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Abstract

Objective—To evaluate whether knee contact force and knee pain are different between
continuous and interval walking exercise in patients with knee osteoarthritis (OA).

Methods—Twenty seven patients with unilateral symptomatic knee OA completed two separate
walking exercise sessions on a treadmill at 1.3 m/s on two different days: 1) a continuous 45-
minute walking exercise session, and 2) three 15-minute bouts of walking exercise separated by 1-
hour rest periods for a total of 45 minutes of exercise in an interval format. Estimated knee contact
forces using the OpenSim software and knee pain were evaluated at baseline (15t minute of
walking) and after every 15 minutes between the continuous and interval walking conditions.

Results—A significant increase from baseline was observed in peak knee contact force during
the weight-acceptance phase of gait after 30 and 45 minutes of walking, irrespective of the
walking exercise condition. Additionally, whereas continuous walking resulted in an increase in
knee pain, interval walking did not lead to increased knee pain.
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Conclusion—Walking exercise durations of 30 minutes or greater may lead to undesirable knee
joint loading in patients with knee OA, while performing the same volume of exercise in multiple
bouts as opposed to one continuous bout may be beneficial for limiting knee pain.
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Introduction

General aerobic exercise is advocated by most international clinical guidelines as an
effective treatment for management of patients with knee osteoarthritis (OA) [1-3].
Randomized clinical trials of aerobic walking exercise, in particular, have shown significant
short-term improvements in pain, functional status and quality of life in patients with knee
OA [4, 5]. However, high exercise attrition and low long-term compliance rates with walking
exercise programs are major barriers for achieving sustained clinical improvements in
patients with knee OA. For instance, a recent systematic review reported significant dropout
rates of 20-30% in as many as 12 randomized controlled trials of walking exercise in
patients with knee OA, indicating patients' reluctance to adopt walking as a form of exercise
[3]. Additionally, sustained compliance with maintaining a regular walking exercise program
has been reported to be as low as 50% in patients with knee OA, resulting in loss of
therapeutic benefits observed immediately after completing a walking exercise program [5,
6]. To this end, evidence suggests that exercise-induced increases in symptoms, beliefs that
exercise could be damaging to the knee, and reduced physical capacity to perform exercises
at intensities and durations recommended for cardiovascular fitness gains appear to influence
why patients with knee OA stop exercising [6, 7].

The current recommendations for walking exercise by the Ottawa Panel suggest that aerobic
walking for obtaining cardiovascular fitness in patients with knee OA should be performed
for at least 30 minutes, at a level of exercise intensity above normal daily activities and at a
minimal frequency of 3 to 4 times a week [3]. This recommendation is similar to that of the
American Geriatric Society which advocates 20-30 minutes of aerobic exercise for patients
with knee OA at low to moderate intensity (40-60% of heart rate reserve), two to five times
per week [8]. According to the recommendations from the American College of Sports
Medicine and the American Heart Association, further participation in aerobic activities
above the minimum recommended amounts can provide additional health benefits [9].
However, prolonged aerobic exercise may also increase symptoms and lead to non-
compliance in patients with knee OA. Evidence from a randomized clinical trial comparing
aerobic and resistance exercise with a health education program suggests that the benefits
gained from a walking program may be negated by exercising for extended periods of
greater than 35 minutes [6]. Similarly, findings from a clinical trial of combined effects of
diet and exercise suggest that prolonged walking exercise appeared to lead to more knee
symptoms and blunting of clinical benefits compared to a non-weightbearing exercise
program [10]. As such, long duration walking in patients with knee OA has been
hypothesized to lead to quadriceps muscle fatigue, loss of effective shock absorption, and
higher rates of knee joint loading, which can lead to increased pain and greater cartilage
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damage [11]. As very few studies have evaluated the effects of increasing walking exercise
duration on symptoms and other clinical benefits, the optimal walking exercise duration for
patients with knee OA remains unknown.

While a single prolonged continuous bout of exercise could have unintended negative
effects, completing the same volume of aerobic exercise through an interval training
program of shorter daily bouts may be an effective alternative. Evidence suggests that an
interval walking exercise program provides comparable and in some cases greater health and
fitness benefits compared to a traditional continuous walking exercise program in middle
aged men and women [12] as well as in post-menopausal women [13]. Interval walking
exercise programs may also reduce attrition within the first 24 weeks of an exercise program
[14] and increase compliance [15] compared to a continuous walking program. Evidence
from a randomized clinical trial of aerobic and resistance exercise compared to a health
education program in patients with knee OA also suggests that participants who either
exceeded or worked at the upper end of their prescribed duration per session did not appear
to benefit as much from their exercise program as those who elected to take brief timeouts
approximately half-way through their exercise therapy [6]. Currently, whether an interval
walking program could lead to greater joint protection and less symptoms compared to a
continuous walking program has not been evaluated.

