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POTENTIAL INFLUENCE FROM LOWER LIMB PREFERENCE  
AND 1-RM ON CARTILAGE THICKNESS

RODRIGO BINI
La Trobe Rural Health School, La Trobe University, Bendigo, Australia

ABSTRAcT
Purpose. The aims of this study were to assess the potential retrospective relationship between limb preference and cartilage 
thickness, and to determine the association between measures of strength using one-repetition maximum (1-RM) tests and 
cartilage thickness.
Methods. A cross-sectional retrospective design was employed. Limb preference and injury history were collected with the 
Waterloo Inventory followed by ultrasound femoral cartilage imaging. Overall, 15 apparently healthy participants (11 males 
and 4 females) without musculoskeletal or neurological diseases volunteered for the study. After collection of anthropometric 
measures, warm-up, and familiarization, the participants performed 1-RM for back half-squat on a Smith machine. 
Ultrasound images were digitized to determine bilateral differences and femoral cartilage thickness.
Results. A significant moderate association between the existence of a prior injury and bilateral differences in cartilage 
thickness (r = –0.63, p < 0.01) in favour of the preferred limb was observed. There was a significant moderate association 
between 1-RM, as percentage of body mass, and the mean bilateral cartilage thickness (r = 0.58, p = 0.049).
Conclusions. Bilateral differences in cartilage thickness are not associated with limb preference but depend on the history 
of lower limb injuries. The relative load lifted during a 1-RM half-squat is associated with thicker femoral cartilages, which 
suggests that relative strength is an important measure of cartilage health.
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Introduction

Osteoarthritis (OA) is a degenerative disorder aris-
ing from the reduction in thickness and volume of ar-
ticular cartilage in synovial joints. A previous study 
found that the articular cartilage undergoes atrophy 
and becomes thinner under chronic reduced loading 
conditions [1]. cartilage thickness has been measured 
with a number of different techniques, including mag-
netic resonance imaging (MRI), radiography, computed 
tomography scan, and ultrasonography [2, 3]. Even 
though MRI enables the assessment of the whole car-
tilage, this method is expensive and time consuming 
compared with ultrasound, which has been proven 
valid to assess cartilage thickness [4]. Ultrasound has 
been shown to allow measurements with an error of 
0.08–0.11 mm [5].

Asymmetrical strength has been linked to a vari-

ety of pathological conditions. It has been suggested 
that unequal loading distribution increases the risk 
of OA in weight-bearing joints [6]. Bilateral limb defi-
cits cause differences in maximal force generating ca-
pacities when the muscles are contracted alone or in 
combination with contralateral muscles [7, 8]. These 
imbalances are important to understand as muscle 
weakness can be a cause of musculoskeletal disorders 
[8]. Moreover, lower limb preference has been associ-
ated with asymmetries in lower limb force and power 
[9]. This relationship suggests that the limb subject to 
less load could be at risk of developing early OA because 
hyaline cartilages need moderate mechanical stress 
for maintenance of chondrocytes function [10, 11].

Maintaining muscular strength is important to sus-
tain health status and minimize the risk of injuries or 
disease [12]. From a cartilage health perspective, me-
chanical stress is critical if the load is within a physio-
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logical load range [13]. Tuna et al. [14] observed that 
patients with knee OA showed increases in cartilage 
thickness when enrolled in a knee strengthening pro-
gram. However, although muscle mass has been shown 
to predict the loss in cartilage volume [15], it would be 
beneficial to determine if objective measures of over-
all strength are associated with cartilage health. The 
gold standard to assess muscular strength is the isoki-
netic dynamometry. However, owing to the cost and 
operational requirements in using isokinetic dyna-
mometry in the clinical space, one-repetition maximum 
(1-RM) testing is more often employed in the field [16]. 
As the 1-RM test allows the measurement of the maxi-
mum weight an individual can lift for one repetition 
maintaining correct form, it is often used to evaluate 
the effectiveness of training interventions [17]. With 
this in mind, it would be beneficial to determine if 
the 1-RM test is capable to reflect the link between 
muscle mass and cartilage thickness shown in prior 
research [15].

Therefore, the aims of this study were (1) to assess 
the potential relationship between leg preference, his-
tory of injury, and cartilage thickness; and (2) to deter-
mine the association between measures of strength 
using 1-RM tests and cartilage thickness.

