1duosnuey Joyiny JHIO 1duosnuey Joyiny ¥HIO

1duasnuey Joyiny YHID

C | H R Canadian Institutes of Submitted by CIHR
&& Health Research Déposé par les IRSC
b I RSC Instituts de recherche
c‘ en santé du Canada
Cerebrovasc Dis. Author manuscript; available in PMC 2015 July 06.

Published in final edited form as:
Cerebrovasc Dis. 2008 ; 26(6): 584-591. doi:10.1159/000165111.

Nonuniform Weakness in the Paretic Knee and Compensatory
Strength Gains in the Nonparetic Knee Occurs after Stroke

Melanie J. Lomagliol23 and Janice J. Eng?3
1The University of Saint Augustine for Health Sciences, St. Augustine, Fla., USA

2Rehabilitation Research Laboratory, GF Strong Rehab Centre

SDepartment of Physical Therapy and Graduate Program in Rehabilitation Sciences, University of
British Columbia, Vancouver, B.C., Canada

Abstract

Background—This study was designed to quantify torque production at different joint angles in
the paretic and non-paretic knee joints of individuals with stroke.

Methods—Extension and flexion torques were measured at 6 angles of the knee joint and
normalized to peak torque in 19 subjects with stroke and 19 controls.

Results—Paretic knee extension torque was lower than controls when the knee was positioned
near extension. In contrast, nonparetic knee extension and flexion torques were higher than
controls when the knee was positioned near full flexion.

Conclusions—The paretic knee extensors demonstrated exaggerated weakness at short muscle
lengths and the nonparetic knee extensors and flexors demonstrated selective strength gains.
Clinicians should therefore consider paretic knee extensor strengthening near full extension and
promote symmetrical use of the legs to prevent compensatory overuse of the non-paretic leg.
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Introduction

Clinical observations suggest that individuals with stroke demonstrate variable levels of
muscle strength depending on the muscle length required for the task. These observations
have been supported by experimental evidence demonstrating nonuniform muscle weakness
across upper extremity joint range of motion. More specifically, studies have found that
isometric torque-angle curves of the paretic elbow flexors and extensors reveal exaggerated
weakness at short muscle lengths [1-3].

In the lower extremity, clinical reports suggest that there is excessive weakness and
insufficient control of paretic knee extensors when contracting over short muscle lengths
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during the stance phase of gait and while curb climbing [4]. In addition, excessive weight
bearing occurs through the nonparetic leg [5-7]. This compensation may lead to task-
specific strength gains in the nonparetic leg muscles, particularly in the chronic stage of
recovery. Thus, we hypothesized that, like the upper extremity, weakness over short muscles
lengths occurs in the paretic muscles and selective strength gains occurs in the nonparetic
muscles of the lower extremity in individuals with stroke.

Knowledge of relative strength changes across joint range of motion in both paretic and
nonparetic leg muscles of individuals with stroke may help guide clinicians in selecting
appropriate rehabilitation exercises. Thus, the purpose of this study was to determine
whether or not alterations of flexion and extension torque-angle curves exist in the paretic
and nonparetic knee joints of individuals with chronic stroke when compared to a control

group.

Nineteen subjects with hemiparesis following a single stroke were recruited from the
community. Subjects were at least 1 year post-stroke, 50 years of age, able to walk
independently for 10 m (with or without a device), able to actively achieve full paretic knee
extension and 105° of knee flexion in sitting, and able to follow commands. In addition, 19
healthy subjects of similar age were recruited as controls. Approval was obtained from the
local university and hospital ethics committees and all subjects provided informed consent.
For subjects with stroke, motor recovery of the paretic lower extremity was assessed using
the leg and foot portion of the Chedoke-McMaster Stroke Assessment [8] ; stage 1
represents flaccid paralysis and stage 7 represents normal movement. Disability was
assessed using the Stroke Functional Classification levels from the American Heart
Association Stroke Outcome Classification Score [9] ; level | represents complete
independence and level V represents complete dependence. Lower extremity passive muscle
tone was assessed using the Modified Ashworth Scale (MAS) [10]; 0 = no increase in tone
and 4 =rigid. Activity level was assessed for all subjects using the Physical Activity Scale
for Individuals with Physical Disabilities [11]. This self-report questionnaire provides an
estimate of how many days per week, and hours per day are spent being active and is
multiplied by a metabolic equivalent value (MET hours/day). Subject and control group
characteristics are summarized in table 1.

