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Abstract

Objective: To examine the relation of pain sensitization to altered motor activity in knee OA as
assessed by hamstrings muscle co-contraction during maximal effort knee extension.

Design: Medial, lateral, and overall hamstring co-contraction was assessed in the Multicenter
Osteoarthritis (MOST) Study cohort using electromyography during isokinetic knee extension at
60°/second. Mechanical temporal summation of pain (TS) was assessed at the right wrist and
pressure pain thresholds (PPT) were assessed at the patellae; PPTs were categorized into sex-
specific tertiles. Muscle co-contraction was categorized into age- and sex-specific tertiles. We
evaluated the relation of measures of sensitization to muscle co-contraction using a generalized
logistic regression model.

Results: 1633 participants were included: mean age and BMI was 67.3 £ 7.7 years and 30.3 £
5.6 kg/m?, respectively; 58% were female. Presence of TS was associated with higher overall (OR
1.3, 95% CI (1.0-1.8)), medial (1.4 (1.0-1.9), and lateral (1.3 (1.0, 1.9)) hamstring co-contraction.
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The lowest PPT tertile (greater sensitivity) was associated with higher overall (1.5 (1.0, 2.3)) and
medial (1.5 (1.0, 2.3)) hamstring co-contraction compared with those in the highest PPT tertile.

Conclusion: Greater pain sensitization, as assessed by presence of TS at the wrist and low
patellar PPT, was associated with greater overall and medial hamstring co-contraction during knee
extension. This provides support to the possibility that peripheral and/or central nervous system
alterations may not only affect pain sensitivity, but also motor function.

Keywords
Knee osteoarthritis; sensitization; muscle; co-contraction

INTRODUCTION

Knee osteoarthritis (OA) is a chronic condition affecting ~12% of older adults in the United
States! and a leading cause of disability2. Knee pain is the most common clinical
manifestation that leads individuals with OA to seek medical care and is recognized to be an
important contributor to poor functioning in OA. While it is well-accepted that pain affects
motor function in knee OA3, the specific mechanism(s) by which this occurs is not fully
understood. One well-recognized interaction between pain and motor response is the
nociceptive withdrawal reflex. This spinal somatic reflex arc demonstrates one pathway in
which sensory afferent input results in a stereotypical, rapid efferent motor output. Beyond
such reflexes, several conflicting theories propose a range of motor responses to painful
conditions ranging from reduced (motor inhibition), increased (spasm), or some combination
of altered muscle force production®-8. While these theories argue for varying motor
adaptations, they each agree that altered movement coordination in response to pain may
play a protective role or provide shortterm relief, but with potential for long-term deleterious
consequences (e.g., increased mechanical loading on other (initially) non-painful tissues,
decreased function, disuse, etc.)8: 9. 10,

Patients with painful knee OA are often noted to have altered gait in an attempt to off-load
the affected joint. Further, a form of altered motor patterns that has been observed using a
variety of methodologies in patients with knee OA is the co-contraction of antagonistic
hamstring muscles during quadriceps agonist activityl1-14. This co-contraction may
represent another motor function alteration influenced by sensory input, but is not
inconsistent with the Pain Adaptation Theory, which suggests pain will result in agonist
muscle inhibition and antagonist muscle facilitation®. hile co-contraction may attempt to
reduce joint instability, it may have adverse consequences as it can also increase
compressive joint loading, which consequently may decrease cartilage volumel2,

In recent years, much attention has been given to increasing our understanding of the
neurobiology of the pain experience across a range of conditions including knee OA. Animal
studies demonstrate that inflammation and/or mechanical tissue injury, both of which are
part of the knee OA disease process, can lead to alterations in nervous system processing of
nociceptive input resulting in heightened central and peripheral pain sensitivity (i.e.,
sensitization)15-18, Additionally, greater sensitization is present among persons with painful
knee OA compared with pain-free, healthy controls!® 20, and is associated with pain severity
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in those with knee OA2L, However, whether measures of pain sensitization and altered motor
responses are related is unknown.