The purpose of this repeated-measures, cross-sectional, laboratory study was to compare the
acute changes in knee joint contact loading and knee pain between a continuous 45-minute
bout of walking exercise compared to performing the same volume of exercise as three
shorter 15-minute bouts of walking, with a 1-hour rest break between each bout. We
hypothesized that knee contact force (KCF) and knee pain will be higher during a
continuous 45-minute bout of walking exercise compared to completing the same volume of
exercise in an interval format.

Materials and Methods

Subjects

A total of 27 older adults who met the American College of Rheumatology (ACR) clinical
criteria (sensitivity = 95% & specificity = 69%) were recruited from the local research
registries and through community advertisements to participate in this study [16]. The ACR
clinical criteria for knee OA include knee pain on most days plus 3 of the following 6
criteria: age > 50 years, morning stiffness of < 30 minutes, crepitus on active movement,
tenderness of the bony margins of the joint, bony enlargement of the joint, and lack of
palpable warmth of the synovium. For all participants, radiographic knee OA (grade Il or
greater) was confirmed according to the Kellgren and Lawrence rating scale [17] for their
painful knee (Table 1). Participants were excluded if they had contralateral knee pain, had a
past history of traumatic knee injury, total joint arthroplasty, hip or spine pain,
cardiovascular disease or uncontrolled hypertension, were taking beta blockers, had a
neurological disorder that affected their gait, required an assistive device for ambulation or
had a history of two or more falls within the previous year.
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All subjects were also screened prior to inclusion into the study to ensure that they are
capable of maintaining a continuous 45-minute bout of walking exercise on a treadmill at a
speed of 1.3 m/s. This walking speed was selected as the average self-selected walking
speed previously reported in patients with knee OA [18] and to ensure that all participants
completed similar volumes of exercise over a 45-minute bout of walking by covering the
same distance, while minimizing the influence of variable gait speed on knee joint contact
forces [19]. All participants wore a heart rate monitor (Polar Electro Inc.©, Lake Success,
NY, USA) during the walking exercise screening to ensure that walking at the speed of 1.3
m/s coincides with 40-60% of their heart rate reserve (Table 1), which is the recommended
intensity of aerobic exercise by the American Geriatric society for patients with knee OA
[8]. All participants signed an informed consent form approved by the institutional review
board of the University of Pittsburgh prior to any testing.

Data Collection

Participants meeting the inclusion criteria were invited to attend two separate testing
sessions. For the continuous walking exercise session, participants completed a single 45-
minute bout of walking exercise at a speed of 1.3m/s on an instrumented, split-belt treadmill
(Bertec Corp., Columbus, OH, USA). For the interval walking exercise session, subjects
performed three separate 15-minute bouts of walking exercise for a total of 45 minutes, with
each bout separated by a 1-hour rest period. A 1-hour rest period was chosen to simulate
performing multiple short bouts of exercise per day, which has been previously
recommended in the literature for enhancing exercise adherence and weight loss, while
producing similar changes in cardiorespiratory fitness when compared to a single long
continuous bout of exercise [12-15]. During each rest period, subjects were asked to remain
seated and refrain from standing or walking as much as possible. Testing days were not
randomized but were scheduled at least 72 hours apart to allow for alleviation of potential
joint flair-ups and to minimize any carry-over effects from the previous day of testing.

On both days of testing, participants were seated in a chair for 30 minutes and their baseline
heart rate and blood pressure was checked. Participants' lower extremities were then
outfitted with clusters of reflective markers (modified Cleveland Clinic Gait marker set) and
virtual markers were calibrated at the hip, knee and ankle joint centers (The MotionMonitor,
Chicago, IL, USA) for biomechanical data collection. Participants were then attached to a
ceiling mounted safety harness system before the initiation of the treadmill walking exercise
to avoid accidental falls and injury.