Joint Torque Assessment

The isometric mode of a Kin-Com dynamometer (Chattanooga Group, Tenn., USA) was
used to assess extension and flexion maximum voluntary joint torques across six different
angles (15, 35, 55, 75, 95, and 105°, where the knee was in full extension at 0°) of the
paretic and nonparetic knee of subjects with stroke, and the nondominant knee of control
subjects (determined by preference for kicking a ball). Unlike the upper extremity, it has
been shown that there is no dominance for maximal muscle strength [12, 13] or power [14]
in the lower extremity.
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Instrument calibration was tested prior to the study with known weights and was accurate to
within 8 1 N. Subjects were positioned at a 90° sitting angle. Three straps stabilized the
trunk and pelvis and the subject’s hands rested in their laps. A rigid clamp placed over the
distal thigh of the test leg was used for additional stabilization. The dynamometer axis was
aligned with the lateral femoral condyle and the cuff was positioned three finger breaths
above the medial malleolis. Blood pressure was monitored before, during, and after testing
and was required to be at or below 140/90 mm Hg.

Before each trial, subjects were relaxed and instructed ‘At the sound of the click (an auditory
cue) push (or pull) as hardand as fastas you can and hold this effort. At the second click,
immediately relax’. Each trial lasted 3 s and verbal encouragement was provided to facilitate
a maximum effort. Before extension and flexion joint actions, one submaximal trial followed
by one maximal trial was performed as practice. Force signals from the dynamometer were
fed through an analogue to digital converter (National Instruments) and collected at 100 Hz.
During testing, the torque profile of each trial was displayed on a computer screen and
visually inspected by the same examiner. Trials with pushing or pulling in the wrong
direction or irregular torque profiles were repeated by the subject and subsequently
eliminated before analysis (5% of the total number of trials across all subjects needed to be
repeated). To avoid a fatigue effect, each trial was separated by 30 s rest and each joint angle
was tested one at a time from short to long muscle lengths before being repeated (i.e. knee
extension torque testing was as follows: 15, 35, 55, 75, 95, 105, 15, 35, 55, 75, 95, 105°,
where 15° is near knee extension). In addition, 5 min rest was provided between extension
and flexion joint actions. To reduce a possible order effect, testing began with extension for
approximately half of the subjects and flexion for the remainder.

Data Analyses

Data were processed with MATLAB using custom software. All torque measurements were
corrected for the effect of gravity on the lower extremity segment and cuff of the
dynamometer. Peak torque was measured as the maximum torque maintained over a period
of 250 ms divided by body mass and averaged over the two contractions for each angle.
Knee extension and flexion torque-angle curves of the mean absolute torques (Nm/kg) were
plotted to descriptively illustrate the strength loss or gain of the paretic and nonparetic knees
when compared with controls (fig. 1, 3). Due to the variability of muscle strength across
subjects, refative torque production (%) across the 6 joint angles was also calculated by
expressing each subject’s torque values as a percentage of their owrn peak torque (each
subject’s highest torque value across joint range of motion was designated as 100%). Knee
extension and flexion torque-angle curves were again plotted to allow for a comparison of
relative strength across joint range of motion between paretic, nonparetic and control subject
groups (fig. 2, 4). Lines of fit were added to torque-angle curves to aid visual inspection.

Statistical Analyses

Descriptive statistics were calculated to depict subject characteristics, clinical scores, and
measured torque values. Relative torque-angle curves of the paretic and nonparetic sides of
individuals with stroke were compared with the control group using a 2-factor (Factor 1:
group; paretic, nonparetic, control. Factor 2: joint angle; 15, 35, 55, 75, 95, 105°) mixed
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design analysis of variance (3 x 6 ANOVA). Separate analyses were performed for knee
extension and knee flexion torques. If significant interactions (subject group by joint angle)
were revealed, post-hoc pairwise comparisons for independent samples were performed for
each joint angle tested to determine re/ative strength differences (1) between the paretic knee
joint when compared with control values and (2) between the nonparetic knee joint and
control values. All statistical analyses were performed using SPSS 11.5 software with a
significance level of p < 0.05.

