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Background. Muscle force testing is one of the more common categories of
diagnostic tests used in clinical practice. Clinicians have little evidence to guide
interpretations of muscle force tests when pain is elicited during testing.

Objective. The purpose of this study was to examine the construct validity of
isometric quadriceps muscle strength tests by determining whether the relationship
between maximal isometric quadriceps muscle strength and functional status was
influenced by pain during isometric testing.

Design. A cross-sectional design was used.

Methods. Data from the Osteoarthritis Initiative were used to identify 1,344
people with unilateral knee pain and Western Ontario and McMaster Universities
Osteoarthritis Index (WOMAC) pain subscale scores of 1 or higher on the involved
side. Measurements of maximal isometric quadriceps strength and ratings of pain
during isometric testing were collected. Outcome variables were WOMAC physical
function subscale, 20-m walk test, 400-m walk test, and a repeated chair stand test.
Multiple regression models were used to determine whether pain during testing
modified or confounded the relationship between strength and functional status.

Results. Pearson r correlations among the isometric quadriceps strength measures
and the 4 outcome measures ranged from �.36 (95% confidence interval��.41,
�.31) for repeated chair stands to .36 (95% confidence interval�.31, .41) for the
20-m walk test. In the final analyses, neither effect modification nor confounding was
found for the repeated chair stand test, the 20-m walk test, the 400-m walk test, or
the WOMAC physical function subscale. Moderate or severe pain during testing was
weakly associated with reduced strength, but mild pain was not.

Limitations. The disease spectrum was skewed toward mild or moderate symp-
toms, and the pain measurement scale used during muscle force testing was not ideal.

Conclusions. Given that the spectrum of the sample was skewed toward mild or
moderate symptoms and disease, the data suggest that isometric quadriceps muscle
strength tests maintain their relationship with self-report or performance-based dis-
ability measures even when pain is elicited during testing.
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R eductions in skeletal muscle
strength are known to be asso-
ciated with many disorders

encountered in clinical practice.1–3

To quantify the extent of weakness,
muscle strength testing is commonly
conducted. Muscle strength usually
is assessed either manually or by
use of a dynamometer. These data
then may be used to plan an inter-
vention that could include exercises
designed to increase strength of the
involved muscle or muscle group.4,5

One of the reasons why muscle
strength testing is commonly done
in clinical practice is the presumed
association between muscle strength
measurement, which is used to
assess system- or organ-level impair-
ment, and activity or participation
restrictions, which are person-level
limitations.6 Correlations among
muscle strength and higher-order
measurements such as self-reported
functional status or person-level per-
formance vary depending on the
disorder, but generally have been
shown to be in the low to moderate
range.3,7–12 One factor that fre-
quently has been suggested in text-
books as a potential contraindication
to manual or dynamometer-based
muscle strength testing is the
patient’s report of pain during the
test.13–15 For example, Daniels and
Worthingham suggested that the
patient “should be observed closely
for any evidence of discomfort or
pain, and resistance should be dis-
continued if either occurs.”15(p3)

Kendall and colleagues also sug-
gested that pain during testing may
compromise the utility of the test.14

Although the exact intent of these
statements is unclear, these com-
monly used textbooks seem to imply
that therapists should consider dis-
regarding the results of muscle
strength tests if pain is provoked dur-
ing testing. Although these text-
books focus primarily on manual
muscle tests, the same validity con-
cerns regarding pain during testing

apply to muscle strength tests per-
formed with a dynamometer.

We found 2 reports that examined
the potential impact of pain during
muscle strength testing. Stevens
and colleagues16 and Mizner et al17

assessed the extent to which pain
during testing influenced muscle
activation during maximal isometric
quadriceps muscle contractions
obtained on patients prior to and fol-
lowing knee replacement surgery. In
the first study (N�28),16 the authors
found that knee pain during strength
testing had a small but statistically
significant influence on quadriceps
muscle activation, whereas no influ-
ence was found in the other study
(N�20).17

A more extensive literature search
has demonstrated that muscle
strength is reduced in people with a
variety of disorders.1–3 Hall and col-
leagues,18 for example, found that
people with knee osteoarthritis (OA)
and pain had weaker isometric quad-
riceps muscle strength and greater
Western Ontario and McMaster Uni-
versities Osteoarthritis Index physi-
cal function subscale (WOMAC-PF)
scores19 than people with knee OA
but no pain. However, the pain mea-
surement was obtained at an unre-
ported point in time prior to and not
during the isometric muscle strength
test. We found no other studies
that examined whether pain during
testing influenced the relationship
between muscle strength and func-
tional status.

A large-scale study is needed to quan-
tify the potential influence of pain
during muscle strength testing on
the relationship between muscle
strength and functional status. The
study would require a large sample
to account for potential covariates
and a well-defined and reliable
method of obtaining strength mea-
surements. The study also would
require the inclusion of people with

a full spectrum of disease from mild
to severe in order to be generalizable
to clinical settings.