Material and methods

Study design

This pilot study used a cross-sectional retrospective 
design to assess lower limb preference and the exist-
ence of prior lower limb injury that could affect carti-
lage thickness and how overall body strength (assessed 
from the 1-RM) would be associated with cartilage 
thickness. The participants attended one laboratory 
session which involved scanning their knees, collecting 
data on limb preference and the existence of prior in-
jury, familiarizing with the exercise testing, and per-
forming the 1-RM test.

Participants

Fifteen apparently healthy participants (11 males 
and 4 females) without existing musculoskeletal or 
neurological diseases volunteered for the study. At the 
time of the study, they were 23 ± 5.5 years old, with 
74 ± 10.7 kg of body mass and 174 ± 9.1 cm of stature. 
After being provided information on the study and con-
senting to participate, 13 subjects (9 males and 4 fe-
males) engaged in the assessment of 1-RMs.

Assessment of leg preference

Limb preference and the existence of prior injury 
were assessed with the Waterloo Footedness Question-
naire [18]. This questionnaire was employed to allow us 
to convert measures of cartilage thickness into data for 
preferred and non-preferred limbs and to determine 
whether the participants had had a lower limb injury 
in the past. Ultrasound images were then assigned de-
pending on limb preference. The questionnaire required 
each participant to imagine themselves performing 
a series of lower limb activities. There were 12 ques-
tions in total. The first question asked the participant 
to specify which lower limb they considered as their 
preferred, left or right. This was followed by 10 ques-
tions which assessed 2 types of tasks: mobilizing tasks, 
such as picking up a marble or kicking a ball, and sta-
bilizing tasks, such as standing on one limb or balanc-
ing on a rail track. Question 11 ascertained whether 
the participant had had a previous injury that might 
have affected their limb preference, and question 12 
queried whether they had previous training to encourage 
the use of a particular foot for an activity. The footed-
ness questionnaire scored as follows: responses of (i) 
left always, (ii) left usually, (iii) equal, (iv) right usual-
ly, (v) right always were scored on a scale of 1–5, with 1 
standing for left always, 5 for right always, and 3 for 
equal.

Ultrasound measurements

An ultra-sonic diagnostic imaging system (dP-6900, 
Shenzhen Mindray Bio-Medical Electronics co., Ltd., 
china) with a linear probe (55 mm, 75L53EA – 7.5 MHz, 
Shenzhen Mindray Bio-Medical Electronics co., Ltd., 
china) was used to capture images from the anterior 
portion of the femoral cartilage (Figure 1).

Water-soluble transmission gel was applied to the 
scan site without depressing the skin. The probe scan-
ner site was placed in the axial plane on the suprapa-
tellar area in order to align the scan site with the an-
terior condyles of the femur, similar to prior studies 
[5, 19]. For capturing images, the participants laid in 
dorsal decubitus on a massage table with both knees 
at maximum flexion. Two images were captured per 
knee at the participants’ arrival in the laboratory 
(baseline).

1-RM tests

After ultrasound scanning, the participants per-
formed 8-min walking on a treadmill at 5 km/h of 
speed for general purpose warm-up. They then per-
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formed 1 set of 8 repetitions of body weight half-squats, 
for further warm-up, at the Smith machine exercise 
equipment (ScB1000, Proclub Line counter-balanced 
Smith machine, Body-Solid Inc., IL, USA). The Smith 
machine was then loaded with weights equivalent to 
approximately 50% of each participant’s body mass 
and incremented in accordance with feedback from 
each participant on their perceived effort. A 6–20-point 
Borg scale [20] was used to rank the perceived effort 
from ‘no exertion at all’ to ‘maximum exertion’. Once 
the participants achieved concentric failure with the 
attempted load within a maximum of 5 sets, the 1-RM 
load was determined. Two minutes of rest were provided 
between sets to minimize fatigue effects. Movement 
patterns were visually assessed by 2 experienced ex-
ercise scientists to ensure that each participant achieved 
approximately 90° of knee flexion at the bottom of the 
half-squat. If the 1-RM was not reached in the 5 at-
tempts, the participant had to attend an additional 
session at least 48 hours later to try again.

