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Abstract
OBJECTIVE—Knee extensor weakness has not been associated consistently with the risk for
incident knee pain. Additionally, the balance of hamstring:quadriceps strength (H:Q ratio) may affect
risk and has not been studied. We determined whether knee extensor weakness or muscle imbalance
is a risk factor for development of frequent knee pain or stiffness and whether the effect is modified
by lower limb alignment.

DESIGN—Observational study

SETTING—Community

PARTICIPANTS—Community-dwelling adults age 50–79 with or at risk of knee OA based on
obesity, knee injury or surgery. A total of 1269 knees from women and 1006 knees from men without
frequent knee symptoms at baseline and with 15- or 30- month follow-up outcome data were included.

ASSESSMENT OF RISK FACTORS—Isokinetic knee extensor and flexor strength as well as
radiographic hip-knee-ankle alignment were measured at baseline. H:Q ratio was dichotomized, with
normal being considered to be ≥0.6.

MAIN OUTCOME MEASURMENTS—Frequent knee symptoms at 15- or 30-month follow-up
(frequent knee pain, aching or stiffness on most days of the past month reported at both telephone
contact just prior to and at visit.)

RESULTS—Mean+SD age was 62.2±8.0 and mean BMI was 30.1±5.4 kg/m2. Mean peak KES was
132.6±42.4 and 76.9±25.3 N•m in men and women respectively. Approximately 50% of knees in
men and 59% of knees in women had an H:Q ratio <0.6. 307 out of 2275 eligible knees developed
frequent knee symptoms at follow-up. Logistic regression controlling for age, BMI, femoral neck
bone mineral density, activity score and baseline KL grade revealed that neither KES nor H:Q ratio
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predicted the development of knee symptoms in sex stratified or combined analyses. These results
were unaffected by adjusting for lower limb alignment.

CONCLUSIONS—Neither concentric quadriceps strength nor hamstring:quadriceps ratios
predicted the development of frequent knee symptoms at 15- or 30-month follow-up in this cohort.

Key terms
quadriceps muscle weakness; knee pain; hamstrings to quadriceps strength ratio; knee osteoarthritis

INTRODUCTION
Knee pain and stiffness is common in older adults[1–8] and is associated with reduced physical
function[9], balance, lower extremity strength[10], and chronic disability[11,12]. In patients
with knee osteoarthritis (OA), pain is the symptom with the greatest impact on quality of life
and the most common reason for health care visits. However, not all people with radiographic
findings of knee OA have knee symptoms[13–17]. The reason that some people with
radiographic knee OA develop knee pain while knee pain is absent in others remains unclear.

Several lines of evidence suggest that quadriceps weakness may play an important role in the
development of knee symptoms. Quadriceps weakness is frequently reported in patients with
knee OA and has been cross-sectionally associated with increased disability [18] and existing
knee pain in some [19,20] but not all studies [18,21]. In addition, some studies indicate that
knee pain may be reduced by strengthening the quadriceps muscle [22,23]. Data on whether
quadriceps weakness precedes the onset of knee pain are limited to one report [24].
Longitudinal investigations may advance understanding of the temporal relationship between
quadriceps weakness and knee symptoms.

As lower limb musculature is the natural brace for the knee joint, muscle dysfunction may arise
from either quadriceps weakness or relative weakness of the hamstrings in comparison to the
quadriceps, usually assessed as the hamstrings:quadriceps (H:Q) ratio. An H:Q ratio less than
0.6 is considered to be abnormal [25–29], and an imbalance in strength between the quadriceps
and the hamstrings could potentially contribute to knee symptoms through reducing knee joint
stability [28]. Weak quadriceps may hinder load dissipation across the knee with decreased
flexion during the weight acceptance phase of gait. Co-activation of the hamstrings during
quadriceps activation reduces the net torque exerted by quadriceps. Individuals with knee OA
have been found to walk with increased hamstring and quadriceps co-activation, stiffening the
knee and increasing the joint contact stress [30]. Such increased contact stress potentially could
lead to changes in the local joint environment associated with knee symptoms.

