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Abstract
Introduction: Muscle weakness is a common impairment in the knee
osteoarthritis (OA) population that is partially due to an impairment in the central
nervous systems ability to activate a muscle fully. The effect of resistance
training intensities on muscle activation in the knee OA population has not been
studied. Therefore the purpose of this study was to compare muscle activation of
older adults with knee OA during low intensity versus high intensity resistance
training programs over an 18 week period.
Methods: Participants (N=25) were recruited from the Strength Training for
Arthritis Trial (START). Participants were randomized into low intensity (30% 1RM) or high intensity (75% 1-RM) strength training groups. EMG of the vastus
lateralis, biceps femoris and gluteus medius were analyzed at baseline, 9 weeks
and 18 weeks following training.
Results: Mean activation of the gluteus medius was significantly greater
(P=0.028) in the high intensity group at 18 weeks compared to the low intensity
group. Mean activation for the biceps femoris was significantly greater (P=0.024)
in the high intensity group at 9 weeks compared to the low intensity group. No
significance was found for the vastus lateralis.
Conclusion: Rehabilitation efforts should utilize high intensity resistance
training to maximize muscle adaptations in the knee OA population.
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Introduction
The most common cause of disability among the United States population
of older adults is arthritis1. Osteoarthritis (OA) is the most prevalent form2 and the
knee is the most affected weight bearing joint, affecting 250 million people
worldwide3. Knee OA is a progressive, degenerative disease which affects the
entire joint. Breakdown of the joint tissues can lead to pain, stiffness, functional
limitation, disability, and ultimately a poor quality of life.
Osteoarthritis is currently a disease that has no cure. Pain is the most
debilitating symptom and is the focus of current treatment. Exercise is a common
treatment for patients with knee OA due to its potential to reduce pain, increase
muscle strength, aid in weight loss, improve mobility and enhance health related
quality of life. Individuals with knee OA commonly exhibit quadriceps muscle
weakness which is inversely related to knee pain4. Resistance training is
commonly prescribed as a form of treatment; it decreases pain significantly while
increasing functional ability 5–10.
The gradual decline in quadriceps strength associated with knee OA is
attributed, in part, to impairment in the central nervous system’s ability to activate
the muscle fully. This is termed central activation failure or arthrogenous muscle
inhibition (AMI)11–13. It is theorized that AMI can result from progressive joint
degeneration resulting in abnormal articular afferent information being sent to the
motor neurons that reduces activation14. Increases in strength during the early
stages of a resistance training program are mainly due to neural adaptations that
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elevate motor unit recruitment. According to the Henneman’s size principle of
recruitment15, muscle fibers are recruited progressively so that smaller motor
units are recruited first followed by the larger motor units. Since substantial force
production is required when lifting heavy loads such as 75% of 1 repetition max
(RM), to meet the force demands both small and larger motor units must be
recruited. Slow twitch muscle fibers are recruited first followed by fast twitch
muscles fibers. This is in contrast to lifting lighter loads such as 30% of 1RM
which has lower force demands therefore requiring less motor unit recruitment
and consequently less muscle activation16.
Patients with knee OA have significant lower extremity muscle weakness
as well as lower muscle activation compared to the healthy population. To
maximize strength gains in this population it is important to increase muscle
activation which leads to an increase in lean mass. Since muscle activation may
be a predictor of strength gains in the OA population17, determining the
resistance training intensity that elicits a greater activation response may shed
light on the optimal resistance training load prescription for treatment of knee OA.
To initiate an adaptive response to strength training, a muscle fiber must be
recruited, which makes high load training logical to maximize muscle adaptation.
The effect of exercise intensities on muscle activation in the knee OA population
has not been studied. Therefore the purpose of this study was to compare
muscle activation of older adults with knee OA during low intensity versus high
intensity strength training programs over an 18 week period.
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Review of the Literature
Epidemiology of Osteoarthritis
The most common cause of disability among older adults is arthritis18.
Approximately 52.5 million Americans have been diagnosed with some form of
arthritis1. Osteoarthritis (OA) is the most prevalent2 with approximately 27 million
Americans affected 19. OA is a progressive, degenerative disease that effects the
entire joint. Breakdown of the joint tissues can lead to relative degrees of pain
and stiffness leading to functional limitation and disability, and reduced quality of
life.

In the United States 13.9% of adults aged 25 or older and 33.6% of those
65 years and older are affected by OA2. The joints of the hand are most
commonly affected by OA,2 with knee OA being the second most prevalent
form.20 Approximately 6% of all adults are affected by knee OA21. The
Framingham Osteoarthritis Study22 examined the prevalence of knee OA in the
older population and found that it was high and that it increased with age. There
were 1,418 participants in the study of which 33% had radiographic knee OA and
9.5% had symptomatic knee OA. The data indicated 27% of those aged 65-69
had evidence of radiographic OA that increased to 51% over the age of 85 years.
Furthermore, women had a slightly higher prevalence compared to men.
Interestingly, although there was a correlation between increased severity of
radiographic knee OA and symptoms, only 40% of those with Kellgren-Lawrence
grade 3 or 4 (moderate-severe) radiographic changes had symptoms. The
Johnston County Osteoarthritis Project23 used a sample of both African American
3

and Caucasian participants. They found that African Americans had a higher
prevalence of OA compared to Caucasians. Similar to the Framingham study,
this study also found that prevalence among women was higher, and increased
with age.
The overall incidence of knee OA is 240 per 100,000 person years24, it
increases with age, especially after 50 years, with the highest incidence in the
age range of 70-79 years for both men (839/100,000 person years) and women
(1,082/100,000 person years). According to Murphy and colleagues,25 the lifetime
risk of OA (developing OA by the age of 85) is 44.7%. Obese individuals had
significantly higher lifetime risk at 60.5% compared to 30.2% and 46.9% among
normal weight and overweight respectively. The incidence rates are highest
among those with the following baseline characteristics: age greater than 75
years, obese, history of knee injury, or an annual household income less than
$15,000. Grotle and colleagues found that individuals with a high BMI ( > 30)
were 2.8 times more likely to have knee OA than those of normal weight (OR
2.81; 95%CI 1.32-5.96)26. Pain and stiffness have the greatest effect on
functional limitation and disability,27–29 suggesting that efforts to reduce pain will
have beneficial effects on function and quality of life.

Pathology/ Development and Progression of OA
OA is complex in that there are multiple disease pathways.30. There is no
single pathogenesis to the onset and progression of knee OA but rather a
combination of factors that coalesce. The development of knee OA is attributed
4

to factors including the breakdown of the articular cartilage on the femur and tibia
as well as alterations to the subchondral bone31. The disease affects components
of the entire joint including bone, cartilage, muscles, ligaments, the synovial
membrane, and the joint capsule. There is joint space narrowing with an increase
in joint inflammation. The causes of degenerative changes are complex and
involve interrelated biological, mechanical and structural changes 30,32–46.

The mechanical component refers to any signal that delivers a mechanical
stimulus to the body and spans all the way to the mechanical cell environment30.
Mechanical factors can include acute trauma, muscle weakness, joint deformity
and repetitive use47 which destroy chondrocytes and disrupt the extracellular
matrix48. This results in proteoglycan depletion which is essential to maintaining
the load bearing role of cartilage. Studies have shown that the external adduction
moment during walking plays a role in the progression of knee OA. A high
adduction moment can accelerate the rate of disease progression. Subjects with
lower adduction moments had substantially better clinical outcomes than those
with higher values49,50,51. Trauma such as ACL or meniscal injury is a factor in the
onset and progression of knee OA due to kinematic changes52–55 that can shift
the load bearing areas of the knee away from normal contact locations. If the
cartilage in the new load regions cannot adapt, degeneration occurs55.

The biological component includes the factors that influence cell
metabolism, levels of systemic inflammation and genetic etiologies30. Although
OA has been widely recognized as a non-inflammatory disease, more recent
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studies have suggested inflammation is detrimental to the clinical
outcome36,42,43,56. Evidence shows presence of chronic synovitis is common
among individuals with OA, even in the absence of acute inflammatory flares36.
Pro-inflammatory cytokines such as Interleukin-6 (IL-6) are up-regulated during
synovial inflammation that can augment inflammatory angiogenesis36,42,43.
Angiogenesis is the formation of new capillary blood vessels that contribute to
inflammation, osteophyte formation and increased pain36. New blood vessels
have increased permeability to macromolecules that facilitate edema formation
and can transport inflammatory cells, nutrients and oxygen to the site of
inflammation. Angiogenesis can facilitate pain through structural reorganization
of the joint and growth of fine sensory nerves36. Elevated serum levels of Creactive protein (CRP) are present in patients with OA 57 and could be attributed
to increased levels of IL-6 stimulating CRP production39. Higher levels of CRP
have been associated with progression of radiologic disease, especially cartilage
loss57. In addition, those with rapidly progressive OA have higher levels of CRP
compared to those with slower or non-progressive OA, suggesting the
importance of inflammatory markers to the progression of OA36,57.