Analysis of ultrasound images

All ultrasound images were analysed by one trained 
rater using ImageJ (v.1.52a, NIH, USA). The analyses 
involved determining a straight line drawn from the 
cartilage-bone interface to the synovial space-cartilage, 

representing the thickness of the anterior portion of the 
femoral cartilage. This distance was registered twice 
for the lateral femoral condyle, intercondylar grove, and 
medial femoral condyle [21], as illustrated in Figure 2.

Statistical analysis

A mean value for cartilage thickness was computed 
from the lateral femoral condyle, intercondylar grove, 
and medial femoral condyle and assessed for normality 
of distribution (using Shapiro-Wilk test) along with 
1-RM, total load (1-RM + body mass), and 1-RM as 
a percentage of body mass. For assessing the relation-
ship between lower limb preference and the existence 
of prior injury with bilateral differences in cartilage 
thickness, a Stepwise Multivariate Linear Regression 
was employed including the percentage difference be-
tween the preferred and non-preferred limbs for car-
tilage thickness (dependent variable) and independent 
variables such as the mean score from the 10 primary 
questions from the Waterloo Questionnaire, the scores 
provided for questions 11 (previous injury) and 12 
(changes in leg preference through training), age, body 
mass and stature. Pearson correlations were calculated 
to further assess the relationship between each inde-
pendent variable and dependent variable. cohen’s effect 
size (d) [22] was utilized to compare bilateral differ-
ences in cartilage thickness for participants who indi-
cated a prior injury vs. those without a history of injury 
and to compare participants who were encouraged to 

Figure 1. Ultrasound probe positioned aligned  
with the axial plane of the femur on the suprapatellar 

area with knees in maximum flexion

Figure 2. Ensemble illustration of the analysis  
of an ultrasound image from the knee. Quadriceps 

tendon and femur are shown along with the thickness  
of the cartilage for the medial condyle (Mc), 

intercondylar grove (Ic), and lateral condyle (Lc)
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use a particular foot for an activity. The magnitude of 
differences was explored with cohen’s effect sizes 
(d, calculated as a ratio between the difference in mean 
values and the pooled standard deviation) and deemed 
meaningful when d > 0.80 [22].

For assessing the relationship between measures 
of strength using 1-RM tests and cartilage thickness, 
a second Stepwise Multivariate Linear Regression was 
employed including the mean measure of cartilage 
thickness between limbs (dependent variable) and inde-
pendent variables such as gender, age, stature, 1-RM, 
total load (1-RM + body mass), and 1-RM as a percent-
age of body mass. Pearson correlations were calculated 
to further assess the relationship between each inde-
pendent variable and dependent variable. All analyses 
were conducted with IBM SPSS Statistics for Windows 
(version 25.0., IBM corp., Armonk, NY, USA). corre-
lation coefficients were ranked in accordance with 
dancey and Reidy [23] (i.e. r = 1.0 indicates perfect 
association, r between 0.9 and 0.69 indicates strong 
association, r between 0.4 and 0.69 indicates moderate 
association, and r smaller than 0.39 indicates small 
to none association).

Ethical approval
The research related to human use has complied 

with all the relevant national regulations and institu-
tional policies, has followed the tenets of the decla-
ration of Helsinki, and has been approved by the uni-
versity ethics committee (HEc17-028).

Informed consent
Informed consent has been obtained from all indi-

viduals included in this study.

Results

Leg preference and injury

Three participants indicated left leg preference, 
with 2 of them showing a mean score in the question-
naire larger than 3 points (‘equal’ in the questionnaire 
scale). The mean (SD) score was 3.71 (0.73), with 3 par-
ticipants obtaining less than 3 points (i.e. left leg pref-
erence). Three participants indicated that they had 
changed their leg preference because of injury and 3 
others informed that they had changed their leg pref-
erence due to training requirements.

Leg preference vs. cartilage thickness

The mean (SD) cartilage thickness for the preferred 
limb was 2.29 (0.4) mm and 2.31 (0.4) mm for the non-

preferred limb, with a difference of 0% (9.8%). The 
linear regression model indicated a significant moder-
ate association between the existence of a prior injury 
and bilateral differences in cartilage thickness (Table 1) 
in favour of the non-preferred limb. Bilateral differ-
ences in cartilage thickness for participants who had 
a prior injury were larger (11 ± 9%, favouring the pre-
ferred limb) compared with those who never had an 
injury (–1 ± 10%, favouring the non-preferred limb, 
d = 1.26). Likewise, participants who were encouraged 
to use a particular foot for an activity had a larger bilat-
eral difference in cartilage thickness (8 ± 7%, favour-
ing the preferred limb) compared with others (–1 ± 11%, 
favouring the non-preferred limb, d = 1.01). None of 
the other independent variables showed a significant 
association with bilateral differences in cartilage thick-
ness (Table 1).