If quadriceps weakness or muscle imbalance predicts the development of knee symptoms (pain
and stiffness on most days over the past month), then strengthening may serve as a focus for
therapy to prevent knee symptoms in at-risk older adults. Therefore, we sought to determine
whether quadriceps weakness is a risk factor for onset of frequent knee symptoms among older
men and women without pre-existing knee pain or stiffness. We also examined whether
participants with low H:Q ratios were at increased risk for incident knee symptoms.

METHODS
We analyzed data from the Multicenter Osteoarthritis (MOST) Study, a prospective,
longitudinal study of risk factors for knee osteoarthritis (OA). The MOST cohort is composed
of 3026 men and women between 50 and 79 years of age. Enrollment was from a volunteer
sample of individuals from two communities and surrounding regions in Iowa and Alabama.
Subjects were eligible if they had any of the following characteristics: were overweight or
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obese, had a history of knee injury that made it difficult to walk for at least one week, or had
a previous knee surgery. Subjects were defined as overweight if they weighed more than the
Framingham Study median weight for their age and sex-specific group [31]. The Institutional
Review Boards at each of the investigators’ institutions approved this study. Written, informed
consent was obtained from all participants using IRB-approved consent forms prior to initiating
study procedures.

Initial Assessment of Knee Symptoms
Questions modified from the National Health and Nutrition Examination Survey [1] and the
Framingham Osteoarthritis study [32] were used to determine the presence or absence of pre-
existing, frequent knee symptoms. These questions were asked during both the telephone
screen and baseline clinic visit. The median number of days between the telephone screen and
the clinic visit was 34 days at baseline. A knee was considered to not have frequent symptoms
if responses to the following questions were negative at the baseline phone screen and clinic
visit respectively:

1. “During the past 30 days, have you had any pain, aching or stiffness in or around
either knee?”

2. “During the past 30 days, have you had pain, aching or stiffness in or around your
right/left knee on most days?”

Definition of Frequent Knee Symptom Development
At 15- and 30-months following the baseline assessment, participants completed a telephone
screen interview and those with incident symptoms as well as control subjects attended a clinic
visit. The same questions as those above were asked at these times. Participants who answered
affirmatively at both the telephone interview and clinic visit were defined as having frequent
knee symptoms in that knee at that follow-up visit. The outcome in this study was defined as
the development of frequent knee symptoms at 15 or 30 months in a knee that did not have
frequent symptoms at baseline. The median number of days between the telephone interview
and the clinic visit was 29 days at 15 months and 31 days at 30 months.

Baseline Measurement of Lower Limb Strength and Muscle Balance
Isokinetic knee flexor and extensor strength were measured in both lower limbs at baseline
(Cybex 350, HUMAC software version 4.3.2/Cybex 300 for Windows98, Avocent, Huntsville,
AL). A ratio of the peak torque of the knee flexors to knee extensors (hamstrings:quadriceps
ratio) was calculated. A low H:Q ratio was defined as less than 0.6 [25–27]. Knee extensor
strength was recorded as the peak concentric torque at 60° per second. Trained dynamometer
operators assessed knee extensor and flexor concentric torque according to the MOST strength
testing protocol as previously described [33]. Quality control measures included certification
of the testers in the MOST strength testing protocol, annual recertification, and a standardized
script for subject testing. Test-retest reliability was assessed through repeating the protocol for
isokinetic strength testing once each month for 3 months and yielded an ICC (95% CI) of .94
(.82–.99) and a COV of 8% (6–12%).

BMI Measurement
BMI (kg/m2) was calculated from baseline measurements of height (stadiometer, Holtain,
Wales, UK) and weight (balance beam) as previously described [34].
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Physical Activity
At baseline, participants completed the validated Physical Activity Scale for the Elderly
(PASE: New England Research Institute, Watertown, MA) questionnaire, and activity scores
were calculated [35].