The Osteoarthritis Initiative (OAI)
is a 4-year National Institutes of
Health–funded longitudinal cohort
study of 4,796 people with knee OA
or at high risk of knee OA. The OAI
investigators collected data on max-
imal isometric quadriceps muscle
strength from all participants. In
addition, they determined the extent
of pain during isometric strength
testing. Pain during testing could act
to modify the quadriceps muscle
strength and functional status rela-
tionship via an interaction with
quadriceps muscle strength. Alterna-
tively, pain could be a confounder of
the quadriceps muscle strength and
functional status relationship by
being both a significant independent
predictor of functional status and by
causing a shift in the magnitude of
the quadriceps muscle strength coef-
ficient when added to a regression
model predicting functional status.20

The consistent finding of low to
moderate correlations between mus-
cle strength and functional status
supports the premise that muscle
strength affects functional status. If
the presence of pain during testing
alters the relationship between mus-
cle strength and function, the clini-
cal usefulness of these muscle
strength tests may be compromised.

The overall aim of our study was to
use OAI data to determine whether
the relationship between person-
level functional status and maximal
isometric quadriceps muscle strength
was influenced by pain during
strength testing. Specifically, our pri-
mary aim was to estimate the extent
to which pain severity during isomet-
ric knee extension strength testing
affected the relationship between
measured torque values and the
20-m walk test, 400-m walk test,
chair stand test, and WOMAC-PF
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scores. For these tests, we were
interested in whether pain during
testing acted as an effect modifier or
confounding variable. A secondary
purpose was to estimate the extent
to which pain severity during knee
extension strength testing directly
affected the measured knee exten-
sion torque and 20-m walk test,
400-m walk test, chair stand test, and
WOMAC-PF scores. That is, our pri-
mary aim determined whether the
relationship between isometric knee
extension strength and function was
affected by pain during testing. The
secondary aim determined whether
pain during testing, examined inde-
pendently from the isometric knee
extensor strength measure, was asso-
ciated with either reduced function
or reduced isometric knee extension
strength, with these latter variables
treated as the dependent variables.

Method
The OAI
A total of 3 subcohorts (ie, control,
incidence, and progression) were
defined and are being followed for
4 years. Each subcohort has racially
and ethnically diverse mixes of peo-
ple between the ages of 45 and 79
years at baseline. Only baseline data
and 2-year data were used in the
present study. The baseline data for
the control subcohort of 122 people
without OA and who are not
believed to be at risk for OA were
excluded from the current study.
The incidence subcohort comprises
3,285 people who either have knee
pain or OA or are at risk for devel-
oping knee OA. The progression sub-
cohort has 1,389 people with symp-
tomatic OA in one or both knees.
Symptomatic knee OA is defined as
the presence of definite osteophytes
on radiographic images and self-
reported pain on most days of a
month in the previous 12 months.
The incidence cohort could have
either radiographic evidence of def-
inite osteophytes or self-reported

pain on most days in their involved
knee, but not both.

Participants were recruited from 4
clinic sites for the OAI study using a
variety of approaches, including
mailings to clinical populations in
the 4 recruitment sites, advertise-
ments in local newspapers, presen-
tations to churches and community
and civic organizations, and via a
Web site. Participants were recruited
from: (1) the University of Maryland
School of Medicine in Baltimore,
Maryland; (2) the Ohio State Univer-
sity in Columbus, Ohio; (3) the Uni-
versity of Pittsburgh in Pittsburgh,
Pennsylvania; and (4) Memorial Hos-
pital of Rhode Island, in Pawtucket,
Rhode Island.

OAI Study Sample
Exclusion criteria for OAI participa-
tion were the presence of rheuma-
toid arthritis, bilateral knee arthro-
plasty or pre-existing plans to
undergo bilateral (not unilateral)
knee arthroplasty in the next 3 years,
bilateral Osteoarthritis Research
Society International (OARSI) stage 3
(severe) knee OA,21 a positive preg-
nancy test, inability to provide a
blood sample, use of ambulatory aids
other than a single straight cane for
more than 50% of the time, comor-
bid conditions that might interfere
with 4-year participation, being
unlikely to reside in clinic area for
at least 3 years, current participation
in a double-blind randomized con-
trolled trial, and being unwilling to
sign an informed consent statement.
In addition, because of magnetic res-
onance imaging (MRI) requirements,
men weighing more than 130 kg and
women weighing more than 114 kg
were excluded because they were
unable to undergo 3.0-tesla MRI. In
total, 27% (n�4,796) of those
screened (N�17,457) were admitted
to the study. Common reasons for
nonparticipation were dropping out
after the initial telephone screen
(n�3,321) and admission quotas

being met for certain age and sex
categories (n�2,954). See the study
design protocol22 for more detail.