Diagnosis

Knee OA can be diagnosed radiographically and symptomatically.
Radiographic knee OA is most commonly diagnosed using the KellgrenLawrence58 grading scale. This scale ranges from 0 to 4 and is based on joint
space narrowing and the formation of osteophytes and bone deformity. A grade
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of 0 is an absence of any evidence of joint space narrowing or osteophyte
formation, grade 1 indicates doubtful narrowing of the joint space with possible
osteophyte formation, grade 2 displays definite joint space narrowing with definite
osteophytes formed, grade 3 expresses moderate multiple osteophytes with
definite joint space narrowing, and grade 4 displays large osteophytes,
substantial joint space narrowing and definite bone deformity.

Symptomatic knee OA is an expression of the severity of pain associated
with the knee. Generally pain is evaluated using questionnaires that inquire about
an individual’s presence of pain, stiffness, and/or joint swelling. Diagnosis of
knee OA requires a combination of approaches due to the weak association
between symptoms of knee OA and radiographic findings59. According to the
American College of Rheumatology, clinical diagnosis of OA is defined as knee
pain plus at least 3 of the following 6 criteria: age > 50 years, stiffness < 30
minutes, crepitus, bony tenderness, boney enlargement, and no palpable
warmth60. These clinical criteria are often used in combination with radiographic
and laboratory findings. Studies have shown that individuals who show low levels
of radiographic knee OA could have severe pain levels while in other incidences,
individuals with high levels of radiographic knee OA may have low pain levels61.
Since symptomatic and radiographic knee OA are poorly correlated, for clinical
purposes, the goal of treatment is pain reduction.
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Risk Factors

The etiology of knee OA is due to either systemic or local/mechanical risk
factors that interplay resulting in the onset and progression of OA.
Local/mechanical factors are further divided into extrinsic and intrinsic factors.
Systemic factors such as age and ethnicity may predispose and individual to OA,
while local factors such as abnormal joint mechanics due to injury may be what
initiates the cascade of changes to the joint that can result in OA62. Systemic
factors such as age and sex are considered non-modifiable, while local factors
such as BMI, muscle weakness and level of physical activity are considered
modifiable. These are generally the main focus for risk reduction and
intervention.

Increasing age is associated with an increased incidence and prevalence
of both radiographic and symptomatic knee OA22,24,62. Risk of OA increases
drastically at ages above 50 years24. Data from the Framingham Osteoarthritis
Study showed 27% of those aged 65-69 had evidence of radiographic OA that
increased to 51% over the age of 85 years22. Furthermore, a health maintenance
based survey showed a ten-fold increase in OA between the ages of 30-65
years24. The high risk due to an increase in age can be due to various factors
such as changes in articular cartilage with possible joint space narrowing,
increased joint laxity, past injury with resultant biomechanical changes or other
age related factors62.
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Sex is another risk factor associated with increased incidence and
prevalence of knee OA. Data from the Framingham Knee Osteoarthritis Study
reported a 1.7 times higher incidence of osteoarthritis of the knee in women than
in men (95%CI: 1.5–2.7). Similarly, women were estimated to have a lifetime
increased risk of symptomatic knee OA of 46.8% (95%CI: 41.2–52.5)22. A
possible explanation for the differences seen between males and females could
be due to hormonal changes. There is a significant increase in the incidence of
OA in women above the age of 5024 that coincides with the onset of menopause.
However, results from both observational studies and larger randomized trials on
the association of estrogen and osteoarthritis have been mixed 62.

Racial and ethnic differences may impact the prevalence of knee OA in
certain populations. Data from the Johnson County Osteoarthritis Project showed
a 6% higher prevalence of radiographic knee OA among African-Americans than
Caucasians [32.4%(95%CI:29.8–35.1) v. 26.8%(25.3–28.4)]23. This was
supported by the NHANES-III data that also reported a higher incidence of knee
OA in African Americans than Caucasians [OR = 1.65, 95%CI: 1.17–2.37], as
well as more symptomatic knee OA in African-Americans than Caucasians: [OR
= 1.52, 95%CI: 1.06–2.19]63.

Local factors that affect the risk of knee OA are thought to work through
abnormal joint loading that alters the load across the joint62. These local factors
include obesity, malalignment, muscle weakness, previous trauma/injury, sports
participation, or occupation. Intrinsic local factors include muscle weakness, joint
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malalignment, and joint laxity. Extrinsic include factors such as obesity, physical
activity, acute injury, and repetitive joint loading.

Numerous studies have demonstrated that overweight and obese
individuals have an increased risk for developing knee OA. A 2015 meta-analysis
of the risk factors of OA found 25 studies that reported overweight or obese as a
significant risk for developing knee OA64. Of the 25 studies used in the metaanalysis there was a pooled OR of 2.10 (CI 1.82-2.42) showing an increased risk
of knee OA in those overweight or obese64. There is a progressive increase in
shear and compressive forces with each increase in BMI category65. These
increased forces are associated with alterations in gait that contributes to knee
OA risk compared to those who are healthy weight66. There is also a significant
association between weight loss and decreased compressive loads. Messier et
al. demonstrated a direct relationship between weight reduction and decreased
tibiofemoral joint contact forces. With each pound of weight loss there is a
subsequent 4 pound reduction of joint load67. Furthermore Aaboe et al. showed
that with each 1N of weight loss, compressive loading was reduced by 2.2 N68.
This demonstrates that BMI as a risk factor is modifiable and should be
considered when treating knee OA. The prevalence of knee OA is projected to
increase dramatically in future years due to the increasing age of the population
and ongoing obesity epidemic69

Although varus or valgus alignment is considered a risk factor for incident
knee OA, the current research has shown conflicting results. Data from the
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Rotterdam study found that varus alignment was associated with a 2-fold
increased risk for knee OA (OR 2.06, 95% CI 1.28-3.32) as well as an increased
risk of OA progression compared to the group with normal alignment (OR 2.90,
95% CI 1.07-7.88)70. Data from the Framingham Osteoarthritis Study showed
different results with no significant increase in incident OA in the highest quartile
compared with the lowest quartile category for any of the alignment measures. It
was suggested that malalignment be used as a marker of disease severity and/
or progression.71.

Knees with existing OA have weaker quadriceps than healthy knees
however, whether greater muscle strength surrounding the knee can protect
against further progression is uncertain. Greater muscle contraction increases
joint loads during activity72, whether this is a factor in progression of OA is
questionable. Some studies suggest that

uadriceps and hamstring co-

contraction during gait work to attenuate loads in the knee, which would suggest
that greater strength in the muscles surrounding the knee would act as a
protective mechanism against the development and progression of knee OA72.
Segal73 and Hootman74 conducted studies supporting this idea and found that
quadriceps strength significantly reduced the risk for knee OA. On the other
hand, there are data that imply that greater quadriceps muscle strength may be
associated with increased risk of OA in malaligned72 and lax knees75. Omori and
colleagues observed a tendency of the quadriceps muscle strength level to
decrease with progression of knee OA grade76. Individuals with knee OA often
use a pain reduction technique called quadriceps avoidance in which muscle
11

atrophy is likely to occur. During gait individuals reduce knee flexion therefor
reducing articular forces in an attempt to decrease knee joint pain 77. This is a
likely link between muscle weakness and knee OA.

Knee injury is also a significant risk factor in the development of knee OA.
Injury to the joint can lead to altered mechanics which in turn can lead to the
development of knee OA. Multiple studies have examined the impact of
sustaining an ACL injury on the prevalence of knee OA. Two studies in particular
demonstrated an increased prevalence of OA in females 12 years after injury and
in males 14 years after injury78,79. Meniscal resection has also been found to
increase the risk of incident knee OA (RR=2.6, 95% CI: 1.3-6.1), with total
meniscectomy showing an even stronger risk up to 15-22 years after the
procedure80. Total meniscectomy has been associated with a 6-fold increased
relative risk for the development of knee OA80.