Radiographic Measurement
Weight-bearing, semi-flexed posteroanterior [36] and lateral [37] views of the knees were
obtained at baseline and scored (Kellgren-Lawrence) by two independent readers as previously
described [34]. Radiographs of the contralateral knee were completed in participants with
unilateral knee replacement.

Femoral Neck Bone Mineral Density (BMD)—As femoral neck BMD has been related
to both knee extensor strength and incident OA, we controlled for BMD in our analyses. We
obtained a bone mineral density scan of the proximal femur in participants without a history
of bilateral hip replacement using dual energy x-ray absorptiometry (DXA, Hologic, 4500a
and 4500w, Bedford, MA). Bone mineral density of the femoral neck region was recorded in
g/cm2 [33].

Statistical Methods—Participant characteristics were summarized with frequencies and
means.

We categorized knee extensor strength into sex-specific quartiles. The H:Q ratio was
dichotomized with ≥0.6 being considered normal [25–27], and additional confirmatory
analyses were performed using ≥0.8 as a cutoff for dichotomization [26]. Knee symptom
statuses at both the 15- and 30-month visits were used in the analyses. We used a logistic
regression model to assess the relationship between development of frequent knee symptoms
and ipsilateral (a) baseline knee extensor strength, and (b) baseline H:Q ratio. Both sex stratified
and combined analyses were completed. Adjusted analyses also controlled for age, BMI,
femoral neck BMD, physical activity level (PASE) [35,38], history of knee surgery, and
radiographic OA status at baseline. In a separate model we also adjusted for malalignment
status (≤5° varus, neutral, ≥5° valgus) at baseline. To assess for an interaction between strength
and alignment, we entered both strength (sex-specific tertile for knee extensor strength,
dichotomous variable for H:Q ratio), alignment (varus/valgus/neutral), and their interaction
term in the multi-adjusted model. Use of generalized estimating equations (GEE) is an accepted
statistical method for using weighted combinations of observations to extract the appropriate
amount of information, providing conservative calculations of standard errors in datasets with
clusters of correlated data [39]. Thus, we used GEE to adjust for the correlation of knee
symptom status between knees and visits within each subject.

RESULTS
Study Population

A total of 1308 out of 3026 participants reported knee symptoms at either telephone screen or
screening clinic visit in both knees at baseline as described below and were excluded. As shown
in Figure 1, an additional 122 participants were excluded at baseline due to inflammatory
arthritis, missing muscle strength or radiographic data, or pain that prevented pushing during
the strength measurement. 1540 men and women (2275 knees, 1269 in women and 1006 in
men) without knee symptoms in at least one knee at baseline were evaluated for the
development of frequent knee symptoms. Among the 1540 subjects eligible for the study,
20.2% had consistent frequent symptoms in the contralateral knee on both the phone screen
and clinic visit and 23.3% had inconsistent frequent knee symptoms (yes at either the phone
screen or clinic visit) at baseline.
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All of these participants completed the 15-month follow-up visit while 20 participants
withdrew consent or died prior to the 30-month visit. Excluded from the knee-based analyses
were 3031 knees with symptoms at baseline, 507 knees with missing data in lower limb muscle
strength or who reported pain when measuring muscle strength, 4 knees with missing data on
baseline radiograph, 48 knees that had been replaced (30 at baseline, 5 before 15-month visit,
and 13 before 30-month visit), 21 knees from participants who died before follow-up (4 before
15-month and 17 before 30-month visit), 3 knees from participants who withdrew consent
during follow-up, and 163 knees that had incomplete knee pain surveys at 30-month follow-
up visit. There were no significant differences in baseline age, BMI, or physical activity levels
between participants who completed the study and those who did not.

Baseline characteristics of subjects are summarized in Table 1. At baseline, the mean knee
extensor strength was 76.9±25.3 N•m in women, and 132.6±42.4 N•m in men. Over half of
the knees in the women (58.9%) and the men (50%) had a baseline H:Q ratio <0.6 (Table 1).