Sample for Current Study
To be included in the study, partici-
pants had to have all of the following
findings: (1) a verbal pain rating of 3
or higher on a scale that read in the
following way: “Please rate the pain
that you’ve had in your right (or left)
knee during the past 30 days that
best describes the pain at its worst.
‘0’ means ‘No pain’ and ‘10’ means
‘Pain as bad as you can imagine’”;
(2) a verbal pain rating of 0 on the
uninvolved side; and (3) a WOMAC
pain subscale score of 1 or higher
on the involved knee. We used these
criteria because we wanted a sample
that had unilateral knee pain that
was sufficient to affect daily func-
tion. The OAI investigators required
participants to complete WOMAC
scales for each knee. For people with
bilateral knee problems, we would
be unable to judge the potential
influence of the isometric quadri-
ceps muscle test on whole person
function because of the potential
influences of 2 involved knees on
WOMAC scores. By eliminating peo-
ple with bilateral knee problems,
we were able to judge the effects
of quadriceps muscle tests for the
involved side without concern for
potential influences by a contralat-
eral knee problem. Because the
OAI study is longitudinal, we also
recruited people from the 2-year
follow-up who met the inclusion
criteria but were not included in
the baseline data set. Therefore, the
study sample comprised 1,344 peo-
ple with unilateral knee problems,
875 of whom were selected from the
baseline data set and 469 of whom
were recruited from the 2-year
follow-up data set. Data from release
versions 0.2.2 and 3.2.1 were used in
our study.
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Outcome Variables of Interest
For the outcome measures, we
chose the WOMAC-PF subscale;
the 5-repetition chair stand test,
measured in stands per second; the
20-m walk test, measured in meters
per second; and the 400-m walk
test, measured in seconds. The
performance-based tests were cho-
sen because they represent daily
activities commonly performed by
people with knee OA and require
differing amounts of endurance,
strength, and balance. The WOMAC-
PF was chosen because it is a com-
monly used and validated scale for
patients with knee OA. The WOMAC
pain subscale is scored from 0 to 20,
with higher scores indicating more
severe pain, and the WOMAC-PF sub-
scale is scored from 0 to 68, with
higher scores indicating worse dis-
ability.19,23–25 All measures are thor-
oughly described in the operations
manuals.26

Independent Variables
Key independent variables of
interest. The key predictor vari-
ables of interest were: (1) maximal
isometric quadriceps femoris muscle
strength for the symptomatic knee
of each participant, normalized to
body weight, and (2) patient rating
of the extent of pain during muscle
testing for the symptomatic knee,
rated as “none,” “mild,” “moderate,”
or “severe,” or “don’t know.” The
OAI investigators reported no evi-
dence of reliability for pain intensity
measurement using this scale. Pau-
tex and colleagues27 examined peo-
ple with primarily arthritic pain and
various levels of dementia and
reported high reliability (intraclass
correlation coefficient�.97) and
strong associations (Spearman rho�
.85–.91) between a verbal rating
scale similar to that used in the OAI
study and more traditional visual ana-
log scales of pain measurement. Jen-
sen,28 in a systematic review of pain
measures used for cancer pain,
found strong associations between

scales very similar to that used in
the OAI study and more traditional
pain intensity scales, as well as
responsiveness to changes following
treatment.

The Good Strength Chair (Metitur
Oy, Jyvaskyla, Finland) was used to
obtain isometric quadriceps muscle
strength measurements. A strain
gauge transducer was used to mea-
sure the force applied to the resis-
tance pad affixed with a strap and
positioned 2 cm above the individu-
al’s calcaneus. The strain gauge was
calibrated with known weights once
a week during the course of the
study.

Participants were positioned on the
chair with their back supported and
arms comfortably on armrests with
knees hanging over the edge of the
seat. Straps were used around each
participant’s waist, thigh, and ankle
for stabilization during testing. The
knee joint line was palpated and
marked with a pen. The knee to be
tested was positioned at 60 degrees
of flexion using a goniometer. The
distance from the joint line to the
transducer was measured and
recorded. After the participant was
correctly positioned, the examiner
conducted 2 practice sessions while
instructing the participant to exert
50% effort. The examiner then con-
ducted three 100% effort trials on
each knee using the following
instructions:

OK, now we will do the real test. As
soon as I say “push,” I want you to
push as hard and as fast as you can
against the pad. You’re going to give
a 100% effort. Hold on to the arms of
the chair. Try to keep your upper
body still. Just use your leg. The test
will take just a few seconds. We will
do 3 trials. Please don’t hold your
breath as you push. Just relax and
exhale slowly. 3, 2, 1, ready . . . push,
push, push, push, push, OK relax.

Participants were given a 30-second
rest between trials, and the torque
(force [in newtons] multiplied by
level arm length [in centimeters])
measurements were adjusted for
effects of gravity due to leg weight.
All testers collecting data were
trained in the use of the instrument
and were required to complete a
training session and a competency
test prior to the study. The maxi-
mum torque produced during the 3
trials was recorded as the strength
for each limb. All strength measure-
ments were normalized by dividing
by body weight. Curb and col-
leagues29 used the Good Strength
Chair and reported the reliability
(Pearson r) of isometric quadriceps
strength measurements obtained on
203 people aged 35 to 71 years to
be .92.

Immediately following the comple-
tion of the third trial for each limb,
each participant was asked the fol-
lowing question, “Did you have any
pain during this test?” and the par-
ticipant responded with “none,”
“mild,” “moderate,” “severe,” or
“don’t know.”