During the continuous walking exercise session, 30 seconds of passive marker trajectory
data sampled at 100 Hz (Vicon motion Systems Ltd., Oxford, UK) along with ground
reaction forces sampled at 1000 Hz were collected at baseline (i.e. 15t minute of walking) as
well as during the 15t, 30t and 45t minute of walking exercise. During the interval
walking exercise session, 30 seconds of biomechanical data was collected during the 15t and
15™ minute of each bout of walking exercise.
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Knee Contact Force Prediction

A 3-dimensional, muscle-actuated, computational musculoskeletal model was adapted from
the Lower Limb Model [20] in OpenSim [21] to simulate subject-specific KCFs. The
adapted model contained 23 degrees of freedom (DOF) and 96 Hill-type muscles. Virtual
markers and a marker representing the centroids of the Cleveland Clinic marker sets were
used as the final marker set applied to the adjusted model. The knee in the model was
represented as a 1 DOF hinge joint allowing anterior posterior translation of the tibiofemoral
joint as a function of flexion/extension knee joint motion. Subject-specific models were
anthropometrically scaled from the adapted model until the total root mean square (RMS)
error between the predicted marker location and actual marker location was less than 0.01
meter.

Joint angles were calculated using an inverse kinematics tool which derived the angles by
minimizing weighted square errors of the predicted marker location to the actual marker
location. A computed muscle control algorithm [21] calculated muscle excitations and
forces from inverse kinematic results by resolving the equations of motion for the unknown
muscle forces. Finally, the KCFs were predicted as the sum of the muscle forces and the
joint reaction forces calculated from inverse dynamics equations. The KCFs were
subsequently decomposed into orthogonal components for each child segment in the parent
frame (distal to proximal), with the vertical KCF component reported as the measure of knee
joint loading during gait. The KCFs were predicted for 5 consecutive steps during the stance
phase of gait and were averaged and normalized to the participant's body weight (BW) for
reporting purposes.

Numeric Pain Rating

Pain intensity during walking exercise for the affected knee was recorded on an 11-point
(0-10) numerical pain rating scale (NPRS). NPRS has been shown to have concurrent and
predictive validity as a measure of pain intensity [22, 23]. The NPRS was anchored on the
left with the phrase “No Pain” and on the right with the phrase “Worst Imaginable Pain.”
NPRS was collected during the 15t, 15t 30t and 45t minute of continuous walking
exercise. During the interval walking exercise session, NPRS was collected during the 1st
and the 15th minute of each bout of walking exercise.

Statistical Analysis

Data were analyzed using SPSS (SPSS Inc., Chicago, IL, USA) and were first examined for
normality and homogeneity of variance. To determine whether KCF varied between
continuous and interval walking conditions or as a function of time, a 2x4 (walking
condition x walking time) analysis of variance (ANOVA) with repeated measures was
performed. For all factorial ANOVA tests, significant main effects were considered only if
there were no significant interactions. For all significant main effects, individual differences
were compared using independent sample t-tests with multiple comparison adjustments
using Bonferroni corrections. The NPRS scores for each testing condition were compared
using the Friedman test secondary to not meeting the assumption of normal distribution.
Wilcoxon signed-rank tests were used to locate significant changes in NPRS scores over
time using a Bonferroni correction.
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The KCF curves typically exhibited two peaks during the stance phase of gait which were
consistent for all time points and for both walking conditions (Figure 1). The first and the
often larger initial peak occurred during the weight-acceptance phase of gait, with the
second peak occurring during the late stance phase of gait. The ANOVA results for the first
peak in KCF revealed a significant walking time effect (F3 7g= 5.13, P = 0.003) but no
significant walking condition effect (F1 26= 2.53, P = 0.12) or a walking condition x walking
time interaction (F3 7g= 1.05, P = 0.38; Table 2). When averaged across the two walking
conditions, post-hoc analysis revealed that the first peak in KCF was greater compared to
baseline after 30 minutes (mean difference = 0.25 x body weight; P = 0.01) and after 45
minutes of walking (mean difference = 0.22 x body weight; P = 0.04; Table 1). No
significant walking condition effect (F1 26= 0.29, P = 0.60), walking time effect (F3 7g= 0.87,
P = 0.46), or walking condition x walking time interaction (F3 7g= 0.52, P = 0.66) was
observed for the second peak in KCF (Table 2).