Knee Extension Torque-Angle Curves

For knee extension, the absolute torque-angle curves (Nm/kg) (fig. 1) produced a mean
across all 6 joint angles of 0.67 Nm/kg (SD = 0.27) for the paretic side, 1.05 Nm/kg (SD =
0.33) for the nonparetic side, and 1.04 Nm/kg (SD = 0.21) for the controls. Thus, overall
there was an absolute torque reduction across joint range of motion for the paretic extensors
and no torque reduction (i.e., preservation of torque) for the nonparetic extensors when
compared to controls.

For statistical analysis, the refative extension torques (normalized to each subject’s own peak
torque; %) at each joint angle were used (fig. 2) and the ANOVA revealed a significant
interaction between group (paretic, nonparetic, and control) and joint angle (6 angles) (p =
0.001). Posthoc t tests for independent samples revealed paretic extensors to be significantly
lowerthan controls at 15° (p = 0.002) (i.e. relatively weaker at short muscle lengths or near
full joint extension); no other joint angles were significant (p = 0.224-0.943) (fig. 2 b).
Nonparetic extensors were significantly Aigherthan controls at 95 and 105° (p = 0.015,
0.004 respectively) (i.e. relatively stronger at long muscle lengths or near full joint flexion);
no other joint angles were significant (p = 0.143-0.633) (fig. 2 a). On average, peak knee
extension torque occurred at 55° for the paretic side and 75° for both the nonparetic side and
control group.

Knee Flexion Torque-Angle Curves

For knee flexionthe absolute torque-angle curves (Nm/kg) of the paretic and nonparetic
sides of individuals with stroke and the control subjects are presented in figure 3. The mean
absolute torque produced across all 6 joint angles was 0.35 Nm/kg (SD = 0.17) for the
paretic side, 0.55 Nm/kg (SD = 0.18) for the nonparetic side, and 0.60 Nm/kg (SD = 0.21)
for the controls. Thus, absolute torque was reduced across joint range of motion for the
paretic flexors. The nonparetic flexors produced less torque than controls when the knee
joint was extended, but torque remained unaffected (i.e., preserved torque) as the knee joint
moved towards flexion, therefore producing a flattened torque-angle curve.

For statistical analysis, the refative flexion torques (normalized to each subject’s own peak
torque; %) at each joint angle were used (fig. 3) and the ANOVA revealed a significant
interaction between group (paretic, nonparetic, and control) and joint angle (6 angles) (p =
0.041). Post-hoc t tests for independent samples revealed no significant differences between
paretic flexors and controls for any joint angles tested (p = 0.389-0.641) (fig. 4). Nonparetic
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flexors were significantly Aigherthan controls at 55, 75, and 95° (p = 0.050, 0.014, 0.016,
respectively), and 105° approached significance (p = 0.057) (i.e. relatively stronger as the
muscle moved towards shorter lengths or more joint flexion). Due to the flattening of the
absolute nonparetic torque-angle curve and the weakness demonstrated near full joint
extension, the refative torque-angle curves crossed between 15 and 35° with the nonparetic
flexors being significantly /owerthan controls at 15° (p = 0.044) (fig. 4). On average, peak
knee flexion torque occurred at 15° for all three groups.

Discussion

The torque-angle curves from our control subjects had similar shapes as reported previously
for healthy adults with a quasi-bell-shaped curve for the knee extensors and torque that
increased with longer muscle lengths for the knee flexors [15, 16].

Torque-Angle Relationships of the Paretic Knee

The clinical observation of excessive paretic knee extensor weakness near terminal extension
was supported by our findings. When compared to the controls, there was an additional 10%
reduction in relative strength of the paretic knee extensors at short muscle lengths (15° from
full extension). Thus, weakness existed across joint range of motion, but was exaggerated at
short muscle lengths. Our findings concur with the relative weakness found at short muscle
lengths of the elbow flexors and extensors [2, 3]. Such nonuniform weakness may be due to
the primary cerebral damage that occurs with stroke. In healthy individuals, it has been
shown that twitch duration is reduced during voluntary isometric contractions at short
muscle lengths in the biceps brachialis [17, 18] and tibialis anterior [17, 19]. Thus to achieve
fusion of twitches when contracting at short lengths, a healthy central nervous system will
increase motor unit discharge rates. However, in individuals with stroke, there is evidence of
reduced motor unit firing rates in paretic muscles [20, 21]. Thus, exaggerated weakness at
short muscle lengths in individuals with stroke may be due to an inability to increase motor
unit discharge rates to achieve fusion of twitches [2]. Koo et al. [3] reported no significant
differences in EMG levels of the brachioradialis muscle of subjects with stroke when tested
isometrically across short to long lengths, whereas control subjects demonstrated
significantly higher EMG levels at short lengths relative to long. Such findings suggest a
reduction in central drive at short lengths in subjects with stroke [3].