Covariates. We adjusted for age,30

sex,31 comorbidity,32,33 and the pres-
ence or absence of symptomatic
knee OA status.34,35 The modified
Charlson Comorbidity Index asks
patients a series of questions regard-
ing the presence and impact of 13
diseases such as heart attack, diabe-
tes, and cancer. Scores in the OAI
ranged from 0 to 10, with 70% of
the sample scoring 0. We, therefore,
dichotomized the score to either 0
or �1. The covariates were chosen
because they have been shown to
be related to quadriceps muscle
strength and functional status in peo-
ple with knee pain and arthritis.36–43

Data Analysis
We calculated descriptive statistics,
and they are summarized in Table 1.
For our primary purpose, we gener-
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ated multiple regression models for
each of the following dependent
variables: (1) repeated chair stand
test; (2) 20-m walk test; (3) 400-m
walk test; and (4) based on a subse-
quently described residual analysis,
the square root of the WOMAC-PF
subscale score. Three models were
considered for each functional status
measure. With the functional status
measure as the dependent variable,
the initial model specified quadri-
ceps muscle strength as the indepen-
dent variable and age in years, sex,
baseline OA symptoms (yes, no),
and comorbidity (dichotomized as 0
or �1) as covariates. We chose not
to include a more traditional 0 to 10
verbal pain rating scale in our mod-
els for 2 reasons: (1) the focus of
our study was on the relationship
between pain during isometric
strength tests and functional status,
and (2) we were concerned about
potential colinearity between the
verbal pain rating and pain during
isometric testing.

The intent of our first model was to
estimate the relationship between
torque—as portrayed by its regres-
sion coefficient—and the functional
status measures without considering
pain. Our second (full) model added
pain severity during isometric strength
testing (trichotomized as no pain, mild
pain, and moderate and severe pain
combined) and pain severity-by-
strength interaction terms. We
needed to collapse the categorical
responses of “moderate” and “severe”
pain during isometric strength test-
ing because only 12 people reported
severe pain during testing. Dummy
variables coded 0 and 1 were applied
to identify the pain severity in the
isometric strength groups. The “no
pain” severity group served as the
reference group.

We also examined whether models
generated from baseline data dif-
fered from models generated from
follow-up data. This examination

was accomplished by including
the following 4 additional terms
into the full model mentioned above:
source (baseline and follow-up
samples), source-by-strength interac-
tion, source-by-pain interactions, and
source-by-pain-strength interaction.

We considered effect modification
as present if the 95% confidence
intervals (CIs) of either of the pain
severity-by-strength interaction terms
excluded zero. Conceptually, an
interaction exists if the modeled
regression lines for a functional sta-
tus measure and torque are not

Table 1.
Characteristics of the Sample (N�1,344)

Variable
Mean (SD, Range)

or N (%)
Missing Data

(n)

Demographics

Age (y) 62.3 (9.22, 45–81) 0

Female 770 (57.3) 0

Race 0

Other nonwhite 28 (2.1)

White or Caucasian 1,097 (81.6)

Black or African American 207 (15.4)

Asian 12 (0.9)

Comorbidity score 0.47 (0.95, 0–7) 32

BMI (kg/m2) 28.82 (4.69, 16.9–44.6) 37

Subcohort at baseline 0

Controla 3 (0.2)

Incidence 917 (68.2)

Progression 424 (31.5)

Symptom duration 0

�1 y 301 (22.4)

2–5 y 470 (35.0)

�5 y 573 (42.6)

History of traumatic knee injury 543 (40.4) 12

Muscle tests

Isometric quadriceps muscle torque (N-cm/kg) 121.88 (45.53, 19–339) 170

Pain during isometric testing 170

None 916 (77.9)

Mild 184 (15.6)

Moderate/severe 74 (6.4)

Functional and performance measures

WOMACb pain subscale score 4.44 (3.20, 1–20) 0

WOMAC physical function subscale score 12.29 (11.08, 0–68) 12

20-m walk test (m/s) 1.31 (0.21, 0.44–1.99) 47

400-m walk test (s) 309.9 (59.09, 42.09–898.13) 100

Repeated chair stand test (stands/s) 0.50 (0.15, 0.17–1.51) 98

a The 3 participants from the baseline control subcohort became symptomatic during follow-up and
met the criteria for inclusion in the study during 2-year follow-up.
b WOMAC�Western Ontario and McMaster Universities Osteoarthritis Index.
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parallel for the pain groups (ie, the
regression lines have different
slopes). In the absence of effect
modification, we constructed a third
model to assess whether pain sever-
ity during isometric testing was a
confounding variable. Confounding
exists if the modeled regression lines
for a functional status measure and
torque have the same slope but dif-
ferent y-intercepts (ie, the regression
lines are parallel but not coincident).
This model was similar to the second
model; however, the interaction
terms were removed. We considered
pain severity during isometric testing
to be a confounding variable if 2 con-
ditions were met: (1) either of the
95% CIs of the regression coeffi-
cients for pain severity during iso-
metric testing excluded zero, and
(2) the isometric quadriceps muscle
strength regression coefficient dif-
fered significantly from that of the
first model. Our intent was to equate
a significant difference in extension
strength regression coefficients to
literature-based estimates of an
important within-patient change for
the function measures. For example,
Kwon and colleagues44 reported a
50- to 60-second change in 400-m
walk time to represent a substantial
change for sedentary older adults.
Also, from the work of Kennedy et
al,45 it is possible to estimate the min-
imal detectable change to be approx-
imately 54 seconds for 400 m. Thus,
if we consider 55 seconds in the
400-m walk test to be a significant
difference and we apply the mean
extension strength for our sample
(121.9 N-cm/kg units), the exten-
sion strength regression coefficients
would have to differ by 0.45. Pua et
al46 reported an important WOMAC-
PF subscale score difference to be
approximately 9 points.

