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Abstract Consistent patterns of joint power underlie
coordinated lower extremity behaviors such as running
and walking. Recent work found that shoulder and elbow
power consistently differed during reaching movements in
the horizontal plane. Moreover, joint power during
horizontal reaching appears correlated with motor cortical
activity. It is not known if the feature of differential joint
power extends to vertical plane reaches or to reaches of
different movement conditions. The purpose of this study
was to test for differential shoulder and elbow power
during the acceleratory and deceleratory phases of fast and
normal speed vertical reaches in sitting and supine
positions. Our results suggest that shoulder and elbow
power typically differed both within and across conditions.
First, shoulder power values were positive or negative
dependent largely on movement direction and movement
phase. That is, for each direction and phase, the shoulder
either generated or absorbed energy independent of speed
or body position. Second, and unexpectedly, reaches of
certain condition combinations had similar shoulder power
magnitudes across directions. In contrast, elbow power
values for each direction varied between positive and
negative values depending on phase, speed and position,
and no two condition combinations overlapped across
directions. Third, as target direction, movement phase and
body position varied, shoulder power at fast and normal
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speeds were linearly correlated, as was shoulder power in
sitting and in supine. In contrast, elbow power was linearly
correlated only between speeds. These results join other
studies to suggest that the neuromotor control of the
shoulder may be less complex as compared to the elbow as
a general feature of reaching movements. This differential
control has important implications for the study of
reaching impairments in neurorehabilitation populations,
and provides a potentially important variable in the study
of cortical firing patterns.

Keywords Arm movements - Elbow - Joint power -
Multijoint control - Reaching - Shoulder

Introduction

Consistent patterns of joint power characterize the neuro-
motor control of the legs and trunk during human walking
(Eng and Winter 1995; McGibbon and Krebs 2001;
Robertson and Winter 1980; Winter and Robertson 1978),
running (Winter 1983), balance reactions (Hall and Jensen
2002) and obstacle avoidance (Eng et al. 1997; McFadyen
et al. 2001; Patla and Prentice 1995). For example, hip and
knee joint power tends to differ during the swing phase of
gait such that while one joint is absorbing energy, the other
is generating energy (Eng et al. 1997). Recent work on
joint power and joint dynamics during center-out arm
movements across directions in the horizontal plane
suggests a similar differential control between joints
(Dounskaia et al. 2002; Galloway and Koshland 2002;
Graham et al. 2003). Recently, joint power patterns were
found to be related to firing patterns of motor cortex cells
during horizontal reaches (Scott et al. 2001). Thus, joint
power captures both a complex kinetic-kinematic relation-
ship at each joint, and reflects a potentially important
variable for the nervous system during motor planning and
execution (Bianchi et al. 1998; Graham et al. 2003; Winter
1990).

The purpose of this study was to determine whether
there are consistent differences between shoulder and
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elbow joint power during the acceleratory and deceleratory
phases of vertical plane reaching movements of different
speeds and body positions. Reaching in the vertical plane
presents a more complex kinetic-kinematic relationship
than horizontal reaching due to the additional influence of
gravitational torque (Fisk et al. 1993; Papaxanthis et al.
1998). We also chose to expand the test for shoulder-
elbow power differences to include the movement
conditions of speed and body position, both of which
are common conditions in functional reaching. Both also
influence joint dynamics, and thus, complicate motor
planning. Investigating shoulder-elbow power patterns is
also timely as studies have begun to identify potential joint
power impairments during arm movements in individuals
with neurological diagnoses (Hatzitaki and Hoshizaki
1998).

Materials and methods

Five healthy adults (two female, three male; age range 25-35 years)
participated under informed consent as approved by the University
of Delaware human subjects review committee. Subjects reached
20 cm with their right arm from a common central start position to
one of 12 targets separated by 30° increments. Subjects performed
reaches in sitting and supine at fast and normal speeds. Targets were
placed such that subjects used shoulder and elbow motion in the
parasagittal plane. Their wrist was braced in neutral position.
Subjects performed blocks of five trials under the instruction of ‘as
fast as possible and accurate’ (range 1-1.4 m/s), and five trials ‘at a
normal speed and accurate’ (range 0.5-0.7 m/s) to each target for
240 trials per subject. Subjects practiced reaching to each target
direction immediately before testing that direction, and rested 1—
2 min between movements to each target. The initial arm position
and target positions did not differ across speeds or body positions,
thus shoulder-elbow excursion combinations for a given direction
did not differ for reaches of different speeds or positions.