The association of physical activity and knee OA is somewhat conflicting.
Engaging in physical activity results in repetitive loading at the knee joint that
could potentially increase the risk for developing OA. However, physical activity
can yield many benefits such as joint lubrication and strengthening of the
muscles surrounding the knee. High level participation in sports has been
associated with an increased risk of knee OA81. In the Framingham study,
individuals who participated in 4 or more hours a day of leisure time physical
activity were at a 3-fold increased risk for developing radiographic knee OA
compared to a sedentary group22. However, studies examining the association of
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running with knee OA found that neither heavy mileage nor the number of years
running were contributory to the future development of OA82,83. Data are clearer
when examining occupational physical activity and its association with knee OA.
Jobs which require prolonged kneeling or squatting/bending result in an elevated
risk for development of knee OA compared to jobs that don’t require these
actions84,85.

Treatment Options

OA is currently a disease that has no treatment to completely cure
arthritis. Pain is the most debilitating symptom of OA and is different for each
person. For this reason treatments focus on pain reduction to improve function
and quality of life. There are various ways to attempt to reduce pain including
exercise, patient education, medication, surgical procedures and alternative
medicine options such as Tai Chi, meditation or yoga.

Exercise is commonly prescribed for knee OA because of its potential to
reduce pain, increase muscle strength, aid in weight loss, improve mobility and
enhance overall well-being. Currently the research regarding which form of
exercise (resistance or aerobic) is most effective is unclear, however there have
been various studies reporting both resistance and/or aerobic exercise can be
successful. The Fitness Arthritis and Seniors Trail (FAST)86 compared aerobic
exercise to resistance training in community dwelling subjects with knee OA.
Walking three times per week for 18 months reduced pain levels by 12% while
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resistance exercises reduced pain by 8%, suggesting that both exercise
modalities can be successful.

Patient education is also effective in reducing pain due to OA. Mazzuca
and colleagues87 analyzed the effects of self-care education on the health status
of patients with knee OA. The education group received 30-60 minute
individualized educational intervention that emphasized non-pharmacologic
management of joint pain, preservation of function by problem solving and
principals of joint protection. Data showed the education group had significantly
lower scores for disability and resting knee pain.

Pharmacological intervention is another treatment for the reduction and
management of knee OA pain. Common pharmacological interventions include
acetaminophen, nonsteroidal anti-inflammatory drugs (NSAIDs), opioids, and
intra articular corticosteroids88,89. A 2015 systematic review comparing the
effectiveness of pharmacological interventions for knee OA found acetaminophen
the least effective treatment for pain compared to all other treatments under
review90. They also found intra-articular treatments to be more effective than oral
treatments. NSAIDs have been proven effective with decreases in WOMAC pain
by 17.6 points and are most commonly prescribed91. NSAIDs and opioids have
high toxicity and are of greater concern in persons with multiple co-morbidities.
Up to 40% of the knee OA population are affected by co-morbidities that increase
the toxicity of these drugs91 . Major toxicities of concern include gastrointestinal,
cardiovascular and fracture events88,90,91. Due to the risk of toxicity the
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Osteoarthritis Research Society International (OARSI) guidelines have classified
the use of NSAIDs and opioids for the treatment of knee OA as “uncertain”88.
Despite the risk of toxicity the use of these drugs in the OA population has
continued to increase92.

When knee OA becomes so severe that other treatment options do not
help, total joint replacement may be recommended. A randomized controlled trial
comparing total knee replacement (TKR) to non-surgical treatment over a 12
month period found that those who underwent the surgical procedure had greater
pain relief and functional improvement compared to the non-surgical group. The
surgical procedure however, does come with more risks, as the study did
mention the surgical group had 24 serious adverse events compared to only 6 in
the non-surgical group93. Another study reported 60% of patients who received
TKR improved >20 points (range 0-100) on WOMAC pain score 6 months postsurgery94. A retrospective study found >70% of the TKA patients had no pain at
1, 3, 5 and 10 years post operation95. Post-operative pain did not differ between
patients age >80 years and <80 years, however, a greater complication rate was
present in the group >80 years (19%) compared to the younger group (15%),
suggesting the elderly are more prone to complication. Complications include
acute renal failure, cerebrovascular accident, deep infection, deep venous
thrombosis, implant loosening, myocardial infarction, periprosthetic fracture,
prolonged wound drainage, pulmonary embolism, superficial infection and
tibiofemoral dislocation.
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Effects of Strength Training on OA

OA patients suffer limitations that lead to physical disability that can have
a direct impact on other aspects of life such as social interactions, mental
functioning and sleep quality. Health related quality of life (HRQoL) measures are
important to help quantify the physical, social and emotional impact of knee OA 96.
Knee OA patients report lower scores on every HRQoL parameter compared to
age-matched controls97. Resistance training is an essential part of the
management of OA due to its effectiveness in reducing pain, improving function
and overall quality of life.

The most significant clinical improvements seen from strength training in
knee OA patients is reduced pain and increased function6–10,98,99. Resistance
training programs ranged from home based training, isokinetic, dynamic and
isometric techniques. Topp and colleagues10 evaluated the effect of dynamic vs.
isometric resistance training on four functional tasks and found that both methods
reduced time to complete the tasks, including ascending and descending stairs,
with no significant difference between treatment groups. They also found that
knee pain while performing the functional tasks decreased by 28%-58%.
Furthermore, a study done by Gur et al. compared concentric to combined
concentric-eccentric isokinetic training and found both methods were effective in
reducing pain scores and functional capacity9. Two studies evaluating the
effectiveness of home based strength training on patients with knee OA reported
decreased pain and increased function based on the Western Ontario and
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McMaster Universities Osteoarthritis (WOMAC) index. Results exhibited a
reduction of pain by 22.5%98 and 36%7 and increases in physical function by
17.4%98 and 38%7 in the exercise groups compared to the controls. Home based
exercise makes treatment more accessible to OA patients which could therefore
improve long term adherence.

Resistance training improves various measures of muscular function such
as strength, range of motion, walking speed and endurance, as well as stair
climb. These functional measures are important for improved quality of life as
well as to decrease the risk for OA development and progression 100. Multiple
studies have demonstrated that older adults with knee OA are able to
significantly increase their muscular strength in the muscles surrounding the
knee joint following a resistance training program8–10,86,98,99. A review done by
Bennell et al. found strength increases in knee OA by 5%-71% depending on
various components such as intensity, compliance and specificity101. The most
beneficial intensity of training is currently unclear. A meta-analysis examining
high intensity strength training compared to other intensities on the lower limb in
older adults found that high intensity training does have some advantages over
lower intensities. The analysis however did find that when participants performed
a similar volume of training, strength gains were the same regardless of intensity.
They also found that shorter high intensity strength training programs of 12
weeks demonstrated significantly greater gains in outcomes such as strength
and endurance compared to lower intensities of training102. This might be
beneficial to those with time constraints. With an increase in muscle mass, knee
17

OA patients have improved metabolic profiles due to an increase in total energy
expenditure (TEE) and decreased respiratory exchange ratio (RER) that
increases lipid oxidation103. The increased TEE was due to an increase in
physical activity (controlling for resistance training) and resting energy
expenditure. This is consistent with the findings of Farr and colleagues who
found that participants in a resistance training group increased and sustained
their moderate to vigorous physical activity levels by 10% over 9 months
compared to a self-management group who did not sustain increased PA levels6.

The focus of strength training for knee OA patients should be to target the
muscles of the lower extremity, especially those surrounding the knee joint.
Patients with knee OA are 20-40% weaker in relative quadriceps strength
compared to healthy controls101. The ROAD study4 was a prospective study that
found an increase in quadriceps muscle strength. Those with quadriceps muscle
strength of < 10kgf had a 53.9% prevalence of knee pain while those with
quadriceps muscle strength > 40kgf had a 9.8% prevalence of knee pain. This
demonstrates the importance of focusing resistance training on the quadriceps
muscles, however it is important to balance the strength of the agonist and
antagonist muscles, therefore strengthening of the hamstring muscles is also
important. Hip abductor strength such as that of the gluteus medius is associated
with functional performance measures such as stair climb in patients with knee
OA104. Hinman and colleagues reported strength deficits in OA patients of 16%
(hip extensors) to 27% (hip external rotators) compared to controls105. All of the
above mentioned muscle groups are important during phases of gait, increasing
18

muscle strength in these muscle groups can provide an increased level of
stabilization at the joint. Overall muscular strength surrounding the osteoarthritic
joint is important for joint protection by providing added support.