We could not find literature-based
estimates of important change for
the 20-m walk test or the repeated
chair stand test. However, we
observed that our estimates for the

400-m walk test and the WOMAC-PF
subscale were reasonably similar to
the standard deviations reported for
our study sample. Accordingly, we
equated a significant difference in
extension strength regression coeffi-
cients to be 1 standard deviation
divided by the mean extension
strength for our sample. Applying
this approach, the requisite changes
in extension strength regression
coefficients were as follows:
repeated chair stand test�0.001,
20-m walk test�0.002, 400-m walk
test�0.484, and square root of the
WOMAC-PF subscale score�0.027.

We performed analyses of covari-
ance to estimate the effect of pain
severity during isometric quadriceps
muscle strength testing on function
measures and isometric quadriceps
muscle strength. Function measures
and isometric quadriceps muscle
strength were the dependent vari-
ables; pain severity during isometric
testing trichotomized as no pain,
mild pain, and moderate and severe
pain combined was the independent
variable; and sex, age, baseline OA,
and comorbidity were the covariates.

Prior to conducting all analyses, we
examined the distribution of contin-
uous variable scores. Following each
regression analysis, we calculated
and examined jackknife residuals
and leverages. Diagnostic plots
included histograms of residuals,
jackknife residuals versus predicted
values, and jackknife residuals versus
leverage values. We calculated 95%
CIs for all regression coefficients.
Only participants with complete
data were included in the analysis.
Data were analyzed using STATA
10.1 software (StataCorp LP, College
Station, Texas).

Results
The sample characteristics are sum-
marized in Table 1. Our regression
diagnostic analyses revealed that the
residuals associated with WOMAC-

PF subscale scores demonstrated a
positive skew. The application of a
square-root transformation resulted
in a distribution of residuals that
was consistent with a normal
distribution.

Bivariate Pearson r correlations
between the quadriceps muscle
strength measures and the 4 out-
come measures were as follows:
square-root–transformed WOMAC-PF
subscale score��.27 (95% CI�
�.32, �.21), 20-m walk test�.36
(95% CI�.31, .41), 400-m walk test�
23.35 (95% CI��.40, �.30), and
repeated chair stand test��.36
(95% CI��.31, �.41). Tables 2, 3, 4,
and 5 display regression analyses
pertaining to our primary purpose.
Shown in these tables are the regres-
sion coefficients and their 95% CIs.

The analyses that included sample
source (baseline or 2-year follow-up)
and its interactions did not provide
evidence that the models differed
for baseline and follow-up samples.
Accordingly, our subsequent results
are for the entire group.

For the repeated chair stand test,
the full model analysis displayed an
extension strength-by-pain during
testing interaction for the moderate/
severe pain group (��0.002, 95%
CI�0.001, 0.002), suggesting that
effect modification was present
(Tab. 2). The residual analysis
revealed that 2 cases in the moder-
ate/severe pain group displayed
characteristics consistent with
potential outliers. Specifically, they
exerted a strong influence on the
regression line.47 When these cases
were removed, neither effect modi-
fication nor confounding was evi-
dent (Tab. 2). Neither effect modifi-
cation nor confounding was evident
for the 20-m walk test (Tab. 3),
400-m walk test (Tab. 4), or square
root of the WOMAC-PF subscale
score (Tab. 5).
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Table 2.
Regression Model for Repeated Chair Stand Test (Stands/s)a

Regression Term

Model

Initial (n�1,095) Full (n�1,093)

Two High-Influence
Cases Removed

(n�1,091)

Two High-Influence
Cases and Interaction
Removed (n�1,091)

� Coefficient (95% CI) � Coefficient (95% CI) � Coefficient (95% CI) � Coefficient (95% CI)

Constant 0.483 (0.414, 0.551) 0.485 (0.414, 0.556) 0.490 (0.420, 0.559) 0.49 (0.419, 0.555)

Sex (if male)b 0.006 (�0.025, 0.012) �0.005 (�0.023, 0.013) �0.003 (�0.020, 0.015) �0.003 (�0.020, 0.015)

Age �0.002 (�0.003, �0.001) �0.002 (�0.003, �0.001) �0.003 (�0.003, �0.001) �0.002 (�0.003, �0.001)

Baseline OA (if no)b 0.031 (0.014, 0.049) 0.032 (0.015, 0.050) 0.033 (0.017, 0.050) 0.034 (0.017, 0.050)

Comorbidity (if none)b 0.016 (�0.002, 0.035) 0.020 (0.002, 0.038) 0.020 (0.002, 0.038) 0.019 (0.002, 0.037)

Isometric quadriceps muscle
torque

0.001 (0.001, 0.001) 0.003 (0.002, 0.003) 0.001 (0.001, 0.002) 0.001 (0.0007, 0.001)

Pain during isometric testingb

Mild 0.009 (�0.050, 0.068) 0.008 (�0.049, 0.066) 0.002 (�0.019, 0.023)

Moderate/severe �0.169 (�0.256, �0.082) �0.065 (�0.156, 0.25) 0.002 (�0.030, 0.035)

Torque � pain interactionb

Torque � mild pain �0.000 (�0.001, 0.000) �0.000 (�0.000, 0.000)

Torque � moderate/severe pain 0.002 (0.001, 0.002) 0.001 (�0.000, 0.001)

R2 0.166 0.186 0.166 0.163

a CI�confidence interval, OA�osteoarthritis.
b Variable coding: 1 if male, 0 if female; 1 if baseline OA no, 0 if yes; 1 if no comorbidities, 0 if 1 or more comorbidities; 1 if pain severity mild, 0 if
otherwise; 1 if pain severity moderate/severe, 0 if otherwise.

