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Coupling of shoulder joint torques sl

in individuals with chronic stroke mirrors
controls, with additional non-load-dependent
negative effects in a combined-torque task

Joseph V. Kopke'®, Levi J. Hargrove? and Michael D. Ellis®*

Abstract

Background: After stroke, motor control is often negatively affected, leaving survivors with less muscle strength and
coordination, increased tone, and abnormal synergies (coupled joint movements) in their affected upper extremity.
Humeral internal and external rotation have been included in definitions of abnormal synergy but have yet to be
studied in-depth.

Objective: Determine the ability to generate internal and external rotation torque under different shoulder abduc-
tion and adduction loads in persons with chronic stroke (paretic and non-paretic arm) and uninjured controls.

Methods: 24 participants, 12 with impairments after stroke and 12 controls, completed this study. A robotic device
controlled abduction and adduction loading to 0, 25, and 50% of maximum strength in each direction. Once estab-
lished against the vertical load, each participant generated maximum internal and external rotation torque in a
dual-task paradigm. Four linear mixed-effects models tested the effect of group (control, non-paretic, and paretic),
load (0, 25, 50% adduction or abduction), and their interaction on task performance; one model was created for each
combination of dual-task directions (external or internal rotation during abduction or adduction). The protocol was
then modeled using OpenSim to understand and explain the role of biomechanical (muscle action) constraints on
task performance.

Results: Group was significant in all task combinations. Paretic arms were less able to generate internal and external
rotation during abduction and adduction, respectively. There was a significant effect of load in three of four load/
task combinations for all groups. Load-level and group interactions were not significant, indicating that abduction
and adduction loading affected each group in a similar manner. OpenSim musculoskeletal modeling mirrored the
experimental results of control and non-paretic arms and also, when adjusted for weakness, paretic arm performance.
Simulations incorporating increased co-activation mirrored the drop in performance observed across all dual-tasks in
paretic arms.

Conclusion: Common biomechanical constraints (muscle actions) explain limitations in external and internal rota-
tion strength during adduction and abduction dual-tasks, respectively. Additional non-load-dependent effects such
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as increased antagonist co-activation (hypertonia) may cause the observed decreased performance in individuals
with stroke. The inclusion of external rotation in flexion synergy and of internal rotation in extension synergy may be

over-simplifications.

Keywords: Stroke, Hemiparesis, Synergy, Shoulder, Strength, Rotation, Weakness

Background

Approximately 610,000 new strokes occur each year in
the US and 16.9 million occur worldwide [1]. Currently,
6.6 million Americans are living post stroke, approxi-
mately 30-60% of whom have chronic upper extrem-
ity motor impairments [2, 3], including weakness, loss
of multi-joint coordination, hypertonia, and spasticity.
Weakness and loss of multi-joint coordination involving
the upper extremity may affect activities of daily living
that require control of arm position, stiffness, damping,
and inertia [4] to enable the individual to accomplish
tasks such as feeding themselves, dressing, preparing
food, carrying objects, or opening doors.

One factor that contributes to the loss of multi-joint
coordination after stroke is an unintentional co-contrac-
tion of muscles throughout a limb, described as an abnor-
mal synergy, and loss of independent joint control [5-7].
Shoulder abduction is reported as being accompanied
by shoulder external rotation, elbow flexion, supination,
and wrist and finger flexion, while shoulder adduction is
often accompanied by shoulder internal rotation, elbow
extension, and wrist and finger flexion [8].

Using an isometric task in single directions, Dewald
et al. compared control, non-paretic, and paretic internal
and external rotation torques generated during shoulder
abduction and found inconsistencies with the expecta-
tions of the abnormal synergy hypothesis [9]. Specifi-
cally, the paretic and control arms had similar secondary
torque generation patterns in internal and external rota-
tion that were different from the non-paretic arms. This
result was not investigated further, the focus of subse-
quent work being on the more robust effects of abductor
drive on distal joints, including elbow, wrist, and fingers
[10].