The Friedman test results for NPRS scores revealed a significant difference in pain scores as
a function of walking time during the continuous exercise condition (y = 36.4, P < 0.001).
As compared to baseline, NPRS scores were significantly increased after 15 minutes (Z =
-2.94, P =0.02), 30 minutes (Z = 3.32, P = 0.006), and 45 minutes (Z = -3.60, p = 0.001) of
continuous walking (Figure 2). The NPRS scores were also significantly higher after 30
minutes (Z = -.2.69, P = 0.042) and 45 minutes (Z = -3.37, P = 0.006) of continuous walking
as compared to after 15 minutes of walking. On the other hand, the results of the Friedman
test for NPRS scores were not significant for the interval walking condition (x = 4.87, P <
0.18).

Discussion

Regular walking exercise has been proposed to have a beneficial effect on knee articular
cartilage in healthy, community-based adults without history of knee injury or disease [24].
However, higher levels of joint loading through more intense physical activity have been
associated with development of knee OA and greater risk of total knee replacement [25, 26].
Although walking exercise has been advocated as an effective treatment option for patients
with knee OA, the magnitude of joint loading imposed on the knee joint during walking
exercise remains unclear. The findings of the current study suggest that small (8-9%) but
potentially meaningful (22-25% of body weight) increases in the first peak of the KCF were
observed during the weight-acceptance phase of gait after 30 and 45 minutes of walking
compared to baseline. This increase in early-stance KCF was irrespective of the continuous
or interval format in which participants completed their exercise sessions. Additionally, our
data suggests that increasing the volume of walking exercise from 30 to 45 minutes did not
lead to additional increases in KCF beyond those observed at 30 minutes of walking.

Given that the current recommendations for aerobic exercise prescription for patients with
knee OA advocate at least 30 minutes of walking at intensities similar to that of our study [3,
8], the observed increases in joint loading at and beyond 30 minutes of walking could have
important clinical implications. For example, increased knee loading frequency and
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magnitude have previously been associated with increased pain in patients with knee OA
[27]. Given that participants took an average of 870 steps during each 15-minute bout of
walking in our study, the cumulative effects of a modest 22-25% of body weight increase in
KCF at and beyond 30 minutes of walking for a 200 pound patient would lead to addition of
approximately 36,540 to 43,500 pounds of compressive load to the total knee joint loading
profile. Although there are no longitudinal studies indicating that prolonged walking with
these levels of increase in KCF could lead to progression of knee OA, an increase of this
magnitude would appear to be clinically relevant. The deleterious effects of increasing KCF
as a function of time is further supported by the observation of increasing self-reports of
pain with cumulative walking time in our study, which was especially apparent during the
continuous walking condition.

Our study also found that continuous walking led to a significant increase in pain, whereas
the change in pain was negligible during the interval walking condition, which is a key
consideration for both patients and clinicians. It has been previously suggested that presence
of pain and other symptoms during exercise is a strong predictor of moods experienced post-
exercise, which can discourage habitual health actions such as the potential for long-term
compliance with walking exercise [28]. To this end, the findings of negligible pain increase
in completing a similar volume of exercise in an interval compared to continuous format
could potentially lead to more successful adoption and sustained compliance with
maintaining a regular walking exercise program which should be formally tested in future
studies.

The findings of this study should be evaluated in the context of a number of limitations. We
evaluated walking exercise on a treadmill as opposed to walking overground. While
treadmill and overground walking are biomechanically similar, the metabolic cost of
treadmill walking has shown to be higher in older adults, which may lead to premature
fatigue [29]. Use of a treadmill also limits the ability of participants to modify their gait in
response to changes in pain, which is a compensatory strategy often observed during
overground walking. Therefore, further validation of our findings during an overground
walking exercise condition is warranted. Additionally, ligaments were not included in our
modeling approach, which assumes that external KCFs are generated entirely by the muscle-
tendon structures. In future efforts, contributions from passive structures will be considered
along with the impact of muscle activity and ground reaction forces. It is also important to
note that the intensity of pain during walking exercise in our cohort of patients with knee OA
was on average on the lower end of the NPRS scale. Given that our inclusion criteria
required our participants to be able to walk continuously on the treadmill for at least 45
minutes at the speed of 1.3m/s, our cohort of patients with knee OA could be representative
of a more functionally capable subgroup of patients with knee OA. Finally, testing days were
not randomized. To this end, a post-hoc analysis of walking knee joint kinematics and
kinetics (data not reported) revealed no significant between day differences, suggesting that
the 72-hour (or greater) washout period between sessions was sufficient to minimize any
carry-over effects. Therefore, it is unlikely that the order of testing affected the clinical
interpretation of the data but this assertion cannot be fully verified.
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In conclusion, cumulative increases in walking exercise volume of greater than 30 minutes
(irrespective of walking condition) were associated with a 22-25% of body weight increase
in the first peak in KCF, suggesting a significant increase in articular cartilage loading
profile that may be undesirable. Additionally, the continuous walking regimen appeared to
potentiate an increase in knee pain, while an interval walking regimen of similar walking
volume did not lead to increased pain. Together our preliminary findings suggest that
prescription of walking exercise of greater than 30 minutes may lead to undesirable joint
loading and increased reports of pain, while performing the same volume of exercise in
multiple bouts as opposed to one continuous bout may be beneficial for limiting knee pain.
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Highlights