Table 3.
Regression Model for 20-m Walk Test (m/s)a

Regression Term

Model

Initial (n�1,148) Full (n�1,146)
Interaction Removed

(n�1,146)

� Coefficient (95% CI) � Coefficient (95% CI) � Coefficient (95% CI)

Constant 1.345 (1.252, 1.438) 1.34 (1.246, 1.440) 1.34 (1.240, 1.430)

Sex (if male)b 0.018 (�0.006, 0.043) 0.018 (�0.007, 0.043) 0.18 (�0.007, 0.043)

Age �0.004 (�0.005, �0.002) �0.004 (�0.005, �0.003) �0.004 (�0.005, �0.003)

Baseline OA (if no)b 0.039 (0.015, 0.062) 0.039 (0.016, 0.063) 0.040 (0.016, 0.063)

Comorbidity (if none)b 0.051 (0.026, 0.76) 0.053 (0.028, 0.078) 0.052 (0.027, 0.077)

Isometric quadriceps muscle torque 0.001 (0.001, 0.002) 0.002 (0.001, 0.003) 0.001 (0.001, 0.002)

Pain during isometric testingb

Mild �0.015 (�0.096, 0.065) 0.003 (�0.027, 0.033)

Moderate/severe �0.037 (�0.154, 0.080) 0.017 (�0.028, 0.063)

Torque � pain interactionb

Torque � mild pain 0.000 (�0.00, 0.001)

Torque � moderate/severe pain 0.000 (�0.000, 0.001)

R2 0.187 0.188 0.187

a CI�confidence interval, OA�osteoarthritis.
b Variable coding: 1 if male, 0 if female; 1 if baseline OA no, 0 if yes; 1 if no comorbidities, 0 if 1 or more comorbidities; 1 if pain severity mild, 0 if
otherwise; 1 if pain severity moderate/severe, 0 if otherwise.
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Table 4.
Regression Model for 400-m Walk Test (s)a

Regression Term

Model

Initial (n�1,103) Full (n�1,101)
Interaction Removed

(n�1,101)

� Coefficient (95% CI) � Coefficient (95% CI) � Coefficient (95% CI)

Constant 299.50 (27.0, 326.92) 294.11 (265.80, 322.43) 297.81 (270.19, 325.43)

Sex (if male)b �10.38 (�17.73, �3.03) �10.42 (�17.69, �3.15) �10.31 (�17.57, �3.04)

Age 1.14 (0.78, 1.50) 1.19 (0.83, 1.55) 1.18 (0.82, 1.54)

Baseline OA (if no)b �10.82 (�17.68, �3.95) �10.33 (�17.14, �3.51) �10.47 (�17.28, �3.66)

Comorbidity (if none)b �11.66 (�19.06, �4.25) �11.28 (�18.61, �3.94) �11.10 (�18.42, �3.77)

Isometric quadriceps muscle torque �0.32 (�0.41, �0.24) �0.46 (�0.74, �0.18) �0.33 (�0.41, �0.25)

Pain during isometric testingb

Mild 9.02 (�14.40, 32.44) �1.05 (�9.83, 7.73)

Moderate/severe 19.51 (�14.94, 53.97) 1.78 (�11.44, 15.00)

Torque � pain interactionb

Torque � mild pain �0.08 (�0.26, 0.09)

Torque � moderate/severe pain �0.16 (�0.45, 0.13)

R2 0.171 0.181 0.179

a CI�confidence interval, OA�osteoarthritis.
b Variable coding: 1 if male, 0 if female; 1 if baseline OA no, 0 if yes; 1 if no comorbidities, 0 if 1 or more comorbidities; 1 if pain severity mild, 0 if
otherwise; 1 if pain severity moderate/severe, 0 if otherwise.

Table 5.
Regression Model for Square-Root–Transformed Western Ontario and McMaster Universities Osteoarthritis Index Physical
Function Subscale Scoresa

Regression Term

Model

Initial (n�1,147) Full (n�1,145)
Interaction Removed

(n�1,145)

� Coefficient (95% CI) � Coefficient (95% CI) � Coefficient (95% CI)

Constant 5.55 (4.78, 6.31) 5.13 (4.33, 5.92) 5.21 (4.44, 5.98)

Sex (if male)b 0.08 (�0.13, 0.28) 0.07 (�0.13, 0.27) 0.07 (�0.13, 0.27)

Age �0.01 (�0.02, 0.00) �0.01 (�0.02, 0.01) �0.01 (�0.02, 0.01)