There is evidence that motor responses are altered with increasing pain in this population?2.
However, to date there are no published studies investigating the relation of altered pain
processing to motor responses in individuals with knee OA. As altered central pain
processing and motor responses have both been demonstrated with knee OA, it is certainly
possible that alterations in the nervous system affecting both ascending and descending
afferent pathways, leading to heightened pain sensitivity, could also have adverse motor
effects through influences on the efferent pathways. We therefore examined whether
measures of pain sensitization, i.e., temporal summation of pain and pressure pain
thresholds, are associated with altered motor activity in knee OA as assessed by muscle co-
contraction during an isokinetic knee extension task.

METHODS

Study Participants

The Multicenter Osteoarthritis (MOST) Study is a NIH-funded longitudinal, prospective,
observational study of 3,026 older adults, aged 50-79 years, who have or are at risk of knee
OA. Subjects were recruited from two communities in the US: Birmingham, Alabama, and
lowa City, lowa. Full details of study population have been previously published?3. Al
participants provided informed consent and ethical approval was provided by the
institutional review boards at participating sites and complied with the Helsinki Declaration.
The current study uses data from the 60-month study visit where measures of pain sensitivity
and electromyography (EMG) of the quadriceps and hamstrings during knee strength
assessment were assessed for the first time. Specific details on the strength and EMG?24 and
pain sensitivity?l: 25 measurement protocols have been published elsewhere and are briefly
summarized below.

Assessment of Pain Sensitivity

We assessed two measures of pain sensitivity: 1) Mechanical Temporal Summation, an
augmented pain response to repetitive mechanical noxious stimuli, is a measure thought to
reflect central pain processing®-21. Temporal summation was assessed by first applying a
60g monofilament to the skin over the right wrist four times. Participants then reported their
pain using a 0-10 numeric rating scale (NRS). Then the 60g monofilament was applied
repeatedly at 1 Hertz for 30 seconds, after which the participants again reported their peak
pain (NRS). Temporal summation was considered to be present if the participant reported an
increased pain level at the end of the 30-second trial compared with the pain level after the
initial stimulation19-21, 2) Pressure Pain Threshold (PPT) is a measure of mechanical pain
sensitivity that may involve peripheral and central mechanisms. PPTs were assessed with a
pressure algometer (Wagner, 1cm? tip) applied at a rate of 0.5 kg/second on the patella until
participants indicated that the pressure sensation first changed to slight painZ®. The average
of 3 trials was used to calculate the PPT. Lower PPT values reflect greater pain sensitivity.
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Surface EMG Procedures

Surface EMG (Bagnoli, Delsys, Boston, MA) of the medial and lateral quadriceps and
hamstrings were assessed during maximal isokinetic knee strength testing (Cybex 350
Dynamometer, CSMi, Stoughton, MA). Four repetitions of alternating knee flexion and
extension maximum voluntary contractions (MVCs) were performed at 60°/second, after a
brief warm-up of three 50% effort repetitions on the right limb. However, in those with a
right total knee replacement, then the left limb was tested. If participants reported pain
during the testing, they were then asked if the pain limited their ability to maximally push or
pull. If the pain limited this ability, their trials were removed from the current analysis (7%
of participants tested).

Signals were collected at 1000 Hz and filtered using an anti-aliasing 20 — 450 Hz bandpass
filter (Delsys). All data were collected and later post-processed using a 200 ms root mean
square (RMS) window using custom LabView programs (NI, Austin, TX). The average
EMG amplitude (volts) for medial and lateral hamstring calculated across the duration of

each knee extensor contraction, adjusting for baseline noise (\/active EMG? — baseline EMG*

21-29 These amplitudes were then standardized to the corresponding peak amplitudes
measured for each muscle, during the knee flexion MVCs. Thus, the co-contraction for
medial and lateral hamstring was quantified separately using this relative activation (% max
EMG) for each repetition during the extension MVCs (i.e. when the quadriceps were
maximally active). This approach is consistent with previously reported methodology28-31,
The median of the four strength repetitions were extracted for each muscle. In addition to
evaluating medial and lateral hamstring muscles separately, a combined hamstring co-
contraction estimate was computed as a measure of overall hamstring co-contraction

behavior (using the root mean square, (J(LH2 +M Hz)/z))3°‘32. The inter- and intra- rater

ICCs for the assessment of co-activation ratios ranged from 0.87-0.95.