A total of 109 out of 1006 knees (10.8%) in the men and 198 out of 1269 (15.6%) knees in the
women developed frequent knee symptoms at follow-up. Mean BMI was slightly greater in
women who developed knee symptoms (30.8 ± 6.0 kg/m2) compared with those who did not
(29.8 ± 5.8 kg/m2, p>.05. A similar trend was observed in men, with those who developed knee
symptoms having a mean BMI of 31.0 ± 6.1 kg/m2 and those who did not having a mean BMI
of 30.1 ± 4.6 kg/m2, (p>.15). 42% of women and 24% of men with knee symptoms at follow-
up also had radiographic knee OA at baseline while only 21% of women and 20% of men
without frequent knee symptoms at follow-up had radiographic knee OA. The difference was
significant in women (p<.0001) but not men (p>.34).

Knee Extensor Strength—As shown in Table 2, knee extensor strength categorized by
tertiles or as a continuous variable was not predictive of development of knee symptoms at
either 15 or 30 months either before or after adjusting for age, BMI, femoral neck BMD, KL
grade, physical activity level and lower limb malalignment in men or women analyzed
separately or combined. No significant interaction was observed among women or for men and
women combined. In men, there were only 3 valgus knees in the highest tertile of knee extensor
strength. None of these developed frequent symptoms, so the model with interaction term did
not converge.

Hamstring:Quadriceps Ratio—In men and women, a hamstring:quadriceps strength ratio
< 0.6 adjusted for age, BMI, femoral neck BMD, KL grade, knee joint malalignment and
physical activity did not predict development of frequent knee symptoms at the 15– or 30–
month follow-up visits (Table 3.) Use of an alternative cut-off for hamstring:quadriceps ratio
(<0.8) also was not associated with the development of frequent knee symptoms.
Hamstring:quadriceps ratio was not a statistically significant predictor of development of knee
symptoms in combined or sex-stratified analyses. As for knee extensor strength, interaction
terms with alignment were not significant for women alone or in combined analyses and were
not possible to assess in men alone.

DISCUSSION
In this study of community-dwelling adults, the main finding is that higher knee extensor
strength did not appear to reduce risk for the development of frequent knee symptoms over 30-
months. This result does not support the supposition that quadriceps muscle weakness may
precede knee pain [40]. In another longitudinal study, baseline muscle strength contributed to
neither incident nor progressive knee pain, though findings may have been limited by a small
number of cases (16 women and 2 men with incident knee OA and 25 women and 9 men with
progression) [21]. Our findings added additional information in that we found no evidence that
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imbalance of quadriceps and hamstrings strength at baseline contributed to incident knee
symptoms at follow-up.

Strength determinations may have been a source of differing results with Slemenda et al, who
adjusted strength by dividing knee extensor strength by body weight, assuming a linear ratio
between strength and body size. In contrast, we used regression to control for BMI without
assuming a linear ratio whereby strength would be expected to double with a doubling of body
mass. Participants in our study were also younger by 8–10 years and as a result, possibly
stronger. Muscle strength is known to decline with age [41] and individuals age 65 and older,
as they develop knee pain, may experience significant reductions in strength over 30 months
[10].

Although quadriceps strength was not protective against incident knee symptoms in this cohort,
quadriceps muscle weakness remains a biologically plausible contributor to knee pain. During
gait, the quadriceps muscle acts as a shock absorber and decreases loading rates. Increased
loading rates, which may be harmful to the knee joint, have been found to be higher in
individuals with knee pain compared with controls and are associated with knee OA [42]. In
addition, there are numerous reports that exercise reduces knee pain [22,23] and evidence that
women who participated in strength training had lower rates of knee loading compared with
sedentary controls [43]. Considering that reversal of weakness reduces knee pain, these reports
may suggest that quadriceps muscle weakness is a contributor to knee pain. However, there
are also numerous effects of exercise other than increased strength that could explain the pain-
reduction effect, such as endorphin release, increased joint flexibility, improved sleep quality,
improved fitness with increased energy level, weight loss reducing loading, improved tissue
oxygenation, or increased central nervous system seratonin levels with enhanced mood.
Furthermore, reducing pain in those who already have it may differ from preventing
development of pain in those who do not.