Baseline OA (if no)b �0.85 (�1.04, �0.66) �0.81 (�1.00, �0.62) �0.81 (�1.00, �0.62)

Comorbidity (if none)b �0.29 (�0.50, �0.09) �0.26 (�0.47, �0.06) �0.27 (�0.47, �0.06)

Isometric quadriceps muscle torque �0.01 (�0.01, �0.01) �0.01 (�0.01, �0.01) �0.01 (�0.12, 0.01)

Pain during isometric testingb

Mild 0.69 (0.04, 1.34) 0.30 (0.05, 0.54)

Moderate/severe 0.71 (�0.24, 1.66) 0.96 (0.60, 1.33)

Torque � pain interactionb

Torque � mild pain �0.00 (�0.01, 0.00)

Torque � moderate/severe pain 0.00 (�0.01, 0.01)

R2 0.142 0.166 0.164

a CI�confidence interval, OA�osteoarthritis.
b Variable coding: 1 if male, 0 if female; 1 if baseline OA no, 0 if yes; 1 if no comorbidities, 0 if 1 or more comorbidities; 1 if pain severity mild, 0 if
otherwise; 1 if pain severity moderate/severe, 0 if otherwise.
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Table 6 reports the effects of pain
severity during isometric testing on
function and isometric quadriceps
muscle strength adjusted for sex,
age, baseline OA, and comorbidity.
The key difference between the
regression models reported in Tables
2, 3, 4, and 5, which examined for
effect modification and confound-
ing, and the models in Table 6 is that
the models in this table did not
include the isometric knee strength
variable as a covariate. Rather, the
models in Table 6 examined the
independent effect of pain during
testing without including isometric
strength measure as a covariate.
Regression models for the repeated
chair stand test, 20-m walk test, and
400-m walk test are not shown
because pain during testing was
not related to these dependent mea-
sures. Pain severity during isometric
testing was associated with
WOMAC-PF subscale scores and iso-
metric quadriceps muscle strength
values. For the WOMAC-PF subscale,
the regression coefficients for par-
ticipants who reported mild and
moderate/severe pain during testing

were statistically greater than those
for participants who reported no
pain. The regression coefficients
for mild and moderate/severe pain
during testing were 0.35 and 1.10,
respectively. These coefficient val-
ues correspond to an increase in
WOMAC-PF subscale scores of 0.12
(0.352) for mild pain during testing
and 1.21 (1.102) for moderate/severe
pain during testing relative to the
no-pain group, after adjustment for
the other variables in the model.
Pain severity during isometric testing
also influenced isometric quadriceps
muscle strength such that for partic-
ipants who reported moderate/se-
vere pain, the regression coefficient
was �12.46 N-cm/kg relative to that
of the no-pain group. The extension
strength 95% CI for participants who
reported mild pain during testing
included zero.

Discussion
We found that pain experienced dur-
ing maximal isometric quadriceps
strength tests did not affect the
construct validity of the tests, as
defined in this study. The relation-

ships between strength measures
and the 3 performance measures as
well as self-reported disability were
unaffected by pain reports during
isometric testing. These findings
have implications for clinicians
examining patients with knee prob-
lems. Muscle strength tests are
among the more commonly con-
ducted tests in clinical practice. Tra-
ditional wisdom has suggested that
muscle strength tests may not pro-
vide clinically useful information
when patients complain of pain dur-
ing testing. Our study provides evi-
dence to suggest that the isometric
quadriceps muscle strength/func-
tional status relationship is unaf-
fected by reports of increased pain
during testing. Correlations between
quadriceps muscle strength and
function, although in the low to
moderate range, indicate that even
in the presence of pain, muscle
strength tests are associated with
measures that are highly important
to patients (ie, measures of self-
reported function and performance
of daily tasks). Our study is the first,
to our knowledge, that has examined
the potential impact of pain during
testing on the strength and func-
tional status relationship.

The magnitudes of the bivariate cor-
relations between quadriceps mus-
cle strength and self-report and per-
formance measures were in the
range of �.36 to .36 and are consis-
tent with other evidence on similar
samples of people with knee pain
and knee OA. For example, Wood
and colleagues11 examined the rela-
tionship between quadriceps muscle
strength and WOMAC-PF subscale
scores among 819 community-
dwelling older adults with knee pain
and found a correlation of �.37.
Other studies have shown higher
correlations between WOMAC scores
and quadriceps muscle strength mea-
sures. For example, van der Esch
and colleagues48 found a correla-
tion (Pearson r) of �.55 between

Table 6.
Effect of Pain During Isometric Testing on Western Ontario and McMaster
Universities Osteoarthritis Index (WOMAC) Physical Function Subscale Scores and
Extension Torquea

Regression Term

Regression Coefficients

�WOMAC Disability
(n�1,152)

Isometric Quadriceps Muscle
Torque (n�1,150)

� Coefficient (95% CI) � Coefficient (95% CI)

Constant 3.79 (3.08, 4.50) 148.06 (130.45, 165.65)

Sex (if male)b �0.33 (�0.51, �0.15) 42.90 (38.38, 47.42)

Age 0.001 (�0.009, 0.11) �0.86 (�1.11, �0.61)

Baseline OA (if no)b �0.86 (�1.06, �0.67) 4.83 (�0.01, 9.67)