Various factors contribute to an increase in muscle strength following a
resistance training program. Factors include increased muscle cross sectional
area (CSA), decrease in antagonist muscle co-activation, and improved neural
drive. Ferreri and colleagues examined the effects of strength training in older
adults and found that increases in torque and power were partly due to significant
increases in CSA (.7%) of the knee extensors. They suggested an increase in
neural drive also contributed to the increases in strength, however, did not see
significant changes in EMG activity of the vastus lateralis106. Another study
compared high and low intensity resistance training in older women and found
that type I fiber CSA increased significantly in both groups. Type II fiber CSA
increased but not significantly107. CSA and muscle activation increased in a study
done on both elderly males and females during 12 weeks of high intensity
resistance training108. Another study that examined high intensity strength
training in frail elderly over 90 years old resulted in a 9% increase in midthigh
muscle area109. Walker and Hakkinen conducted a 10 week strength training
study on young and older adults and found that while both groups significantly
increased strength the dominant mechanism to the strength gains were different
between groups. Older adults significantly increased neural drive based on an
increase in EMG amplitude while the young group did not. The young group
increased strength through an increase in lean mass, however both young and
19

older adults significantly increased CSA of the vastus lateralis110. Co-contraction
of the vastus lateralis and biceps femoris muscles decreases with the
implementation of an exercise program in patients with knee OA. This decrease
in co-contraction lead to decreased pain and increased strength 111.

Although the various studies ranged in resistance training techniques, it is
clear that regardless of the method, resistance training is an effective treatment
for OA patients. It is important to realize the various components contributing to
increased strength to maximize training. With a range of techniques to choose
from patients can choose the option that best fits their interests to make the
treatment more individualized which is important for success.

Surface Electromyography

The electromyographic signal (EMG) is the electrical manifestation of the
neuromuscular activation associated with a contracting muscle 112. Surface
electromyography (sEMG) uses electrodes placed on the skins surface to detect
the average activity of superficial muscles. There are both square and circular
electrodes that have no functional difference in recording characteristics, as long
as the surface area is the same113. Electrodes are made of conductive materials
that can range from plated metals to stainless steel. Electrodes convert the
electric potential generated by the muscle into an electric signal that is conducted
to an amplifier. The amplifier detects the small currents from the electrodes and
increases their magnitude to a large enough size that can be recorded114. The
muscle action potential (m.a.p) generates extracellular currents that extend from
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the muscle membrane to the electrode at the skins surface. The electrode will
record the algebraic sum of all of the m.a.p’s being transmitted along the muscle
fibers at that point in time. The EMG signal is measured in millivolts.

There are two types of electrodes. The first is a passive electrode where
the metal recording surface is recessed within a plastic casing. Electrode gel is
used to form a conduction path from the skin to the metal surface. The second
type of electrode is an active electrode that incorporates a preamplifier within the
small case that surrounds the metal recording surface. The metal makes direct
contact with the skin and does not require electrolyte gel as long as the skin is
thoroughly cleaned so the natural electrolytes present in the derma can conduct
the signal114. The advantage to using active electrodes is that the signal strength
is large in comparison to the surrounding noise115. In general, surface electrodes
are advantageous compared to needle electrodes in that it is noninvasive and
easy to apply.

Noise
“Noise” is unwanted signal from the surrounding electrical fields and
atmosphere that is acquired while traveling through tissue. There are a multitude
of influences that can induce noise in an EMG signal. It can be categorized into
the following types116,117: (1) inherent noise in electronics equipment which is
described by Winters118 as a hum which cannot be eliminated but can only be
reduced; (2) ambient noise which refers to the electromagnetic radiation that the
surface of our body is constantly inundated with and can’t be avoided; (3) motion
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artifact that can come from either the electrode interface or electrode cable; (4)
cross talk that is an undesired signal from a neighboring muscle group. The best
way to avoid this is with careful placement of the electrode on the belly of the
muscle being analyzed and, (5) inherent instability of the signal that refers to the
fact that the amplitude of the signal is random in nature due to the different firing
rates of motor units. The frequency components between 0 and 20 Hz are
considered unwanted noise. The amplitude and frequency of the signal will also
vary depending on the electrode orientation with respect to the muscle fibers due
to muscle tissue being anisotropic119. The goal during acquisition of the EMG
signal is to reduce the amount of noise that may alter the signal. The two most
common filters applied to EMG to filter noise are the Butterworth and Bessel
filters114.

EMG Signal Amplitude

The amplitude of the EMG signal is used as a measure of motor unit
recruitment. The peak to peak amplitude of a waveform is proportional to the
number of motor units recruited during electrical stimulation, however during
voluntary contraction the relationship is influenced by wave cancellation. Wave
cancellation can cause an underestimation of motor unit firing due to an
overlapping of positive and negative phases of m.a.p’s which cancel each other
out120. Figure 1 shows a raw EMG signal with both positive and negative
phases.
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Figure 1: Raw EMG signal

Subcutaneous fat can also cause variations in the EMG signal amplitude.
EMG amplitude decreases with increasing muscle-electrode distance during both
maximal and submaximal contractions121. One study found that fat layers of 3, 9,
and 18 mm decreased the amplitude of the EMG by 31.3%, 80.2% and 90.0%
respectively. This same study also found that reducing the fat layer from 9mm to
3mm caused the EMG amplitude to increase by 241% and decrease cross-talk
by 68%122. This is an important consideration when analyzing individuals with
knee OA due to the high prevalence of overweight and obese individuals in this
population.

23

Treatment of EMG Data

The raw EMG signal contains valuable information that can only be used if
it can be quantified. Various processing techniques are applied to the raw EMG
to reduce noise and to extract useful information from the signal. The EMG signal
provides information on amplitude, frequency and timing. The most common
amplitude demodulation technique is linear envelope detection. This process
involves full wave rectification that takes the absolute value of the raw signal so
the signal has a positive polarity. The high frequency of the signal is then
removed by low-pass filtering. Cutoff frequencies can range from 3-60 Hz,
however most EMG researchers have used cutoff frequencies below 20 Hz114.

There are two EMG detectors that involve the band passed EMG signal
(meaning the signal was high and low pass filtered) which requires little or no
additional processing. The average rectified value (AVR) is a linear detector that
calculates only the absolute value of each EMG over a specific interval. The root
mean squares (RMS) technique is a nonlinear method that does not need
rectification before calculation. The amplitude of the RMS signal is considered
superior to the ARV method because it is not influenced by wave cancellation of
the positive and negative phases of m.a.p’s114. Farfán and colleagues123
evaluated processing techniques for static and dynamic contractions. They used
EMG during abduction/adduction movement of the arm in the scapular plain on
the middle deltoid muscle. They found that the best processing technique for
static and dynamic contractions was RMS. This was assessed based on the
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amount of information (the relation degree between stimulus and response) each
processing technique evaluated as well as its linear relationship to the
abduction/adduction position of the arm. To determine the onset of muscle
activation manual inspection of the EMG signal remains the gold standard 124.

EMG Reliability

EMG is a reliable measure of muscle activation during dynamic
movements such as that done in resistance training as well as isometric
contractions in both the healthy and OA populations125–129. Zech and
colleagues126 tested the reliability of EMG on highly skilled athletes, sports
students and untrained subjects. A high reliability was shown with maximal
voluntary muscle contractions (MVC) between session 1 vs. 2 and 2 vs. 3 (ICC=
0.92 and .97). In an OA population, Staehli et al. found an ICC of 0.94 for
quadriceps muscle function using EMG on the Vastus Lateralis. 129 Test re-test
reliability of EMG recordings during walking in individuals with knee OA
separated by one month had ICC values greater than 0.81128. The various
studies conducted have shown EMG to be a reliable measure of muscle
activation for various populations including those with knee OA.

Muscle Activation

Skeletal muscle is composed of fine muscle fibers that upon stimulation
will shorten, thereby causing a muscular contraction. Each muscle fiber is
innervated by nerve fibers or axons which originate from the anterior horn of the
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spinal grey matter. The nerve cell body, long axon of the motor nerve, and all of
the muscle fibers supplied by the nerve are as one known as a motor unit

112.

The activation of individual muscle fibers in a motor unit produces a summed
muscle action potential (m.a.p)118,114. For a given muscle there is a variable
number of motor units, each controlled by a motor neuron through synaptic
junctions called motor end plates. An action potential transmitted down the motor
neuron will arrive at the motor end plate and consequently trigger a sequence of
electrochemical events leading to a muscle contraction118. The depolarization of
the transverse tubular system and the sarcoplasmic reticulum results in a
depolarization “wave” along the direction of the muscle fibers. It is the
depolarization wavefront and the subsequent repolarization wave that are sensed
by the recording electrodes of an EMG system118.