The length of the muscle will influence peripheral feedback which in turn can alter the
threshold of the motoneurons on a presynaptic level [22]. Patikas et al. [22] found a
decreased level of presynaptic inhibition when the soleus of healthy subjects was in a
shortened length versus a longer length, thereby facilitating the depolarization of the motor
neuron pool to compensate for the biomechanical disadvantaged position. Although
modulation of presynaptic inhibition appears impaired during force generation post-stroke
[23], the relationship of presynaptic inhibition with muscle length has not been explored in
this population.

Renner et al. [24] found that subjects with cortical stroke, but not subcortical stroke, lacked
an increase in corticospinal excitability at short muscle lengths of the triceps and biceps
brachii as measured by the motorevoked potential (MEP) amplitude using transcranial
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magnetic stimulation at 40 days post-stroke. They suggested that cortical interneurons may
be involved with the MEP-muscle length relation. We did not note torque differences
between our cortical and subcortical subjects, however we were likely underpowered to
detect such differences as only 7 of 19 subjects had cortical lesions. On the other hand, our
sample was substantially more chronic (mean 7 years post-stroke) and perhaps
compensations of use or non-use play an increasing role on motor excitability with
chronicity.

In addition to neural factors, there is increasing evidence that the mechanical properties of
the muscle and tendon complex are altered post-stroke. Muscles affected by upper motor
neuron lesions have been found to have reduced resting sarcomere length [25] and increased
stiffness [25, 26] which could potentially interfere with cross-bridge formation particularly
at short lengths.

Unexpectedly, our results for the paretic knee fexors did not demonstrate any evidence of

selective weakness at short lengths. This is in contrast to the paretic elbow where selective
weakness at short lengths was demonstrated for both flexor and extensor muscle groups [2,
3].

This negative finding may be due to the differences in architectural and contractile properties
between the quadriceps and hamstring muscles. The quadriceps is characterized by higher
pennation angles, shorter fibers, and a larger cross-sectional area relative to the hamstrings;
thus the knee extensors are designed for high force production, and the knee flexors are
designed for large excursions and velocity [27, 28]. As a result there may be substantial
differences in the neural control of muscles with vastly different structural properties. For
example, Brouwer and Ashby [29] found that cortical magnetic stimulation generated
facilitatory or no response in the biceps femoris, while inhibitory responses occurred in the
vastus medialis. Furthermore, the distribution of oligosynaptic cortical pathways has been
found to vary between the biceps femoris, vastus lateralis and semitendinosus muscles [30,
31].

Lastly, our results for the knee flexors may also be due to the upright test position of the
subjects at a 90° sitting angle which may not have shortened the hamstrings sufficiently to
demonstrate exaggerated weakness. Each of the hamstring muscles crosses both the hip and
the knee joints (with the minor exception of the short head of biceps femoris), thus, when
sitting upright, the hamstring muscles remain lengthened over the hip joint. In contrast, for
the knee extensors, only the rectus femoris of the quadriceps muscle crosses both the hip and
the knee joint (vastus medialis, lateralis and intermedius originate below the hip joint) and a
90° sitting angle, combined with a 15° knee flexion angle, would cause considerable
shortening of this muscle group. An upright posture was selected to minimize the transient
increase in blood pressure known to occur with isometric exercise [32, 33] in this
hypertensive population.