We have also moved away from analyzing secondary
torques (torques generated in directions that partici-
pants are not instructed to control or do not have feed-
back from) during single direction tasks because of the
difficulty in determining if those torques are pathologi-
cal (mandatory), normal, or just how these individuals
chose (consciously or unconsciously) to perform the task
[7, 11]. We have instead moved towards multi-degree
of freedom (DOF) tasks that test ability in two or more
directions simultaneously [12, 13]. At the cost of mini-
mally increasing cognitive load [14], these tasks allow
us to better test movement capacity after stroke, and to

determine whether it is limited by neural or mechani-
cal constraints. Importantly, this dual-task paradigm has
been completed for multi-joint combinations of shoulder
abduction, elbow extension, and wrist/finger extension
[9, 11, 15] but not for within-shoulder movements such
as internal and external rotation during abduction or
adduction. Furthermore, our recent work has suggested
that internal/external rotation and abduction/adduction
joint torque coupling may be present in individuals with-
out stroke. These results warrant an in-depth analysis of
shoulder DOF coupling in individuals with and without
stroke.

Minimal work has been published on attempts to quan-
tify torque generation capacity at the shoulder (gleno-
humeral joint) during multi-DOF tasks. Baillargeon et al.
recently published a study examining feasible torque
space of the shoulder in young healthy adults [16]. They
noted that external rotation during adduction and inter-
nal rotation during abduction were the weakest directions
of the shoulder. Although these data are from unimpaired
individuals, these torque combinations are considered to
be out-of-synergy in individuals with stroke. Beer et. al
confirmed that hemiparetic external rotation weakness
was profound (33%); however, this weakness was unre-
lated to reaching performance against gravity (movement
out of synergy) [17]. Nonetheless, internal/external rota-
tion capacity after stroke has largely been assumed to be
constrained by abnormal neural drive.

This study attempts to better understand and quan-
tify longstanding observations going back to the work
of Twitchell et al. [18] that included external/internal
rotation in flexion/extension synergies, respectively. The
nature of external/internal rotation capacity is of special
relevance because technically sophisticated devices and
associated protocols are being designed for rehabilita-
tion of the upper extremity [19]. This study examines
internal and external rotation torque generation capac-
ity (strength) during abduction and adduction using a
robotic device—a paradigm similar to that first described
by Beer et al. to investigate task-dependent weakness
in elbow flexion/extension during abduction/adduc-
tion [20]. In line with the described clinical presentation
and laboratory-based findings of multi-joint synergistic
movement and posturing following a stroke, we hypoth-
esized that, compared to individuals without stroke, the
paretic arm would reflect abnormal synergy within the
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DOFs of the glenohumeral joint, such that external rota-
tion would be weaker during adduction and stronger
during abduction, and conversely that internal rotation
would be stronger during adduction and weaker during
abduction.

Methods

Fourteen participants with chronic hemiparetic stroke
and moderate to severe upper-extremity motor impair-
ments were recruited and provided consent to par-
ticipate. Moderate to severe motor impairment was
determined, by a licensed physical therapist, as a score
between 10 and 45 out of 66 on the upper-extremity
portion of the Fugl-Myer Assessment. Two participants
were excluded from analysis: one was not able to gener-
ate any external rotation torque and another was unable
to execute the required dual-task. Thus, 12 participants
(6 female) with hemiparetic stroke with chronic motor
impairments (60.84+10.3 years old, with a Fugl-Myer
Upper-Extremity Assessment score of 26.9+8.4, and
16.8 £ 8.3 years post-stroke) completed the study. Twelve
age- and sex- matched participants without stroke (6
female, mean age 59.1£9.9 years old) were also recruited
to serve as controls. The non-paretic then the paretic
arms were tested in those with stroke, while only the
dominant arm was tested in control participants. All par-
ticipants provided written consent to participate in the
study in accordance with Northwestern University Insti-
tute Review Board (IRB #: STU00205835).

Setup and instrumentation

Once seated in a rigid chair (Biodex, Shirley, NY; Model
830-110) with waist and shoulder straps fastened and
secured, each participant’s arm was placed in 90° of
abduction, 45° of horizontal adduction, and 90° of elbow
flexion using a custom setup that put the arm in the
transverse plane at shoulder height. The forearm was rig-
idly attached to the custom setup via a fiberglass cast that
covered the hand, wrist, and forearm, enabling a 6-DOF
load cell (JR3 Inc., Woodland, CA, USA; Model 45E15A)
to measure 3-axis force and moment data.