Motor units are recruited during a contraction in sequence of increasing
size. The smallest motor units are recruited first with the larger motor units
recruited as the force demand increases. This is referred to as the Henneman
size principle15,114. The number of motor units recruited has a large impact on the
EMG, with an increase in motor unit recruitment there is an increase in the EMG
amplitude. Amplitude of the EMG is also directly affected by the firing rate of the
motor neurons.

Age Differences

Declines in muscle size and strength are often reported as a consequence
of aging, however this may not be true in relation to age and muscle activation.
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Several studies have demonstrated that an older healthy population is able to
produce the same muscle activation compared to a young healthy population 130–
132.

However one study found that although the best effort of maximal voluntary

muscle activation was not different between young and old men, the old men
needed more attempts to reach maximal activation131. There is evidence to
suggest that body fat percentage (BF %) can affect muscle activation differently
based on age. Tomlinson133 found that the young group with > 40% BF had
significantly lower activation compared to young with <40% BF. Interestingly
however, the old group did not exhibit this BF effect.

Muscle Activation and Knee OA

The gradual decline in quadriceps strength associated with knee OA is
attributed, in part, to impairment in the central nervous system’s ability to fully
activate the muscle. This is termed central activation failure or arthrogenous
muscle inhibition (AMI)11–13. It is theorized that AMI can result from progressive
joint degeneration like that seen in OA patients that results in abnormal articular
afferent information being sent to the motor neurons which consequently reduces
activation14. Because of this decrease in activation there is some question as to
whether or not physical rehabilitation can be effective in restoring function and
reversing muscle weakness. Hurley and colleagues analyzed OA participants
who at baseline could not fully activate their quadriceps femoris. These
participants were able to increase strength and activation after an 8 week

27

rehabilitation program12. This demonstrates the plausibility of a strength training
regime for OA patients.

Effects of Strength Training on Muscle Activation

Increases in strength during the early stages of a resistance training
program are mainly due to neural adaptations which elevate motor unit
recruitment. Neural adaptations play a particularly important role in the strength
improvements of the elderly with resistance training134. Cannon et al. conducted
a study in which both young (20-30 years) and older (64-78 years) women
completed a 10 week resistance training program at 75% 1RM. Muscle activation
was collected using surface EMG of the vastus lateralis and vastus medialis
muscles. EMG amplitude was then averaged between the vastii muscles to
provide an overall indication of total motor unit activity of the knee extensors.
They found that both young and old groups had similar increases in muscle
activation (19% and 21% respectively)130. In contrast, a study analyzing the
effects of single vs. multiple-set short-term strength training in elderly women did
not find a significant increase in muscle activation of the knee extensors135. It is
possible that the dose was not great enough to elicit a significant increase in
activation since they only trained twice a week for six weeks. There is also
evidence to suggest that there may be more variability in how older adults
respond to training. After a four week resistance training program for the elbow
flexors, Barry et al. reported that both young (21-35 years) and old (60-79 years)
participants increased muscle activation for the brachialis and brachioradialis
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muscles, however the old group did not have significant increases in muscle
activation for the biceps brachii or the pronator teres muscle while the young
did136. Walker and Hakkinen found that after 10 weeks of resistance training
older adults significantly increased muscle activation while the young group did
not110. Other modes of resistance training have been effective; isometric
resistance training increased muscle activation not only at the angle at which the
subjects trained, but also at angles through a full range of motion 137.

Since substantial force production is required when lifting heavy loads
such as 75% of 1 repetition max (RM), to meet the force demands both small and
larger motor units are recruited. This is in contrast to lifting lighter loads such as
30% of 1-RM which has lower force demands therefore requires less motor unit
recruitment and consequently less muscle activation16. Three studies have been
conducted that collected data on muscle activation during low load vs. high load
resistance training16,138,139. Each study found that high loads (70%138,139 or 75%16
1RM) resulted in higher EMG muscle activation during resistance exercise to
volitional fatigue compared to low loads (20%139, 30%16, and 50%138 1RM).
Pietrosimone and Saliba17 investigated whether changes in quadriceps
activation would predict changes in quadriceps strength in patients with knee OA.
They found that changes in activation predicted 47% of the variance in the
change in quadriceps strength following a 4 week exercise program. These data
emphasize the importance of focusing rehabilitation efforts on muscle activation
to improve strength in this population.
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Conclusion
Older adults with knee OA have significant lower extremity muscle
weakness as well as lower muscle activation compared to the healthy population.
To maximize strength gains in this population it is important to increase lean
muscle mass as well as enhance muscle activation. Since muscle activation may
be a predictor of strength gains in the OA population, determining the resistance
training intensity that elicits a greater activation response may shed light on the
optimal resistance training load prescription for treatment of knee OA. To initiate
an adaptive response to strength training, a muscle fiber must be recruited,
which makes high load training logical to maximize muscle adaptation. No study
has analyzed the effect of exercise intensities on muscle activation in the knee
OA population. Therefore, the purpose of this study was to compare muscle
activation of the knee OA population during a low intensity versus high intensity
strength training program over an 18 week period.
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Materials and Methods
Subjects
Participants consisted of 25 older adults (6 Male, 19 Female) recruited
from the current Strength Training for Arthritis Trial (START). The participants
were either in a low intensity (LI) strength training group (N=11, 30% 1-RM) or a
high intensity (HI) strength training group (N=14, 75% 1-RM). All participants had
clinical and radiographic mild to moderate medial tibiofemoral osteoarthritis and
were > 50 years old. All participants provided written informed consent prior to
participation. Participants were in the study for 18 weeks with 3 testing periods
(Baseline, 9 week follow up, and 18 week follow up). A study timeline is
represented in figure 2. The research protocol was approved by the institutional
review board of Wake Forest Health Sciences.
Figure 2: Study timeline
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Procedures
Each START participant randomized to an exercise group went through 9
week training cycles. The high intensity group trained at 75% 1-RM for weeks 12, 80% 1-RM for weeks 3-4, 85% 1-RM for weeks 5-6 and 90% 1-RM for weeks
7-8. The low intensity group trained at 30% 1-RM for weeks 1-2, 35% 1-RM for
weeks 3-4, 40% 1-RM for weeks 5-6 and 35% 1-RM for weeks 7-8. During the 9th
week participants performed one repetition max (1-RM) testing. The new 1-RM
on each machine was then used to adjust resistance to continue strength
progression. EMG acquisition occurred at baseline before subjects began
training, at the completion of 9 weeks of training, and after 18 weeks of training.
Details about the START protocol are reported elsewhere140.
Participants were scheduled on one of their regular days of training
(M/W/F or T/TH/S). The participants were prepped for EMG electrodes by
shaving the desired area of skin, followed by scrubbing the area with a textured
alcohol pad, and lastly swiped with a smooth alcohol pad. This procedure
enhanced electrode to skin contact and reduced signal noise. After preparation,
wireless Trigno surface electrodes with a contact surface of 5 x 1 mm were
attached to the skin parallel to the fiber direction of the muscle belly of the vastus
lateralis, biceps femoris and gluteus medius Electrode placement was done on
the most affected leg defined as the leg with the most knee pain.
The methods for surface electrode placement were based on the
recommendations of surface EMG for non-invasive assessment of muscles
(SENIAM)141 . In conjunction with these recommendations, the muscle was
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palpated to ensure accurate placement on the muscle belly. Subsequently,
baseline measures were taken. Each participant lay supine on a patient table and
was asked to completely relax for three minutes. Using the Delsys EMG
Acquisition system, baseline measures were checked to ensure minimal noise.
Measures under 20 μV were accepted. If measures were above 20 μV the
participant was re-prepped until optimal baseline measures were attained. A
validation study was previously conducted to ensure the reliability and validity of
the investigators technique of surface EMG placement. Test re-test data resulted
in an ICC of 0.83.
Instrumentation
Raw EMG signals were collected at 2,000 Hz with a Delsys Trigno
Wireless EMG system, and filtered by a fourth order Butterworth band-pass filter
with cut off frequencies of 20- 400 Hz. Data were sent in real time to a computer
and analyzed in Delsys EMGworks Analysis software. Visual inspection of the
EMG signal was used to determine onset of muscle activation. Signals were
rectified and smoothed using a root mean squares (RMS) technique. Figures 3
and 4 demonstrate the transformation of raw EMG to rectified EMG with RMS.
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Figure 3: Raw EMG MVC of the vastus lateralis
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Figure 4: EMG signal of the vastus lateralis after RMS
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Maximal Voluntary Isometric Contractions
Maximal voluntary isometric contractions (MVC) were used for EMG signal
normalization. MVCs were collected for each of the three muscles being
analyzed starting with the vastus lateralis. Participants were seated on the edge
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of a patient table with knees flexed at 90 degrees11,142,16. The leg being analyzed
was strapped to the leg of the patient table just above the ankle to provide
resistance11,16. The participant was instructed to hold the edges of the table for
stabilization and to breathe out while pushing against the strap. One practice
round at about 50% of maximum strength was performed to accommodate to the
testing environment. The participant was subsequently instructed to extend the
leg straight out as hard as they could as if they were trying to break through the
strap. Figure 5 illustrates the leg position and strap placement for the vastus
lateralis MVC.
Figure 5: Vastus lateralis MVC