Torque-Angle Relationships of the Nonparetic Knee

The nonparetic knee extensors and flexors were up to 12% stronger than controls when
tested over 95-105° of flexion (long lengths for the extensors and short lengths for the
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flexors). Our subjects were tested, on average, 7.5 years post-stroke and this relative strength
gain over a flexed knee joint position may be due to task-specific muscular adaptation. For
example, individuals with stroke place more of their weight through their nonparetic leg
during sit-to-stand [7, 34]. Furthermore, sit-tostand is performed several times a day and
older adults use up to 87% of their available knee torque to rise [35]. With the nonparetic leg
performing the majority of effort during this transfer, it is being loaded to near maximal
levels repeatedly throughout the day. Interestingly, the quadriceps and hamstring muscle
activity in older adults peaks during the critical transition phase of sit-to-stand when the
knee is flexed beyond 90°[36]. Thus, such repetitive activity of the nonparetic knee could
result in compensatory strength gains over a flexed joint position.

Limitations

These findings may not necessarily extend to concentric or eccentric torque-angle curves.
However, there is a relationship between knee flexion and extension isometric strength
measures with isokinetic and isotonic measures taken at the same joint angle (mean r= 0.75)
[37]. In addition, generalization of these findings can only be made to individuals with
chronic stroke.

Clinical Implications and Future Directions

The main finding of exaggerated paretic knee extensor weakness near terminal extension
should encourage clinicians to design exercises that strengthen the quadriceps over short
muscle lengths. Increasing strength over the last 20° of knee extension may enhance
performance during functional activities such as gait and stair climbing. Furthermore, the
finding that both nonparetic extensors and flexors tend to be relatively stronger as the knee
assumes a more flexed position suggests that individuals with stroke rely heavily on their
nonparetic leg during everyday tasks, possibly leading to further strength loss in the paretic
leg muscles due to disuse atrophy. Thus, clinicians should encourage symmetrical use of the
legs, which may enhance paretic leg strength and improve function. The common practice of
examining paretic limb strength with a single isometric midrange contraction may not
always reveal the full clinical picture.
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Figure 1.

Comparison of absolute knee extension torques (Nm/kg) (a) between the control group and
nonparetic stroke side and (b) between the control group and paretic stroke side at 6

different angles. The error bars represent 1 SD.
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Figure 2.

Comparison of relative (%) knee extension torques between (a) the control group and
nonparetic stroke side and (b) control group and paretic stroke side at 6 different angles. The
error bars represent 1 SD. * Paretic relative torque significantly different than control (p <

0.05).
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Comparison of absolute knee flexion torques (Nm/kg) between (a) the control group and
nonparetic stroke side and (b) control group and paretic stroke side at 6 different angles. The
error bars represent 1 SD.
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Figure 4.

Comparison of relative knee flexion torques (%) between (a) the control group and
nonparetic stroke side and (b) control group and paretic stroke side at 6 different angles. The
error bars represent 1 SD. * Nonparetic relative torque significantly different than control (p

< .05).
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Table 1

Characteristics of subjects (stroke n = 19, control n = 19)

Page 14

Characteristics Stroke Control
mean = SD or n range mean £ SD or n range

Age, years 649+7.6 53-77 63.4+7.8 52-83
Female/male 6/13 6/13
Mass, kg 759+131 53.0-101.0 82.0+ 125 63.2-103.0
Height, m 1.71+0.10 1.54-1.90 1.77 £0.10 1.59-1.97
BMI, kg/m? 26.2+4.3 20.2-35.0 26.0+3.4 19.7-30.9
Physical activityZ, MET hiday 135+95 2.2-40.3 2314122 5.2-53.2
Time since stroke, years 75+7.3 1-29
Stroke type, ischemic/hemorrhagic 11/8
Stroke type, cortical/subcortical 7112
Paretic side, right/left 6/13
Functional Classificationzrf”, class I-V 1l -V
Motor impairment3v4, stage 1-7

Leg 6 4-7

Foot 4 2-7
Modified Ashworth Scale® (0-4; flexors/extensors)

Ankle 0/1 0-1/0-3

Knee 1/0 0-3/0-2

Hip 0/0 0-0/0-1+

BMI = Body mass index; MET = metabolic equivalent value.

lPhysicaI Activity Scale for individuals with physical disabilities.

Stroke Functional Classification level (American Heart Association).

Median is reported for the ordinal Modified Ashworth Scale, Functional Classification, and Motor Impairment scores.

4Ched0ke-McMaster Stroke Assessment Score.
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