Statistical Analysis

Based on the methods described above for the assessment of temporal summation, we
dichotomized temporal summation into a binary variable (i.e., presence or absence). PPTs
were categorized into sex-specific tertiles because of known gender differences33. Because
muscle co-contraction was not normally distributed and there is no widely acceptable cut-
point to define abnormal muscle co-contraction, we categorized medial, lateral, and overall
co-contraction into age- and sex-specific tertiles. The relation of pain sensitivity (exposures)
to medial, lateral, and overall hamstring co-contraction (outcomes) was assessed using a
generalized ordered logistic regression model, comparing the highest two co-contraction
tertiles to the lowest (referent group). Separate models were used with temporal summation
and PPTs as the primary exposure of interest for each outcome. These analyses were done
among all subjects, then repeated among those with radiographic knee OA (Kellgren-
Lawrence grade = 2) because relationships between pain sensitivity and motor responses
may be more apparent in those with knee OA. All analyses were adjusted for age, sex, BMI
(continuous), presence of depressive symptoms (Center for Epidemiologic Studies
Depression Scale34 >16), clinic site, presence (Kellgren-Lawrence grade > 2) of
radiographic OA (only in analyses including all subjects) as potential confounders. Pain
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severity was not adjusted for in these analyses because we were interested in understanding
if sensitization and muscle co-contraction co-exist or are associated regardless of potential
mechanism, and also because pain may be in the causal pathway. Thus, adjusting for pain
severity would result in bias by conditioning on an intermediate in the causal pathway. All
analyses were performed using SAS Version 9.4 (Cary, North Carolina).

Of the 2330 participants who attended the 60-month study visit in person, 1633 participants
had all necessary measures necessary for these analyses. The mean age and BMI of the
participants included was 67.3 + 7.7 years and 30.3 + 5.6 kg/m?, respectively; 58% were
female and 37% with tibiofemoral OA (KL grade = 2) (Table 1). Temporal summation was
present in 40% of participants. The median (IQR) for PPT was 4.9 (3.6-6.6) kg/cm?, and for
overall hamstring co-contraction was 10.1% (5.7-15.1).

Individuals with temporal summation had 30% greater odds of being in the highest rather
than the lowest tertile of exhibiting both overall and lateral hamstring co-contraction
compared with individuals without temporal summation, and 40% greater odds for medial
co-contraction. (Table 2). Similarly, individuals with low PPT (lowest tertile, greater
pressure pain sensitivity) exhibited greater 50% greater odds of being in the highest rather
than the lowest tertile of overall and medial hamstring co-contraction compared with those
in the highest tertile PPT (Table 2). The association with lateral hamstring co-contraction
was of similar magnitude, but did not reach statistical significance.

Similar results were noted when the cohort was limited to only those with radiographic knee
OA (Table 3), but several associations were no longer statistically significant. Only temporal
summation of pain demonstrated a statistically significant increased odds of being in the
highest tertile of overall hamstring co-contraction. There was no higher likelihood of having
greater co-contraction in those with lower compared with higher PPT among those with
knee OA.

DISCUSSION

This is the first study to demonstrate that greater pain sensitivity, assessed with either
mechanical temporal summation of pain or PPTs, was associated with greater overall and
medial hamstring co-contraction during maximal knee extension in a cohort of individuals
with, or at risk for, knee OA. This relationship was not limited to those with radiographic
knee OA, but was present even in those without clear signs of OA. We were not able to
examine possible mechanisms for this association, but since functional limitation is a
common consequence of chronic pain, these results suggest that pain sensitivity and motor
function may be both influenced by shared central mechanisms. This knowledge may be
useful for the development of treatment strategies targeting both physical impairments and
chronic pain.