MVC of the biceps femoris was done by instructing participants to lie
prone on the patient table. Five warm ups were conducted that consisted of the
participant flexing their knee and pulling against a manual resistance at about
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50% of maximal effort. Subsequently, the participants leg was positioned to 55
degrees of knee flexion143 using a goniometer as illustrated in figure 6. Manual
resistance was applied to the posterior leg just above the ankle 16. Participants
were instructed to hold the table for stabilization and to breathe while flexing the
knee. Participants were instructed to pull their leg as hard as they could as if they
were trying to kick their backside.
Figure 6: Biceps femoris MVC

MVC for the gluteus medius was conducted while the participant was lying
on their side with the leg under analysis facing up to perform a side lying hip
abduction isometric contraction144,145. Participants were told to hold the edge of
the table for stabilization and breathe while lifting their leg. A warm up was first
conducted during which participants lifted their leg straight up and down five
times. After the warm up, manual resistance146,145 was applied to the lateral side
of the leg with one hand placed below the knee and the other above the knee.
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The position of the participant is illustrated in figure 7. Participants were
instructed to lift their leg as hard as they could.
Figure 7: Gluteus medius MVC

Three trials of each MVC were performed against manual resistance, each
held for five seconds. Manual resistance was chosen based on previous
research11,16,145,146 as well as its practical value. Raw EMG peak to peak
measures were reviewed between each MVC to make sure the difference
between trials was not too large. If the difference was greater than 100 μV
another trial was performed to ensure an accurate average of three trials. Every
participant was given verbal encouragement during each trial and at least one
minute rest between trials. The order of MVCs was consistent for every
participant and each trial (baseline, 9 week and 18 week).
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Submaximal Machine Lifts
Participants performed submaximal lifts on Nautilus machines (shown in
figure 9) after all of their MVCs were completed with the EMG sensors still
attached. Each participant was randomly assigned either sequence A (Leg
Extension, Hip Abduction, Leg Curl) or sequence B (Leg Curl, Leg Extension, Hip
Abduction) to determine the order of exercises. The EMG sensor on the vastus
lateralis needed to be removed before participants performed the hip abduction
exercise. If the sensor was left on, due to the position of the sensor it would
press into the pad of the resistance machine and cause discomfort to the
participant and risk the sensor falling off due to friction. For this reason, the leg
extension exercise had to precede the hip abduction exercise which is why there
were two sequences assigned. Each participant retained the same sequence for
each testing period. Participants in the LI group performed 15 repetitions at 30%
of their 1-RM while the HI group performed 8 repetitions at 75% of their 1-RM.
The participant first performed one set on each leg at their own pace. The
second and third set were paced using a metronome fixed at 60 bpm so that both
concentric and eccentric actions were performed at a count of 1 s each. In time
with the metronome the participants were given verbal cues to follow the correct
cadence, for example on the leg extension machine the investigator would say
“up, down, pause”. EMG signals were recorded during the third set.
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Figure 8: Images of the Nautilus resistance machines used for submaximal
machine lifts

Hip Abduction

Leg Extension

Leg Curl

Treatment of the Data
Mean MVCs were determined by taking the RMS of each participants
MVC and averaging the output data points of the activation. Then each
participants mean MVCs were averaged together within their respective intensity
group. Peak MVC data were determined by taking the highest activation data
point of the RMS output for each participant. For each intensity group, the
participants peak MVCs were averaged to get mean peak MVC for each group.
Submaximal activation was recorded using the final 3 repetitions of the
last set performed while on the resistance machines. Each repetition forms a
burst of activation seen in the EMG signal. Each burst was analyzed separately
and then averaged together to determine a mean and peak submaximal
activation for each participant. Each participant’s activation was normalized to
their MVC to determine percent activation. This was done by dividing the
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participant’s submaximal activation by their MVC and then multiplying by 100 to
get a percent. This is demonstrated by the following equation:
𝑆𝑢𝑏𝑚𝑎𝑥𝑖𝑚𝑎𝑙 𝑎𝑐𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛 (µ𝑉)
(
) × 100 = % 𝐴𝑐𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛
𝑀𝑉𝐶 (µ𝑉)
Mean and peak percent activation for each group was calculated by averaging
each participant’s percent activation. Mean percent activation was calculated
using mean submaximal activation and mean MVC. Peak percent activation was
calculated using peak submaximal activation and peak MVC.

Statistical Analysis
Baseline characteristics were summarized using descriptive means and
standard deviations for continuous variables and counts and percentages for
discrete variables. Treatment effects for each of the outcomes were estimated at
9 and 18 weeks using a repeated measures analysis of co-variance using
treatment (low intensity vs high intensity), follow-up visit (9 vs. 18 weeks), the
treatment by visit interaction, gender, and baseline values of the outcome.
Comparisons of treatments at follow-up visits and estimates of mean differences
were generated using contrasts from each respective outcome model, and
significance was set at the 0.05 level. Because this is a pilot study, we did not
plan to adjust for multiple comparisons. All analyses were conducted using SAS
v9.4 (SAS Institute, Cary, NC)
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Results
Baseline Characteristics
Baseline subject demographics are found in Table I. Of the 29 participants
initially enrolled in the study, 25 completed 18 weeks of testing (N=14 HI, N=11
LI). The 4 participants who did not complete the study did not continue coming to
the START exercise intervention hence no follow up data were obtained. The
average age of the participants was 63 years and did not differ between groups.
Average BMI was 32.6 and was even across groups. The average weight was
92.2 + 21.6 kg. 76% of the participants were white and 76% were female.
Table I: Subject demographics
Variable

All, Mean
+ SD

High
Intensity,
Mean + SD

Low
Intensity,
Mean + SD

Age (years)

63.3 ± 9.6

64.3 ± 10.8

61.9 ± 7.8

BMI (kg/m2)

32.6 ± 6.3

32.4 ± 6.5

33.0 ± 6.4

Female

19 (76.0%)

11 (78.6%)

8 (72.7%)

Weight (kg)

92.2 ± 21.6

89.2 ± 18.5

96.1 ± 25.5

White (%)

75.8%

76.9%

83.3%

MVCs
The MVCs tended to be steady across time and were similar between
groups. MVC data are shown in table II.
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Table II: Mean and peak MVCs at baseline, 9 and 18 weeks (95% CI) for the high and low intensity groups

Baseline

Variable

Vastus lateralis
mean MVC (µV)

All, Mean
(95% CI)

High
Intensity,
Mean
(95% CI)

Week 9
Low
Intensity,
Mean
(95% CI)

High
Intensity,
Mean
(95% CI)

Week 18

Low
High
Intensity, Difference Intensity,
Mean
(95% CI)
Mean
(95% CI)
(95% CI)

Low
Intensity,
Mean
(95% CI)

40.8
40.8
49.7
37.9
40.8
(32.4, 49.2) (27.3, 54.3) (29.6, 52.1) (42.5, 56.9) (29.8, 45.9)

11.8
(1.0, 22.7)

51.9
45.8
(45.6, 58.3) (38.4, 53.2)

Vastus lateralis peak
62.4
63.0
61.5
71.0
58.0
MVC (µV)
(50.0, 74.7) (43.6, 82.5) (43.9, 79.1) (60.1, 81.8) (46.3, 69.8)

12.9
(-3.1, 28.9)

73.8
68.8
(66.0, 81.5) (59.7, 77.8)

52.2
52.9
51.4
53.2
57.3
(43.2, 61.3) (41.3, 64.5) (34.6, 68.2) (47.5, 58.9) (50.7, 63.9)

-4.1
(-12.9, 4.7)

53.5
53.7
(45.1, 61.9) (43.8, 63.7)

Biceps femoris peak
70.4
72.8
67.3
70.6
80.2
MVC (µV)
(56.4, 84.5) (53.9, 91.8) (42.6, 92.1) (63.7, 77.6) (72.0, 88.3)

-9.5
(-20.3, 1.3)

73.2
73.6
(62.0, 84.5) (60.2, 87.0)