We compared continuous and interval exercise in patients with knee
osteoarthritis.

Knee loads and pain were evaluated every 15 minutes for a total of 45
minutes.

Knee loads increased after 30 minutes of walking for both exercise
conditions.

Knee pain increased with time during continuous but not interval walking.
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Figure 1.
A representative mean knee contact force (KCF) profile during the stance phase of gait with

two peaks during the weight acceptance and late stance phases of the gait cycle.
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Figure 2.

Box plots representing changes in numerical pain rating scale (NPRS) scores over time
during the continuous and interval walking exercise conditions. Scores are presented as
medians; the ends of the boxes define the 25! and 75th percentiles. * Denotes statistically
significant difference from the baseline. T Denotes statistically significant difference from
the 15-minute walking time point.
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Patient demographics and characteristics.

Table 1

Age (years)

63.7 (7.7)

Female, n (%)

20 (74.1%)

Height (cm) 168.0 (8.7)
Weight (kg) 77.4(14.7)
Body Mass Index (kg/m?) 27.3(3.7)
Tibiofemoral Compartment Radiographic Severity, n (%)’t
Grade 2 10 (37%)
Grade 3 8 (30%)
Grade 4 9 (33%)
Patellofemoral Compartment Radiographic Severity, n (%)
Grade 0 4 (15%)
Grade 1 10 (37%)
Grade 2 7 (26%)
Grade 3 2 (71%)
Grade 4 4 (15%)
Knee injury and Osteoarthritis Outcome Score (KOOS) *
Pain (Range: 0 — 100) 64.4 (17.7)
Symptoms (Range: 0 — 100) 63.2 (17.3)
Function in Daily Living (Range: 0 — 100) 72.5(18.3)
Function in Sport and Recreation (Range: 0 — 100) 46.2 (26.2)
Knee Related Quality of Life (Range: 0 — 100) 53.6 (18.7)
Heart Rate Response to Walking Exercise
Baseline (Beats Per Minute) 75.7 (10.3)
15 Minutes of Walking (Beats Per Minute) 100.8 (14.4)
30 Minutes of Walking (Beats Per Minute) 105.1 (15.6)
45 Minutes of Walking (Beats Per Minute) 105.5 (16.2)

’tAII patients had to have at least a grade 2 evidence of radiographic tibiofemoral joint OA to be included in the study.

*
KOOS scoring: 100 indicates no problems and 0 indicates extreme problems
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Table 2

Page 14

Comparison of the change in the first and the second peaks in the knee contact force between the continuous
and interval walking exercise conditions.

Knee Contact Force (15t Peak) | Baseline 15 Minutes | 30 Minutes | 45 Minutes
Continuous (x body weight) 2.73(0.58) | 2.79(0.60) | 3.03(0.62) 2.98 (0.65)
Interval (x body weight) 2.92(0.78) | 3.04 (0.84) 3.12(0.72) 3.10 (0.76)
Combined (x body weight) 2.82(0.68) | 2.92(0.72) | 308(0.67)" | 3.04 (0.72)"
Knee Contact Force (2! Peak)

Continuous (x body weight) 2.83(1.05) | 2.78(0.96) | 2.76 (0.96) 2.72 (0.92)
Interval (x body weight) 2.72(1.02) | 2.73 (0.96) 2.75(0.94) 2.59 (0.84)
Combined (x body weight) 277 (1.04) | 2.75(0.96) | 2.76 (0.95) | 2.66 (0.88)

*
Statistically significant differences (p<0.05) compared to baseline.
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