Single-DOF isometric strength

Isometric strength was collected via a single-DOF iso-
metric task in four different directions in the following
order: shoulder abduction, shoulder adduction, external
rotation, and internal rotation. Five-second trials with
verbal encouragement and visual feedback of real-time
torque were repeated until three trials were collected in
which the maximum torques in the testing direction were
within 10% of each other and the maximum torque in
the last trial was not the greatest. One-minute rest peri-
ods were provided between each trial. Load cell data and
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the corresponding anthropometrics for each participant
were used to calculate maximal joint torques, a precision
measurement of strength. The maximal adduction and
abduction joint torque was used as input to the subse-
quent dual-task strength protocol.

Dual-task strength setup

Participants moved from the isometric setup to a cus-
tomized robotic setup that comprised a modified ACT
3D HapticMaster with an added 6-DOF load cell (JR3
Inc., Woodland, CA, USA; Model 51E20A) at the end
effector. Each participant sat in a chair similar to that
described for the isometric testing. Participants were rig-
idly connected to the load cell using a custom device that
secured the medial and lateral epicondyles between foam
pads centered over the load cell and attached the casted
forearm to a rigid bar extending from the load cell, as
depicted in Fig. 1. The elbow was centered over the load
cell to minimize sensitivity to measurement error and
to decouple the DOFs being tested. The position of the
robot and the participant were adjusted so that the arm
position was the same as for the isometric single-DOF
strength testing (90° abduction, 45° horizontal adduction,
and 90° elbow flexion).

Dual-task strength testing

Using the maximal abduction and adduction joint torque
data from the isometric single-DOF strength testing,
vertical loads (accounting for limb weight) were cal-
culated and programmed into the device. These loads
would require each participant to use 0, 25, or 50% of
their maximal abduction or adduction strength to move
the robot vertically depending on the condition being
tested (5 loading conditions: 0,%£25,+50%). An upper

Fig. 1 Dual-task setup. Custom ACTP with load cell (in blue under
elbow) with casted arm attached via custom device. Movement of
the robot was limited to the vertical direction. This participant’s arm is
resting on lower horizontal surface
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(5 cm above 90° of abduction) and lower (5 cm below 90°
of abduction) vertical limit of joint position was created
to control the extent of shoulder abduction or adduc-
tion. These somewhat arbitrary limits were set to ensure
safety of the glenohumeral joint while enabling a more
intuitive paradigm for controlling two DOFs simultane-
ously. Loads applied by the robot during adduction tri-
als forced the at-rest limb toward the upper limit (ceiling)
while abduction loads forced it toward the lower limit
(floor). During each trial the participant was required to
adduct or abduct against the specified load and maintain
it within the 10 cm vertical window between the limits
(quasi-static/dynamic). Each trial consisted of 5 s of sin-
gle task abduction or adduction off of (within) the verti-
cal limits followed by 5 s of maximal isometric internal or
external rotation. Internal and external rotation torques
that were generated while the limb made incidental con-
tact with the upper or lower limits were not included in
the analysis. A simple bar plot projected on a large moni-
tor provided feedback of real-time calculated internal
and external rotation joint torque. A visual and audible
cue was given for both the start of the lift condition (first
5 s) and the lift plus rotation condition (last 5 s). We have
found that a quasi-static/dynamic control of shoulder
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abduction and adduction position while under load alle-
viates the cognitive burden of a dual-task as it is more
functionally intuitive than a fully isometric dual-task. Ten
load levels were evaluated (5 for external rotation and 5
for internal rotation) for both the adduction and abduc-
tion conditions, and order of abduction/adduction loads
and of internal and external rotation trials was rand-
omized. Trials were repeated within each condition until
three trials were acquired in which the maximal internal
or external rotation torque was within 10% of each other
and the last torque was not the greatest. Rest periods of
one minute or longer were provided between each trial.
Total trials needed to complete the protocol were simi-
lar for each group (Control: average=43.4 trials (range
34-58), Non-paretic: 46.0 (36-57), Paretic: 42.6 (36—
55)). Paretic arms were tested after non-paretic arms in
attempt to minimize learning effects during testing of the
paretic arm. Figure 2 shows representative trials for each
combination of tasks (abduction or adduction paired
with external or internal rotation) of one participant.