Motor responses to nociception may be reduced, increased, or some combination of altered
muscle force productiont-8. These altered motor responses may initially occur to play a
protective role, but may ultimately increase mechanical loading on other (initially) non-
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painful tissues or decrease function® 9. Despite early evidence for motor responses to be
augmented with pain, and its use as an indirect measure of sensory amplification3®, we
remain relatively naive on the associations between pain sensitivity and motor function. Co-
contraction of opposing muscles is one motor control strategy that is assessed in an effort to
better understand this aspect of motor function.

Some muscle co-contraction around the knee joint during walking is normal in healthy
adults and can provide joint stability and stiffness that is purposeful36, However, elevated
levels or greater durations of co-contraction during ambulation in those with knee OA may
contribute to structural disease progressionl1-13, Elevated co-contraction is thought to be a
protective response to increase the stability of a potentially unstable joint!3 or may be a
protective response to pain with greater lateral co-contraction proposed to counter knee
adduction moments37. However, these heightened co-contraction strategies may be
detrimental to the joint by increasing loading leading to progression of disease and pain
severityl1-13_ Additionally, increased muscle co-contraction may increase fatigue which may
adversely affect global function and/or pain. Thus, while heightened co-contraction may
initially serve a protective role, it may ultimately be mal-adaptive.

Individuals with worsening knee OA are likely to develop more functional limitations over
time38. The current study demonstrates that presence of temporal summation and lower
PPTs (i.e., greater pain sensitivity) were related to increased overall and medial hamstring
co-contraction; muscle co-contraction has in turn been demonstrated to be associated with
worsening knee OA2 and decreased function3?. Accordingly, treatments targeting pain
sensitization may directly or indirectly influence co-contraction in those with knee OA,
thereby preventing loss of function. We have shown that measures of sensitization can be
improved with weight loss, potentially by decreasing mechanical and inflammatory causes
of sensitization“0. Further, increased physical activity is associated, albeit inconsistently,
with reduced pain sensitivity measures in healthy adults*1~43, Indeed, animal models support
the many pathways in which physical activity has beneficial effects on reducing
inflammatory processes, macrophage differentiation, and intramuscular protein transcription
ultimately influencing mitochondrial and metabolic gene expression*4 45, As most
individuals with knee OA are advised to exercise for weight management and/or as part of
their rehabilitation; exercise may also effect change through improving sensitization, which
in turn may influence motor control strategies. In fact, there is high-quality evidence in
patients with knee OA supporting exercise to reduce pain and moderate-quality evidence for
improved function, supporting this proposed relationship“®.

Other sensory systems are affected in patients with knee OA, consistent with our results
suggesting more widespread influences throughout the central nervous system. Altered
lower extremity proprioception and vibratory sensation are related to knee OA severity, knee
pain, and knee joint loading®’~4°. Additionally, Rosland et al. reported a correlation between
the distribution and magnitude of plantar forces, a measure of the biomechanical response to
motor control strategies, and select pain sensitivity measures: PPTs about the knee, but not
temporal summation or conditioned pain modulation®. These findings, along with the
findings from our study, offer preliminary evidence that knee OA can produce alterations in
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multiple sensory and motor system pathways that may be influenced by shared central
modulatory inputs.

We recognize limitations to our study. Co-contraction was assessed during a seated maximal
strength evaluation, as opposed to during a functional task, such as ambulation. Both
approaches have been previously reported in multiple knee populations’3: 30: 31,51, 52 gach
with their own merit and drawbacks. Also, we did not specifically characterize these
measures in individuals with knee OA. About one-third of our participants had radiographic
knee OA resulting in limited precision of our results, though similar magnitudes of effect
were noted when limiting the analyses to those individuals. It remains unclear whether our
findings are applicable to older adults generally and not necessarily unique to knee OA. We
also recognize that the co-contraction assessed during an isokinetic knee extension task may
be the result of an early learning effect. However, we are confident that the co-co-contraction
we have assessed is not primarily due to a learning effect as isokinetic knee extension tasks
are commonly assessed OA populations. Participants also had practice trials to get
accustomed to the procedure before data was collected. Lastly, we assessed two forms of
pain sensitivity, PPTs at the knee and mechanical temporal summation at the wrist. Thus,
our results may not reflect all forms of pain sensitivity.

