31.3 7.4 -0.4 10.1 0.76 

Adductors 17.2 6.2 17.3 13.3 -2.2 16.7 0.83 

SD = standard deviation. The mean % and SD % of the difference (painful vs. painless 

knees) was determined across the individual pairwise differences between both knees of 

all participants. Negative differences refer to lower values in painful vs. painless 

(contralateral) knees. 

 