Data processing
Load cell data were transformed into joint torques using
anthropometric measurements and a series of coordinate

otation during 50% Adduction

20 - Control Torque 35
15 Non-paretic Torque 130
Paretic Torque
g or.-. + Control Position 25
Z -
‘q‘; 5 |- = = - Non-paretic Position 120 g
§ 0= Paretic Position , Y15 §
=} =
= I e —— > 3
€ 51 110 &
5]
10 RN S -5
. S R T A Lt
15 - R 10
A e ==
220 L il 1 L L L L L 5
0 1 2 3 4 5 6 7 8 9 10
Time (s)
20 Internal Rotation during 50% Adduction 35
15 -
—~ 10
s ~
g o0 5
o =
= 173
= 5f 110 &
o
R S ==z 15
S - - -
RS N ] Il = <= P v
Br DR e e .o
20 . I L . . . . . 5
0 1 2 3 4 5 6 7 8 9 10
Time (s)

20 External Rotation during 50% Abduction 30

15 25
—~ 10 120
£ —
I 8
3 e —
T o0 ~ 110 §
o =4
[ @
€ 5 e e R
s |- - .- i
00 =" I PR R Rt 10

15 cmmaT2TT 15

20 . . . . . . . . 10

0 1 2 3 4 5 6 7 8 9 10
Time (s)
Internal Rotation during 50% Abduction

20 130

15 - 125
—~ 10 420
E —_
3 3
) =
g 5
S =
= @
— o
c o
o°
- -

20 . . . . . . . 10

0 1 2 3 4 5 6 7 8 9 10
Time (s)

Fig. 2 Representative trials for each lifting/humeral rotation direction combination for each group. Solid lines are the isometric humeral rotation
joint torques (Nm; External Rotation (+4) in the top panels, Internal Rotation (4) in the bottom panels) indicated by the left y-axis. Dashed lines are
the vertical position of the robot (cm; 0 indicating midpoint between ceiling (4) and floor (=) limits) during the task indicated by the right y-axis.
The starting position of the vertical position on the left two plots was 5 cm illustrating the participant beginning in contact with the ceiling limit.
Similarly, the starting position of the vertical position on the right two plots was —5 cm illustrating the participant beginning in contact with the
floor limit. The vertical black line indicates the transition cues (visual and verbal) from the single-task to the dual-task
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transformations for both the single- and dual-tasks. All
data were smoothed/averaged over 200 ms windows. The
highest internal and external rotation torque was identi-
fied within each trial (torques acquired while contact was
made with the ceiling or floor limits were ignored) and
the largest torque for each condition and each partici-
pant was used for the analysis below. This resulted in one
external rotation torque and one internal rotation torque
for each of the 5 load levels (—50, —25, 0, 25, 50%), repre-
senting humeral rotation strength as a function of abduc-
tion/adduction load. Maximum torques were normalized
to their maximum value attained during either the sin-
gle- or dual-task to account for heterogeneous weakness/
strength in the study cohort.

Data analysis

Four linear mixed-effects models were generated from
normalized dual-task strength data to test the effects of
group, load-level, and their interaction on internal and
external rotation strength (Eq. 1). Abduction and adduc-
tion data were separated as were external and internal
rotation data. Each linear model was run within one task
combination (e.g. external rotation during adduction).
The 0% load condition was used in both the adduction
as well as the abduction models resulting in four models
with three load-levels (0, 25, and 50%) and three groups
(C, NP, P). Sex was initially included as a main effect but
was removed due to lack of significance in the testing of
normalized dual-task strength and as it was not our pri-
mary parameter of interest. The models were formulated
as follows with group and load as main factors and par-
ticipant as a random factor:
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The MathWorks, Inc., Natick, MA, USA). Prior work
showed that this model under-predicts the moment
arm of the teres minor compared to values found via
cadaveric testing, so we extracted values for the teres
minor as well as for the other rotator cuff muscles from
anatomical moment arm studies to better approximate
the rotator cuff musculature [25, 26]. Additionally, the
model is based on 50" percentile male size and young
male muscle volume. Muscle volume (peak force)
was adjusted by multiplying each muscle by its ratio
between an older adult male or female and the young
male adult data that was used to generate the model
[27, 28].