Table 2. Mean (SD) results for independent variables 
included in the multivariate linear model with resulting 

p value and Pearson correlation for their relationship 
with mean bilateral cartilage thickness

Independent variable Mean (SD) p
Pearson 

correlation

Gender
Not 

applicable
0.75 –0.52

1-RM (kg) 102 (34) 0.84 0.50
Total load (kg) 176 (41) 0.81 0.42
1-RM (% body mass) 137 (39) 0.049* 0.58
Age (years) 22 (5.2) 0.60 –0.12
Body mass (kg) 74 (11.1) 0.78 –0.01
Stature (cm) 172 (8.5) 0.39 –0.09

* Significant association with mean bilateral knee  
cartilage thickness.

Table 1. Mean (SD) results for independent variables 
included in the multivariate linear model with resulting 

p value and Pearson correlation for their relationship 
with bilateral differences in cartilage thickness

Independent variable Mean (SD) p
Pearson 

correlation

Score for leg preference 3.75 (0.8) 0.31 –0.29
Previous injury 1.81 (0.4) < 0.01* –0.63
Previous training 1.81 (0.4) 0.06 –0.50
Age (years) 24 (6.9) 0.27 0.45
Body mass (kg) 72 (11.5) 0.07 0.29
Stature (cm) 172 (9.1) 0.60 0.31

* Significant association with bilateral differences in 
cartilage thickness.
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1-RM vs. cartilage thickness

The mean (SD) cartilage thickness for both limbs 
was 2.28 (0.3) mm. The linear regression model indi-
cated a significant moderate association between the 
1-RM as percentage of body mass and the mean bi-
lateral cartilage thickness (Table 2, Figure 3). None 
of the other independent variables showed a signifi-
cant association with cartilage thickness (Table 2).

Discussion

This study assessed the influence from limb pref-
erence on bilateral differences in cartilage thickness 
and determined the relationship between overall body 
strength and cartilage thickness. Findings from the data 
indicate that limb preference is not significantly associ-
ated with bilateral differences in femoral cartilage 
thickness and that body strength relative to body mass 
is moderately associated with femoral cartilage thick-
ness. In addition, the existence of a prior injury seems 
to increase the bilateral asymmetry in cartilage thick-
ness in favour of the preferred limb. These observations 
are new because no prior study has attempted to show 
the association between limb preference, overall body 
strength, and cartilage thickness as a strategy to pre-
vent long-term reductions in cartilage thickness.

Leg preference vs. cartilage thickness

Bilateral asymmetry has been shown to affect ten-
don stiffness in favour of the dominant/preferred limb 
[24] but differences in cartilage thickness between 
limbs have not been associated with limb preference in 
a prior study [25]. The reason for tendon adaptations 
is due to the potentially increased load applied to the 
preferred limb during daily based activities [9]. For sus-
taining cartilage function, stress is important once ap-
plied within a physiological load range [13], which would 
suggest that a larger load applied to the preferred limb 
would lead to increased activity from the chondrocytes. 
This would then result in thicker cartilage in the pre-
ferred limb, which has not been shown true from cur-
rent data and from a prior study [25]. The definition of 
lower limb dominance or footedness remains contro-
versial. Previc’s neurodevelopmental theory suggests 
that there is no dominant limb and that one foot is 
for mobilization and the other is for postural stability 
[26]. Although there was a favouring to the right limb 
in the current study among the participants, it should be 
acknowledged that the average limb preference re-
sult was also close to an equal limb preference score.

One possible explanation would be that the differ-
ence in load applied during daily activities could not 
be sufficient to trigger large changes in chondrocytes 
metabolism because of the low activity from these cells 
in comparison with tendons. McGrath et al. [27] com-
pleted a systematic review on functional lower limb 
dominance and found no significant result of limb 
dominance for any of the functional tests, which in-
cluded isokinetic quadriceps and hamstring tests, 
single leg hop for distance, single leg vertical jump, and 
vertical ground reaction force. Therefore, it seems pos-
sible that the difference between limbs, in terms of 
force, may not have been enough to elicit large changes 
in cartilage thickness for a sample of apparently healthy 
individuals.