Biceps femoris
mean MVC (µV)

Gluteus medius
mean MVC (µV)

24.8
24.9
24.6
25.7
24.8
(21.1, 28.4) (19.3, 30.6) (19.3, 29.9) (21.5, 29.9) (20.2, 29.4)

0.9
(-5.3, 7.1)

23.9
22.6
(20.7, 27.1) (18.9, 26.3)

Gluteus medius
peak MVC (µV)

35.5
35.9
34.9
36.1
33.5
(29.8, 41.2) (27.1, 44.8) (26.7, 43.2) (30.1, 42.2) (26.9, 40.0)

2.7
(-6.2, 11.6)

33.7
30.7
(29.2, 38.1) (25.5, 35.9)

Means estimated from a mixed linear model tested at 9 and 18 weeks adjusting for gender and baseline values of the outcome.
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Difference
(95% CI)
6.1
(-3.7, 15.9)
5.0
(-7.0, 17.0)
-0.2
(-13.3, 12.8)
-0.4
(-18.0, 17.2)
1.3
(-3.6, 6.2)
3.0
(-3.9, 9.8)

Submaximal Activation
Submaximal activation was based on the activation of the final 3
repetitions on each machine and can be found in table III. The mean submaximal
activation on the leg extension machine for the vastus lateralis was 49.1 µV and
the mean peak activation was 65.5 µV. The mean submaximal activation on the
leg curl machine for the biceps femoris was 41.1 µV and the mean peak
activation was 49.2 µV. The mean submaximal activation on the hip abduction
machine for the gluteus medius was 15.9 µV and the mean peak activation was
18.9 µV.

Percent Activation
Table IV shows mean activation of the vastus lateralis as a percent of
MVC at baseline, 9 and 18 week follow-up. At baseline mean percent activation
was 117%. Week 9 activation for the HI group was 129% and 114% for the LI
group. Week 18 resulted in activation levels of 127% and 114% for the HI and LI
respectively. There were no statistical differences for the vastus lateralis,
however there was a 15% and 13% difference at 9 and 18 weeks respectively
with the trend being in favor of the HI group. Graphical representation of the
vastus lateralis mean percent activation can be found in Figure 9.
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Table III: Non- normalized mean and peak activation of the submaximal machine lifts at baseline, 9 and 18 weeks. These values were
subsequently normalized to MVC and used in the analyses

Baseline

Variable

Week 9

Week 18

High
High
High
Low
Low
Low
All, Mean
All, Mean
All, Mean
Intensity, Intensity,
Intensity, Intensity,
Intensity, Intensity,
(95% CI)
(95% CI)
(95% CI)
Mean
Mean
Mean
Mean
Mean
Mean
(95% CI) (95% CI)
(95% CI) (95% CI)
(95% CI) (95% CI)

Vastus lateralis mean
activation (µV)

49.1
(37.3,
60.9)

54.9
(34.8,
74.9)

41.8
(30.5,
53.1)

61.5
(53.4,
69.6)

44.4
(35.0,
53.8)

17.1
(4.4,
29.8)

62.5
(52.3,
72.6)

55.3
(43.3,
67.3)

7.2
(-8.8,
23.2)

Vastus lateralis peak
activation (μV)

65.5
(49.7,
81.3)

71.9
(45.0,
98.8)

57.3
(41.3,
73.3)

79.4
(69.2,
89.7)

56.2
(44.3,
68.1)

23.2
(7.2,
39.2)

78.6
(65.2,
92.1)

69.8
(53.9,
85.7)

8.9
(-12.2,
29.9)

Biceps femoris mean
activation (μV)

41.1
(30.9,
51.3)

52.0
(35.7,
68.4)

27.2
(22.4,
31.9)

52.6
(42.6,
62.6)

43.6
(32.3,
54.8)

9.0
(-7.1,
25.2)

46.9
(37.9,
56.0)

44.5
(33.7,
55.2)

2.5
(-12.9,
17.8)

Biceps femoris peak
activation (μV)

49.2
(34.5,
64.0)

64.4
(40.6,
88.2)

30.0
(22.9,
37.1)

64.4
(51.6,
77.2)

51.6
(37.1,
66.1)

12.8
(-8.0,
33.6)

57.9
(46.0,
69.7)

54.7
(40.6,
68.7)

3.2
(-16.8,
23.3)

Gluteus medius mean
activation (μV)

15.9
(13.1,
18.7)

16.6
(12.6,
20.5)

15.0
(10.5,
19.6)

19.6
(16.5,
22.7)

16.5
(13.1,
19.9)

3.1
(-1.5, 7.7)

19.0
(16.3,
21.6)

14.9
(11.8,
18.0)

4.1
(-0.1, 8.2)

Gluteus medius peak
activation (μV)

18.9
(15.3,
22.4)

19.4
(14.9,
23.9)

18.2
(11.5,
24.8)

23.7
(20.2,
27.2)

18.4
(14.5,
22.3)

5.3
(0.1,
10.6)

23.1
(19.9,
26.2)

16.6
(12.9,
20.3)

6.4
(1.5, 11.3)

Mean and peak activation are based on the final 3 repetitions of participant’s submaximal machine lifts
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Table IV: Mean percent activation of the vastus lateralis at baseline, 9 and 18 weeks

Leg Extension Exercise

Baseline

Variable

Vastus
lateralis
mean
activation
(% MVC)**

Week 9

All, Mean High Mean Low Mean
(95% CI) (95% CI) (95% CI)

117
(0.97,
1.36)

132

97

(1.03, 1.61) (0.74, 1.21)

Week 18

High
Low
High
Low
Difference
PDifference
PMean
Mean
Mean
Mean
(95% CI) value
(95% CI) value
(95% CI) (95% CI)
(95% CI) (95% CI)

129
(1.08,
1.50)

114
(0.91,
1.37)

15
(-0.17,
0.47)

0.351

127
(1.09,
1.45)

114
(0.93,
1.35)

13
(-0.15,
0.42)

P-value is between groups at follow-up with means estimated from a mixed linear model tested at 9 and 18 weeks adjusting for gender
and baseline values of the outcome.
**(µV (submaximal leg extension represented as the mean of the final 3 repetitions) / µV (MVC)) x 100 = %MVC
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0.339

Figure 9: High vs. Low Intensity Mean Activation
(95% CI) of the Vastus Lateralis Over 18 Weeks
160
150
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100
90
80
70
60
0

9
Weeks

18

% activation was normalized to MVCs

Table V represents mean activation of the biceps femoris as a percent of
MVC at baseline, 9 and 18 weeks. There was a significant difference between
the HI and LI training groups. Mean activation was significantly (P= 0.024)
greater in the HI group at 9 weeks with 106% activation (95% CI= 0.89, 1.22)
compared to the LI with 72% (95% CI= 0.53, 0.91). There were no significant
between group differences at 18 week follow-up. Graphical representation of the
biceps femoris mean percent activation can be found in Figure 10.
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Table V: Mean percent activation of the biceps femoris at baseline, 9 and 18 weeks

Leg Curl Exercise

Variable

Biceps femoris
mean
activation
(% MVC)**

Baseline

Week 9

All, Mean High Mean Low Mean
(95% CI) (95% CI
(95% CI)

High
Low
Difference
PMean
Mean
(95% CI) value
(95% CI) (95% CI)

79
(0.67,
0.92)

98
(0.83, 1.13)

56
(0.46,
0.66)

106
(0.89,
1.22)

72
(0.53,
0.91)

34
0.024*
(0.05, 0.62)

Week 18
High
Mean
(95% CI)
101
(0.84,
1.18)

Low
Difference
PMean
value
(95% CI)
(95% CI)
74
(0.54,
0.95)

27
(-0.04,
0.57)

P-value is between groups at follow-up with means estimated from a mixed linear model tested at 9 and 18 weeks adjusting for gender
and baseline values of the outcome. * represents significance (p< 0.05)
**(µV (submaximal leg extension) / µV (MVC)) x 100 = %MVC
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0.084

Figure 10: High vs. Low Intensity Mean Activation
(95% CI) of the Biceps Femoris Over 18 Weeks
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18

*represents significance (P< 0.05). % activation was normalized to MVCs

Table VI represents mean activation of the gluteus medius as a percent of
MVC at baseline, 9 and 18 weeks. The mean activation in the HI group was
significantly (P = 0.028) greater than in the LI group at 18 weeks with 81%
activation (95% CI=0.73, 0.88) compared to 68%, (95% CI= 0.59, 0.76).
Graphical representation of the Gluteus medius mean percent activation can be
found in Figure 11.
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Table VI: Mean percent activation of the gluteus medius at baseline, 9 and 18 week follow-up