Comorbidity (if none)b �0.35 (�0.55, �0.14) 9.41 (4.30, 14.53)

Pain during isometric testingb

Mild 0.35 (0.10, 0.60) �6.00 (�12.23, 0.23)

Moderate/severe 1.10 (0.73, 1.47) �12.46 (�21.77, �3.16)

R2 0.11 0.28

a CI�confidence interval, OA�osteoarthritis.
b Variable coding: 1 if male, 0 if female; 1 if baseline OA no, 0 if yes; 1 if no comorbidities, 0 if 1 or
more comorbidities; 1 if pain severity mild, 0 if otherwise; 1 if pain severity moderate/severe, 0 if
otherwise.
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WOMAC-PF subscale scores and
quadriceps muscle strength mea-
sures. The sample in their study com-
prised people with a disease spec-
trum that was approximately
equivalent to those scheduled for
knee arthroplasty.49 We suspect
this more serious disease spectrum
may have led to the higher correla-
tion. Participants in the OAI study
generally have milder disease and
associated higher function, which
the WOMAC is not as adept at
measuring.50

The finding of a slightly higher cor-
relation between quadriceps muscle
strength and the 3 performance mea-
sures (repeated chair stand test,
20-m walk test, and 400-m walk test)
(Pearson r�.35 or �.36) versus
the correlation between quadriceps
muscle strength and WOMAC-PF
subscale scores (Pearson r�.28) is
not surprising. The WOMAC-PF sub-
scale captures a large variety of 17
activities and, therefore, would be
expected to demonstrate a lower
correlation with quadriceps muscle
strength compared with more spe-
cific individual performance tests.
The explained variance in our mod-
els ranged from 17% to 19% and is
consistent with other work using
multivariable approaches to predict
performance in patients with knee
pain.51

Pain during testing examined sepa-
rately from isometric quadriceps
muscle strength was not associated
with the performance-based tests
but was found to be associated with
WOMAC-PF subscale and extension
torque measures (Tab. 6). Partici-
pants with moderate or severe pain
during testing had WOMAC-PF sub-
scale scores that were 1.21 points
higher than those of participants
with no pain during testing, a small
difference that is not clinically
important at an individual patient
level.46 Participants with moderate
or severe pain during testing had

approximately 10% lower strength
scores than the average for the entire
sample, but participants with mild
pain had strength scores that were
not significantly different from those
of participants with no pain. Pain
during testing had a weak influence
on strength and self-reported disabil-
ity but only for people with moder-
ate or severe pain.

An incidental finding of our study
was the role that age played in the
different full models depicted in
Tables 2, 3, 4, and 5. Age was not a
significant predictor (P�.17) in the
model predicting WOMAC-PF sub-
scale scores but was consistently a
highly significant predictor (P�.001)
in the 3 performance-based models.
These data suggest that self-report
measures may not account for age-
related differences that exist when
individuals actually perform daily
tasks. Self-report measures such as
the WOMAC may be limited in that
they do not appear to account for
known age-related differences in
actual performance. Other evidence
has shown additional limitations of
self-report measures such as the
WOMAC.52

Limitations
We did not examine the criterion-
related validity of isometric quadri-
ceps muscle strength measures for
inferring a person’s true maximal
strength. Rather, we examined the
construct validity of isometric quad-
riceps muscle strength tests when
pain is elicited during testing. Our
sample was somewhat limited in that
the spectrum of disease represented
in the OAI data set favors milder
disease. As a result, we had a rela-
tively small number of people who
reported moderate or severe pain
during testing (n�76). Despite this
relatively small number, our findings
were robust and consistent across
the different outcome measures,
which suggests that sample variation
was adequate to answer our research

questions. We adjusted for comor-
bidity but not for pain in other
regions of the body, which may have
influenced our findings.

The pain measure used during iso-
metric quadriceps muscle strength
testing is admittedly crude, with
unknown measurement properties
in this population of patients. In
addition, a dynamometer was used,
so the results may not apply to man-
ual muscle tests. The findings of a
lack of confounding or effect modi-
fication apply only to isometric tests
and not necessarily to other types of
strength tests or to patients with
other disorders. Our sample was
skewed toward mild disease with
only minimal amounts of pain and
compromised function. It may be
that reports of pain during strength
testing are a less rare event in sam-
ples of patients who report more
severe daily pain and functional loss.
Use of evidence-based estimates to
interpret our beta coefficients when
assessing for confounding may not
be accurate, and we were unable to
identify literature-based estimates
for the 20-m walk test or the
repeated chair standing test. Finally,
because little work has been done
on this topic, we chose to frame our
study as one of parameter estima-
tion rather than hypothesis testing.
Accordingly, no power calculations
were performed.

In conclusion, we found that pain
during maximal isometric quadri-
ceps muscle strength testing neither
modifies nor confounds the relation-
ship between quadriceps muscle
strength and either WOMAC-PF sub-
scale scores nor the 3 performance
measures. Acknowledging that most
of the people in our sample had
mild or moderate disease, our find-
ings suggest that isometric quadri-
ceps muscle strength tests maintain
their relationship with self-report
or performance-based disability mea-
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sures even when pain is elicited dur-
ing testing.
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