Arm movements were captured with a six camera Vicon motion
analysis system (120 Hz). Retroreflective markers were placed along
the right arm at the lateral acromion, lateral epicondyle, center of
dorsal wrist joint line, index finger and the left lateral acromion.
Subjects produced minimal upper trunk motion as indicated by
minimal translation of the bilateral acromion markers. Each limb
segment’s position was calculated over time and filtered (5 Hz) with
a 4th order Butterworth filter. Shoulder and elbow joint displace-
ments were calculated, and joint velocities and accelerations were
derived. Inertial parameters, estimated from regression equations
(Winter 1990), and joint kinematics were used in standard inverse
dynamic equations to calculate muscle torque (Bastian et al. 1996).
For each trial, muscle torque and joint angular velocity values were
taken at the first peak of acceleration (acceleratory phase) and the
second peak of acceleration, which occurs in the opposite direction
(deceleratory phase). Shoulder and elbow joint power was calculated
as the product of angular velocity and muscle torque. Note that there
are no differences in the results if an integral of muscle torque and
joint velocity is used for power calculations. Each subject’s average
joint power was then averaged for group values. In addition to the
sign and magnitude of joint power across directions for each
condition, we were also interested in the degree to which joint power
was related between acceleratory and deceleratory phases, between
fast and normal speeds, and between sitting and supine body
positions. To be clear, speed, phase and body position are each a
movement ‘condition’. In this study, subjects produced reaches of
various speed, phase and body position combinations (ex. the
acceleratory phase of normal speed reaches in sitting). We use the
term ‘condition combination’ to refer to the various speed, phase
and body position combinations (ex. reaches of various condition
combinations had similar shoulder power magnitudes).

Results

Three major findings suggest that shoulder and elbow
power differed both across movement conditions (Fig. 1)
and within a given condition (Fig. 2, Table 1). First,
shoulder power displayed a positive or negative sign based
largely on movement direction and independent of move-
ment condition, whereas elbow power varied between
positive and negative values for a given direction
depending on the combination of phase, speed and
position (Fig. 1a). Second, and quite unexpected, reaches
of various condition combinations had remarkably similar
shoulder power magnitudes not for just one or two
directions, but across most directions (Fig. la). Specifi-
cally, the acceleratory phase of fast reaches in sitting and
supine had similar values across directions. Interestingly,
the acceleratory phase of normal speed reaches in sitting
and in supine, and the deceleratory phase of normal speed
reaches in sitting all had similar values across directions.’
In contrast, elbow power magnitudes were relatively
unique across directions for each combination of phase,
speed and position (Fig. 1b). Taken together, the pattern of
sign and magnitude of joint power across conditions
appeared more complex at the elbow compared with the
shoulder.

The third major finding was in the degree of association
between reaches of different speeds, different positions or
different phases (Fig. 2a—c). For example, how is joint
power related between sitting and supine reaches across
directions for each of the various condition combinations?
The shoulder displayed significant linear associations
between positions (R® range 0.98-0.79, all significant
p<.01) and between speeds (R® range 0.92-0.75, all
significant p<.01), suggesting a reduction in the complex-
ity of neural planning (Fig. 2, left column). The shoulder
displayed a more complex association between phases.
The elbow displayed more complex associations for phase
and position, suggesting a control strategy that was more
sensitive to movement condition (Fig. 2, right column).
Elbow power displayed a significant linear association,
however, between speeds for three of four condition
combinations (R? range 0.94-0.88, all significant p<.01).
Table 1 shows R? values for each condition combination.

Discussion

Previous work suggested that shoulder and elbow power
differ as a general feature of horizontal reaching (Graham
et al. 2003). In this study, we extended these findings to

' As is common in the center out task paradigm, a few targets can be
reached with significant motion of only one joint. In this study,
subjects produced single joint shoulder movements to target
directions 60 and 210-240°. Elbow velocity during these move-
ments was very low, resulting in low joint power across all condition
combinations. Similarly, subjects produced single joint elbow
movements to 90-120 and 270° and very low shoulder joint
velocity and low shoulder joint power.
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the acceleratory and deceleratory phases of vertical
reaches of different directions, speeds and body positions.
Below we briefly outline how these new findings provide
the basis for novel predictions regarding cortical firing
patterns, the concept of an internal model, and impair-
ments in neurorehabilitation patients.
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Cortical firing patterns and internal models