The existence of a prior injury, though, was moder-
ately associated with bilateral differences in cartilage 
thickness. A meta-analysis conducted by Muthuri et al. 
[28] found that a previous knee injury was a major risk 
factor in developing knee OA. Therefore, it seems that 
the elements involved in the development of an injury 
(i.e. pain, loss of strength, etc.) are crucial for the func-
tion of the chondrocytes and, consequently, for carti-
lage thickness. Further studies are required to assess 
the time course of changes in cartilage thickness when 
knee pain or injury develops. This would help under-
stand the role of various interventions for pain man-
agement in maintaining cartilage thickness.

1-RM vs. cartilage thickness

Overall body strength plays a key role in minimiz-
ing the risk for development of injuries and disease [12]. 

Figure 3. Scatter plot with linear regression  
and 95% confidence interval for mean bilateral  

cartilage thickness (cT) as a function  
of one-repetition maximum (1-RM) loads
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However, although prior studies showed that partici-
pants with larger muscle mass presented thicker car-
tilage [15], data from the current study advance on 
that, indicating that overall strength measured with 
1-RM from half-squats is also moderately associated 
with cartilage thickness. The half-squat is an impor-
tant exercise that involves the recruitment of various 
muscles in the lower limbs and trunk. This exercise is 
part of regular prescription programs for improving 
strength and engages muscles associated with loading 
of the femoral cartilage (e.g. quadriceps and ham-
strings). Interestingly, only the 1-RM load relative to 
body mass, not the total load, was associated with 
thicker cartilages. This result suggests that cartilages 
can adapt positively if load is applied on a regular basis 
(i.e. through resisted exercise) within a range that the 
person can manage. In other words, exercise load should 
be individualized to ensure that most benefits are ob-
tained from training. Interestingly, prior evidence did 
not show benefits from endurance-related training 
(i.e. triathlon) in changing cartilage thickness [29]. Eck-
stein et al. [1], though, suggested that exercise train-
ing would not lead to thicker cartilage beyond a certain 
thickness as this would reduce the capacity for the 
cartilage to distribute stress.

As a preventive strategy, assessing overall body 
muscle mass [15] or thigh muscle mass [25] seems to be 
important to anticipate the risk of an early develop-
ment of OA. complementary measuring strength with 
exercise-specific tasks (i.e. half-squats) could be a vi-
able strategy as this requires less expensive tools such 
as MRI scanners. In addition to regular strength assess-
ments that form part of the exercise prescription pro-
gram (e.g. maximum repetition tests), it could be im-
plemented in order to anticipate the risk of early loss 
of cartilage function. Future studies should also con-
sider evaluating unilateral strength (e.g. single leg half-
squats) in order to assess whether a given limb has an 
increased risk for developing OA owing to less strength. 
This is in line with the recommendations to assess con-
tralateral limb mass and strength in patients with OA 
in order to anticipate the risk of a second disease [25].

Limitations

data from this study were limited to a certain ex-
tent. As this was a pilot study, only 15 participants were 
included, with 13 performing the 1-RM tests. This limi-
tation, though, provides the foundation for a follow-up 
study looking at a larger range of participants. Future 
studies could assess if improvements in cartilage thick-
ness, as shown after a strength training program in 

patients with OA [14], could be observed in healthy 
participants as a preventive strategy to sustain carti-
lage health. This would further validate the association 
between relative strength and cartilage thickness as 
revealed in the present study. In addition, a wider range 
of strength tests (e.g. knee extensions, leg presses, etc.) 
could be conducted to assess which test is more strongly 
associated with cartilage thickness. A reduced number 
of participants reported the occurrence of an unspeci-
fied injury in their lower limbs in the past. This element 
should be further assessed in order to determine the 
influence of types and durations of injuries in carti-
lage thickness.

Conclusions

In summary, bilateral differences in femoral car-
tilage thickness were not associated with lower limb 
preference but depended on the existence of prior lower 
limb injuries. The relative load lifted during a 1-RM 
half-squat was associated with thicker femoral carti-
lages, which suggests that relative strength is an im-
portant measure of cartilage health.
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