Patients with knee OA commonly experience knee pain, but knee pain and/or stiffness may
occur in the absence of radiographic knee osteoarthritis. According to a recent study, non-
articular conditions such as widespread pain, low back pain with index leg referral, full-leg
pain, hip arthritis, or bursitis were found commonly in older adults with knee pain and thought
to bring about knee pain in addition to that due to radiographic knee OA alone [44]. This may
help to explain why 72% of knees in men and 57% of knees in women that developed new
knee pain had a KL grade <2 at baseline.

In the present study, participants were directly queried for the presence or absence of knee
symptoms on most days of the preceding month at 3 exams: baseline, 15- and 30-months. For
each exam, we asked subjects at two time-points, one by phone and another at the clinic
approximately 1 month later. A potential limitation to this method of assessment is that
intermittent symptoms may go unreported and there is no differentiation between participants
with severe pain and those with mild or moderate pain. In addition, knee symptoms may resolve
over time [45] or participants may avoid pain-inducing activities. While, our assessment of
knee symptoms at two separate time points would be expected to reduce the likelihood of
missed incident symptoms in participants in comparison with a single assessment there remains
the possibility that some knees are misclassified with respect to the development of pain.

One additional difference in our study, in comparison with prior studies was the use of the
cutoff of .6 for a concentric:concentric H:Q ratio [26]. Eccentric isokinetic strength testing
involves maximal activation of the quadriceps while the knee is rapidly forced into flexion.
This is known to be very challenging for healthy adults and could potentially injure older adults
with knee OA. Therefore, for safety reasons, we elected to use a concentric:concentric H:Q
ratio. In addition, studies of the H:Q ratio have been reported for younger adults. Therefore,
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normal values appropriate to our participants over age 50 were not available. We prospectively
selected .6 as a cutoff, as this has been reported for younger adults [26], and then completed a
sensitivity analysis using .8 as the cutoff [46], which also demonstrated lack of association
with incident symptoms.

Since symptoms prompt clinical presentation, we prospectively chose to study whether strength
led to incident symptoms. Although strength was not found to confer protection against incident
knee symptoms in this population, these results do not preclude the possibility of other potential
benefits of lower limb strength, such as effects on functional limitations or disability. In
addition, this study used an isokinetic dynamometer to measure strength in a reliable, consistent
manner. However, more functional measures of strength in future studies may further advance
understanding.

There are several unique features of the MOST cohort that were strengths of this study. First,
pain was not a confounder for strength since subjects who reported knee symptoms at baseline
were not eligible to develop incident knee symptoms. Second, we utilized a community cohort
from two regions in the United States and results are likely to be generalizable to adults with
risk factors for knee OA. We also enrolled subjects at high risk of incident or progressive OA
with 49.1% having a BMI ≥30. This is higher than the prevalence of obesity 31–40% for people
age 50 and over in the United States [47,48], but likely still contributes to the generalizability
of the present findings, as there is a higher prevalence of obesity in people at risk for incident
knee pain. In addition, the baseline characteristics of subjects who did not complete the study
were similar to those who completed the study, strengthening internal validity. Finally, the
availability of data for 6052 knees, and inclusion of 2275 knees of adults in the at-risk age
group enhanced the power of this study to detect an association between knee extensor
weakness and incident symptoms.

In conclusion, we found that neither concentric quadriceps strength nor hamstrings to
quadriceps strength ratios predicted incident knee symptoms at 15- or 30-month follow-up.
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Figure 1.
Subject Inclusion Diagram
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