Hypothetical joint torque maximums (similar to single-
DOF strength) were acquired by using the customized
software to optimize muscle activations to maximize
the joint torques in each of the single directions (abduc-
tion, adduction, external rotation, and internal rotation).
Next, abduction and adduction loading was simulated by
creating inequality constraints of abduction and adduc-
tion loads ranging between 0 and 100% + 1% of the maxi-
mum torque. The optimization was then run to maximize
internal and external rotation torque while simultane-
ously meeting the abduction or adduction loading con-
straints. This resulted in simulations of the described
dual-task protocol across all possible load-levels.

To better simulate the weakness experienced after
stroke and allow the model to generate torques closer to
those achieved by our participants with stroke, all muscle
forces were simulated as having strength that was 25%,
50%, or 75% of the maximal strength (Fig. 4 top and mid-
dle). Each of these limits was applied across all 18 muscle

Rotation torque ~ group + load + group * load + (1|participant) (1)

OpenSim modeling

We simulated both the single- and dual-task protocols
using musculoskeletal modeling via OpenSim with a
previously validated model of the shoulder [21, 22]. The
intent was to determine if model data reflected experi-
mental data and offered additional insights into the
musculoskeletal constraints of internal rotation/adduc-
tion coupling and external rotation/abduction coupling.
Using the methods outlined previously [23, 24], we used
linear programming to optimize muscle activations (in
the range of 0-1) to maximize torque in particular direc-
tions within particular constraints or boundaries.

We matched the model posture to our experimental
setup which equated to 40° “elevation angle”, 90° “shoul-
der elevation”, 50° “shoulder rotation’, and 90° of “elbow
flexion” Parameters for muscles crossing the shoulder
were extracted and provided to customized optimi-
zation software written in MATLAB (Release 2017a,

segments included in the model including three deltoid
segments, supraspinatus, infraspinatus, subscapula-
ris, teres minor, teres major, three pectoralis major seg-
ments, three latissimus dorsi segments, coracobrachialis,
the short and long head of the biceps and the long head
of the triceps. The optimization was run again to maxi-
mize internal and external rotation torque under the pre-
scribed strength and load constraints.

Finally, to investigate the effects and possible contri-
bution of hypertonia on task performance, we imposed
a lower bound on muscle activation. While the above
simulations allowed for muscles to have no activation
during the tasks (0%), these simulations required a mini-
mum activation of 10 or 20% (Fig. 4. bottom) simulat-
ing increased background activity (hypertonia) across
all muscles and tasks. These values were chosen as they
would show the effect or trend of hypertonia within a
reasonable range.
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Results

Single-DOF isometric strength values are summa-
rized in Table 1 for all groups and directions presented
as group mean (standard error) with N=6 for each
group and sex. Single-DOF OpenSim model data is also
included in Table 1. Raw strength values were averaged
by sex since we did not collect or control for muscle
mass or cross-sectional area, and a known relationship
exists between sex and muscle mass and between mus-
cle mass and strength, resulting in sex-based differences
in strength of 40 to 50% [29, 30]. Combined results for
females and males is also provided to allow compari-
son with other published data that was not reported by
sex. Relative strength ratios between each group pro-
vide a general indication of how strength varied between
groups. Strength ratios presented in Table 1 are ratios of
the group averages, since participants were not matched
at the individual level. The strength of the paretic arm

Table 1 Single-DOF isometric strength data for each group and

sex

AB AD ER IR
Female
Control 39.6(1.3) 389(1.5) 194 (1.7) 16.6 (1.1)
Control, model 376 435 221 18.7
Non-paretic 25.8(3.6) 28.7 (3.5) 16.7 (1.7) 14.7 (2.3)
Paretic 16.3 (2.0) 19.5 (2.6) 46(1.0) 7.8(1.1)
Paretic, model 16.5 216 6.8 9.2
NP/C ratio 0.65 0.74 0.86 0.88
P/NP ratio 0.63 0.68 0.28 053
P/C ratio 0.41 0.50 0.24 047
Male
Control 66.4 (8.6) 66.8 (6.9) 382 (4.9) 33.6(3.2)
Control, model 584 64.1 332 30.8
Non-paretic 57.7 (4.9) 59.1(6.9) 35.8(3.3) 32.0(34)
Paretic 28.1(2.9) 30.6 (5.0) 103 (2.4) 123(22)
Paretic, model 26.2 31.7 11.0 139
NP/C ratio 0.87 0.89 0.94 0.95
P/NP ratio 049 0.52 0.29 0.38
P/Cratio 042 0.46 027 0.37
Combined
Control 53.0(5.8) 52.8(54) 28.8(3.8) 25.1(3.0)
Non-paretic 418 (5.6) 439(5.9) 26.3(3.4) 234(3.3)
Paretic 222 (2.1) 250(3.0) 7.5(1.5) 10.1 (1.0)
NP/C ratio 0.79 0.83 091 0.93
P/NP ratio 0.53 057 0.28 043
P/C ratio 042 047 0.26 0.40