Hip Abduction Exercise

Variable

Gluteus
medius mean
% activation

Baseline

9 Week – Training Intensity

All, Mean High Mean Low Mean
(95% CI) (95% CI) (95% CI)

High
Low
Difference
PMean
Mean
(95% CI) value
(95% CI) (95% CI)

66
(0.56,
0.76)

69
(0.54,
0.84)

62
(0.48,
0.76)

78
(0.68,
0.89)

68 (0.57,
0.80)

10
(-0.06,
0.26)

18 Week – Training Intensity
High
Mean
(95% CI)

81 (0.73,
0.195
0.88)

Low
Difference
PMean
value
(95% CI)
(95% CI)
68
(0.59,
0.76)

13
(0.02,
0.24)

P-value is between groups at follow-up with means estimated from a mixed linear model tested at 9 and 18 weeks adjusting for gender
and baseline values of the outcome. * represents significance (p< 0.05)
**(µV (submaximal leg extension) / µV (MVC)) x 100 = %MVC
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0.028*

Figure 11: High vs. Low Intensity Mean Activation
(95% CI) of the Gluteus Medius Over 18 Weeks
100

*
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% of MVC

80
Low Intensity
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60
50
40
0
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Weeks

*represents significance (P< 0.05). % activation was normalized to MVCs
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18

Discussion
The purpose of this study was to determine whether differences in muscle
activation existed during 18 weeks of either low intensity or high intensity
strength training in older adults with knee OA. This study produced several
important findings. First, both mean and peak activation were significantly greater
in the high intensity training group compared to the low intensity group for the
biceps femoris and gluteus medius muscles. These findings suggest that training
at 30% of 1-RM does not maximize activation of the full motor unit pool as
compared to training at 75% of 1-RM. This is in agreement with previous studies
that have found significantly greater activation when using high intensity loads
equating to 70 to 75% of 1-RM versus lower intensity loads ranging from 20 to
50% of 1-RM138,139,147 The present findings have several important implications
for the resistance training load prescriptions with respect to muscular adaptations
for the knee OA population.
There was a significant difference in muscle activation of the gluteus
medius between groups. Gluteus medius weakness has been implicated in the
progression of knee OA. More specifically, Hinman and colleagues found that
participants with knee OA had 24% lower hip abduction strength compared to
healthy controls with a correlation r= -0.29, P = 0.007 between hip abduction
muscle strength and radiographic disease. Weaker hip abduction was associated
with more severe disease 105. Hip abduction muscle weakness during gait causes
excessive pelvic drop in the contralateral swing limb. The pelvic drop shifts the
body’s center of mass toward the swing limb, thus increasing forces across the
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medial tibiofemoral cartilage of the stance limb148. Chang et al.149 tested whether
greater internal hip abduction moments during gait could prevent excessive
medial compartment loading in participants with knee OA to potentially protect
against OA progression. They found that the odds of medial tibiofemoral OA
progression were reduced by 43% with an additional 1 unit of hip abduction
moment during the 18 months following baseline. Increasing the activation of the
gluteus medius could help to increase hip abduction moments and therefore help
protect against further OA progression. Although this ancillary study did not
examine gait, those data are being collected as part of the START parent trial.
We speculate that increasing activation during training will result in strength gains
that will facilitate positive changes at the hip and knee during gait. These data will
not be available until the START trial is completed.
The gradual decline in muscle strength associated with knee OA is
attributed, in part, to impairment in the central nervous system’s ability to activate
the muscle fully. This is termed arthrogenous muscle inhibition (AMI)12,14,13. Due
to AMI, efforts to rehabilitate knees affected by OA may not be effective in
restoring function and reversing muscle weakness12. Hurley and colleagues,
however, demonstrated that knee OA participants who could not fully activate
their quadriceps muscle at baseline were able to increase activation after 8
weeks of rehabilitation. The deficits between the affected and unaffected leg
however remained150. The present study builds on this previous work showing
that not only can knee OA participants increase activation, but training at 75% of
1-RM elicits higher activation compared to 30% of 1-RM. Perhaps high intensity
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training could bridge the gap between strength and activation deficits seen
between affected and unaffected legs and combat the effects of AMI.
Biceps femoris activation was significant between groups at week 9 follow
up but not at 18 week follow-up. This finding is comparable to Ferri et al106 who
showed older adults had the largest improvement in muscle activation after 4
weeks and was reduced after 16 weeks.
There were no significant differences in activation between the LI and HI
training groups for the vastus lateralis at 9 and 18 weeks. This lack of
significance is disappointing, since quadriceps muscle weakness is strongly
implicated in knee OA pathogenesis74,76,151,152. It is possible, however, that the
quadriceps muscle weakness associated with knee OA is so pronounced that it
requires a longer training period before differences in neural adaptations are
present. Alternatively, a larger sample size would have increased our power to
potentially detect a difference.
It was interesting that submaximal activation for the vastus lateralis and
biceps femoris resulted in activation greater than the MVCs. Possible
explanations for this include using the technique of manual resistance for
collection of MVCs. This could have induced greater variability compared to
using an isokinetic dynamometer, although this technique has been used
successfully in previous studies11,16,145,146. Ferri et al.106 found that 1-RM strength
increases were significantly greater than isometric strength after training.
Furthermore, Frontera et al.153 found that despite increases in muscle cross
sectional area after training the knee extensors failed to increase isometric
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strength. This was also reported by Brown et al.154 who attributed the difference
to neural adaptations specific to training. This could partly explain why activation
on the resistance machines in some cases was greater than the MVC activation,
since training was performed concentrically and eccentrically and MVCs were
done isometrically. It is also possible that participants weren’t able to achieve a
truly maximal activation. Jakobi and Rice131 found that older adults were able to
activate their muscle fully but needed more trials to achieve maximum activation
compared to young healthy controls. Perhaps 3-5 trials was not sufficient for
them to achieve maximum activation. Another mechanism could be cocontraction of the antagonist muscle. Contraction of the antagonist can impair by
reciprocal inhibition, reducing the ability to fully activate the agonist muscle as
indicated by reduced EMG activity. This is a protective mechanism in activities
such as weight lifting, hence when participants are introduced to a new strength
task such as that done during MVCs, excessive co-contraction may limit full
motor unit activation155.
Participants in the present study, although training at different intensities,
were relatively equal in training volume. A systematic review examining
differences in HI and LI resistance training of the lower limb in older adults found
that when participants performed similar volumes of training strength gains were
the same regardless of intensity102. The present study however suggests that
because there are greater increases in muscle activation in the high intensity
group, perhaps there will also be greater strength gains. Strength data will not be
published until the current START trial concludes.
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Pietrosimone and Saliba17 investigated whether changes in quadriceps
activation would predict changes in quadriceps strength in patients with knee OA.
They found that changes in activation predicted 47% of the variance in the
change in quadriceps strength following a 4 week exercise program. These data
emphasize the importance of focusing rehabilitation efforts on muscle activation
to improve strength in this population.
This study is not without limitations. First, the study consisted of mostly
white, female participants, limiting the generalizability of the findings. The sample
size was relatively small. It is possible that a larger sample size would increase
the power to detect a between group difference. It is also possible that following
the subjects through the entire 18 months of training would elicit a more
significant difference between groups and provide more insight to changes in
activation over time. Using manual resistance to collect MVCs could have
induced some variability compared to using an isokinetic dynamometer.
Future research should aim to analyze the effects of high intensity
resistance training and its effects on muscle activation during gait in the OA
population. It is important to see if changes in activation during strength training
are also seen during gait. Doing this on a larger scale for longer duration might
also provide better insight to the effects of long term strength training and its
effects on muscle activation in this population. Lastly it would be interesting to
compare the activation of the affected leg to unaffected leg to see if the increases
in activation of the affected leg reach the levels of activation in the non-affected
leg. This of course would have to be done on participants who did not have
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bilateral knee OA.
In conclusion, this study demonstrated that high intensity training at 75%
of 1-RM increases muscle activation more than low intensity training at 30% of 1RM, particularly in the gluteus medius. This is important given that patients with
knee OA have significant lower extremity muscle weakness as well as impaired
muscle activation compared to the healthy population. To maximize strength
gains in this population it is important to increase lean muscle mass as well as
activation of the muscles. Since increases in muscle activation are a large
contributor to increased strength following a resistance training program, based
on the results of this study rehabilitation efforts for the knee OA population
should utilize a high intensity training program to maximize muscle adaptations.
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