In summary, our study supports the premise that peripheral and central nervous system
alterations may not only affect pain sensitivity, but also motor function in the form of muscle
co-contraction. While it remains unclear whether hamstring co-contraction serves an
adaptive (e.g., facilitate joint stability) or mal-adaptive (e.g., increase destructive joint
loading forces) role in knee OA, the associations observed between pain sensitivity and co-
contraction provide additional insights into the complexity and inter-dependence of the
sensory and motor systems. Future investigations may further illuminate whether effective
pain treatments can similarly alter pain sensitivity and muscle co-contraction.
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Participant Characteristics (n=1633)

Mean Age, years (SD) 67.3(7.7)
Female, % 58
Mean BMI, kg/m? (SD) 30.3 (5.6)
Tibiofemoral OA in either knee, % 37
Prevalence of wrist temporal summation, % 40
Median Patella PPT, kg/cm? (IQR) 4.9 (3.6-6.6)

Median hamstring co-contraction, % (IQR)  10.1 (5.7-15.1)
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Table 2.

Relation of measures of pain sensitivity to hamstring co-contraction in all participants (n=1633)

Sensitization Crude and Adjusted OR (95% CI) for Hamstring Muscle Co-contraction (Outcome): Highest third vs Lowest
Measure (Exposure) third
Overall Hamstring Medial Hamstring Lateral Hamstring
Crude Adjusted Crude Adjusted Crude Adjusted
Temporal Summation 13 13 13 1.4 1.7 1.3
(1.0-1.7) (1.0-1.8) (1.0-1.8) (1.0-1.9) (1.3,2.3) (1.0-1.9)
PPT (kg/lcm?):
Lowest Third 14 15 1.2 15 15 1.4
(1.0-2.0) (1.0-2.3) (0.9-1.8) (1.0-2.3) (1.2-2.0) (0.9-2.2)
Middle Third 0.9 0.9 1.2 11 0.9 1.0
(0.7-1.4) (0.6-1.4) (0.8-1.7) 0.7-1.7) (0.6-1.4) (0.7-1.6)
Highest Third 1.0 (ref) 1.0 (ref) 1.0 (ref) 1.0 (ref) 1.0 (ref) 1.0 (ref)
p for linear trend p=0.04 p=0.01 p=0.06

*
Adjusted for age, sex, BMI, depressive symptoms, clinic site, radiographic OA

*Kk
Measures of central sensitization were not significantly associated with middle vs lowest third of hamstring co-contraction
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Table 3.

Relation of measures of pain sensitivity to hamstring co-contraction among participants with KL grade = 2
(n=512)

Sensitization Crude and Adjusted” OR (95% CI) for Hamstring Muscle Co-contraction (Outcome): Highest third vs Lowest
Measure (Exposure) third
Overall Hamstring Medial Hamstring Lateral Hamstring
Crude Adjusted Crude Adjusted Crude Adjusted
Temporal Summation 17 1.8 0.6 11 1.9 (1.2-3.0) 15
(1.1-2.6) (1.1-3.0) (0.4,1.0) (0.7-1.9) (0.9-2.6)
PPT (kg/cm?):
Lowest Third 13 1.2 13 14 15 15
(0.7-2.3) (0.6-2.3) (0.7-2.4) (0.7-2.7) (0.8-3.0) (0.7-3.0)
Middle Third 0.8 0.8 1.2 11 0.9 1.0
(0.4-1.5) (0.4-1.5) (0.6-2.2) (0.5-2.1) (0.5-1.8) (0.5-2.0)
Highest Third 1.0 (ref) 1.0 (ref) 1.0 (ref) 1.0 (ref) 1.0 (ref) 1.0 (ref)
p for linear trend p=0.9 p=0.2 p=0.2

*
Adjusted for age, sex, BMI, depressive symptoms, clinic site

*Kk
Measures of central sensitization were not significantly associated with middle vs lowest third of hamstring co-contraction
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