Strength data presented as group mean (standard error), Nm. Model data
presented as the single-DOF maximum torque output from the optimization
(Nm). Ratios presented are of group averages

AB abduction, AD adduction, ER external rotation, IR internal rotation, C control,
NP non-paretic, P paretic
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generally ranged between 25 and 50% of non-paretic arm
and control arm strength.

Dual-task results are presented in Fig. 3 as bar plots
of the internal and external rotation strength at each
load-level for each group (Fig. 3a—d presents actual joint
torque, Fig. 3e—f presents joint torques normalized to
each individual’s maximal voluntary torque in the cor-
responding direction). As shown in Fig. 3a—d and even
more so in Fig. 3e—f, a common trend emerges across all
groups: all limbs behave as the paretic arm was expected
to—they are less able to generate out-of-synergy joint
torques.

Table 2 shows the results of the four linear mixed-
effects models on the normalized strength data. External
rotation (ER) and internal rotation (IR) during adduction
are listed first while external rotation and internal rota-
tion during abduction are listed last.

As seen in Table 2, group was a significant main effect
for each combination of adduction or abduction with
external rotation or internal rotation. In each of the task
combinations, paretic arms generated less torque (rela-
tive to their maximum) compared to controls and non-
paretic arms, averaged across all load-levels (ER during
Adduction: p=10.0049, IR during Adduction: p=0.00046,
ER during Abduction: p=0.022, IR during Abduction:
p <0.00000).

Load-level was significant for all task combinations
except for external rotation during abduction (ER during
Adduction: p=0.0003, IR during Adduction: p=0.00002,
ER during Abduction: p=0.503, IR during Abduction:
p=0.00001).

The group and load-level interaction was not signifi-
cant in any task combination indicating that the differ-
ences in external and internal rotation strength across
load-levels was not different between groups (their slopes
are not different). As seen in both Figs. 3 and 4, the abil-
ity to generate external rotation torque increased with
decreasing adduction, and the ability to generate internal
rotation torque increased with decreasing abduction and
with increasing adduction across all groups.

Figure 4 depicts the simulated joint torques across all
load-levels, -100% (maximal adduction) to 100% (maxi-
mal abduction), overlaid by the experimental data for
each group (top—females, middle—males, bottom—com-
bined normalized strength). This includes a simulation
of loss of muscle strength across all muscles of 25, 50,
and 75% (top and middle) as well as a simulation of the
effects of increased background activation (hypertonia)
of 10 and 20% (bottom). The trends of the model match
those of the experimental data. A simulated strength of
25% generated simulated torques that reflected paretic
arm performance. Simulated co-activation levels of 10%
generally followed the control and non-paretic arm data,
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while increased co-activation levels of 20% seemed to fol-
low the paretic arm performance.

Discussion

This study examined single-DOF internal/external rota-
tion strength, and for the first time, combined internal/
external rotation with abduction/adduction in individu-
als with and without stroke. Importantly, we attempted to
better understand the factors contributing to the conven-
tional inclusion of internal/external rotation in stroke-
related stereotypical or synergy patterns of movement.