Cortical firing patterns have been shown to reflect the
arm’s mechanical properties (Cabel et al. 2001; Gribble
and Scott 2002). Recently, Scott and colleagues found a
correlation between joint power and the distribution of
preferred directions of M1 neurons during horizontal

Table 1 R? values for shoulder
and elbow power associations

*Significant linear associations

Associations between Condition combinations Shoulder R? Elbow R?
Movement phases Normal speed, supine 67* 15
Fast speed, supine 12 .07
Normal speed, sitting .94* B1*
Fast speed, sitting .29 28
Body positions Acceleratory phase, normal speed 97* .69%*
Deceleratory phase, normal speed 718%* 15
Acceleratory phase, fast speed 79* .01
Deceleratory phase, fast speed .90* .03
Movement speeds Acceleratory phase, supine JT* 46
Deceleratory phase, supine .92% 93*
Acceleratory phase, sitting 5% 91*
Deceleratory phase, sitting .85% .88*

p<.05
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reaching in non-human primates (Scott et al. 2001).
Assuming a similar cortical firing-joint power relationship
exists during vertical reaching, our results predict that
shoulder-related M1 cells would display a fundamentally
different pattern of modulation across reaches of various
movement conditions as compared with elbow-related
cells.

Our findings also fit within the conceptual framework of
an ‘internal model’ used by the nervous system to predict

Normal power

the kinematic and kinetic features necessary for planning
(Kalaska et al. 1997; Kawato et al. 1999; Wolpert et al.
1995). Several studies suggest that the neural control of
limb dynamics occurs in intrinsic or joint space (Cabel et
al. 2001; Gribble and Scott 2002; Malfait et al. 2002;
Shadmehr and Mussa-Ivaldi 1994). Our data provide a
rationale to predict that the composition and maintenance
of such a kinetic-kinematic model of the elbow is more
complex as compared with the shoulder model. Indeed, the



lone study investigating joint level changes during force
field adaptation during horizontal arm movements sug-
gests shoulder muscle activity changed less during adap-
tation than elbow muscle activity (Thoroughman and
Shadmehr 1999).

Joint power impairments

Populations at risk for coordination impairments such as
individuals post neurological injury (Kerrigan et al. 2001;
Perell et al. 1998), the elderly (Hall and Jensen 2002;
McGibbon and Krebs 2001), and individuals learning to
control a prosthetic limb (Schneider et al. 1993) display
altered joint power. The largest body of work on joint
power during arm movements is in wheelchair pushing
(Guo et al. 2003; Rodgers et al. 2003; Rozendaal et al.
2003; van der Helm and Veeger 1996). Few of these
studies focused on shoulder-elbow power comparisons;
however, Rodgers and coworkers (2003) showed differ-
ential shoulder-elbow power distribution during non-
fatigued pushing, as well as a differential change in joint
power with fatigued pushing. Differences in shoulder-
elbow power have been found in individuals with
Parkinson’s disease (Hatzitaki and Hoshizaki 1998);
however, no other studies have investigated arm joint
power in neurorchabilitation populations.

Our results predict that the elbow should, in general,
display greater joint power impairments and a more
prolonged recovery of typical joint power patterns than the
shoulder. The shoulder-elbow power differences identified
in the present study join a growing body of work on joint
dynamics, which suggests that the elbow is typically a)
more complex than the shoulder in neurologically normal
subjects (Dounskaia et al. 2002; Galloway and Koshland
2002; Galloway et al. 2001); b) more impaired than the
shoulder in individuals with neurological injury (Bastian et
al. 1996, 2000; Beer et al. 1999); and c) displays a more
prolonged developmental trajectory than the shoulder in
infants first learning to reach (Konczak and Dichgans
1997).

In conclusion, it is important to note that our data do not
suggest that the nervous system controls individual joints
in isolation, or that controlling the shoulder is simple.
Patterns of joint power that are displayed across a range of
movement directions and conditions, such as our finding
of shoulder and elbow power differences, do suggest
potentially important features of multijoint coordination
(Bianchi et al. 1998; Eng et al. 1997; Graham et al. 2003;
Patla and Prentice 1995; Scott et al. 2001; Winter 1990).
As outlined above, these features provide a foundation for
future studies of patients with dysfunctional reaching such
as individuals post stroke, and for studies into relationship
between cortical firing patterns and joint power patterns
during arm movements across different movement condi-
tions.
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