We hypothesized that the paretic arm would be less
able to generate external rotation torque during adduc-
tion, less able to generate internal rotation torque during
abduction, and conversely, more able to generate external
rotation torque during abduction, and more able to gen-
erate internal rotation during adduction secondary to the
elicitation of abnormal synergies. This was confirmed for
all but external rotation during abduction in which there
was no effect of load. There was also no effect of load in
the external rotation-abduction condition for the con-
trol and non-paretic arm groups. The lack of significance



Kopke et al. J NeuroEngineering Rehabil ~ (2021) 18:134

Table 2 Linear Mixed Models for each of the four task

combinations

DF num DF den F-value P-value
External Rotation during Adduction
Group 2 46.91 5.96 0.0049
Load-Level 2 78.87 8.98 0.0003
Group*Load 4 78.87 0.85 0.4988
Internal Rotation during Adduction
Group 2 515 8.96 0.00046
Load-Level 2 80.67 1245 0.00002
Group*Load 4 80.67 1.2 032
External Rotation during Abduction
Group 2 45.65 4.17 0.022
Load-Level 2 78.07 0.69 0.50
Group*Load 4 78.07 041 0.80
Internal Rotation during Abduction
Group 2 49.01 18.32 0.00000
Load-Level 2 79.85 13.12 0.00001
Group*Load 4 79.85 0.35 0.84

Factors included Group (Control, Non-paretic, Paretic), Load-level (0, 25, 50%),
and their interaction

DF degrees of freedom, Num numerator, Den denominator

may be due to fact that the external rotators (infraspina-
tus, teres minor) and the abductors (deltoid, supraspina-
tus) are different sets of muscles and are thus have more
pure lines of action into their respective directions [25,
26, 31]. In contrast, the internal rotators and adductors
are mostly the same sets of muscles thus creating torque
in both directions simultaneously. Therefore, load would
not affect the maximal amount of external rotation that
could be generated during different amounts of abduc-
tion. This can be observed in the slope of both the experi-
mental data as well as the simulated data (Fig. 4).

While three of four of these hypotheses were confirmed
for the paretic arm, they were also confirmed for the con-
trol and non-paretic arms. There was no detected differ-
ence of the effect of load between groups. Most notably,
all groups had limitations in “out-of-synergy” dual-tasks
(internal rotation/abduction and external rotation/
adduction). These results agree with recent results from
Baillargeon et al. [16], in which the weakest torque direc-
tions in a young healthy population were combinations
of abduction with internal rotation and adduction with
external rotation, suggesting an alternative explanation
for multi-DOF coupling in the glenohumeral joint.

The unexpected finding that the effect of load was not
different between paretic arm and non-paretic or con-
trol arm performance suggests that the limited capacity
to combine external rotation with adduction or internal
rotation with abduction is a normal attribute of motor
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control. One explanation for this shared limitation is
that there is a primary mechanical constraint that lim-
its torque generation in these directions. We posit that
biomechanical constraints due to muscle attachments
and their corresponding actions naturally limit control
of DOFs within the glenohumeral joint. Specifically, the
primary adductors (latissimus dorsi, pectoralis major,
and teres major) have moment arms with a strong com-
ponent acting in both internal rotation as well as adduc-
tion [25, 26, 31]. Conversely, aside from the subscapularis
(a more pure internal rotator), those same muscles are
the primary internal rotators, with a significant compo-
nent of the muscle pull acting in adduction. Thus, when
a task requires adduction, the pectoralis major and latis-
simus dorsi are activated and intrinsically generate inter-
nal rotation torque, limiting the amount of net external
rotation that can be generated. Conversely, when a task
requires internal rotation, adduction torque will auto-
matically be generated, opposing any attempted abduc-
tion torque generation. Thus, in a combined torque task
where the abduction load must be controlled, the amount
of internal rotation that can be generated will be limited
by the amount of abduction that can offset or negate the
biomechanically coupled adduction torque that occurs
during internal rotation.

This shared biomechanical constraint was reflected
in the musculoskeletal simulation. The simulation and
experimental data for each sex, female data (Fig. 4, top),
and male data (Fig. 4, middle), were similar, indicat-
ing that muscle actions, and more broadly, muscle bio-
mechanics limit performance during this dual-task.
Although the male data matches the model fairly well,
the female data has some discrepancies in the external
rotation direction, possibly due to the model being based
on male anatomy. The model was built using bone and
muscle size/length equivalent to a 50th percentile male,
and while adjustments to muscle volume were made,
adjustments to bone size, and moment arms were not.
This may explain why the model fit to the male data is
closer than the fit to the female data. Other limitations
of the simulation include that it assumes intact/unim-
paired motor control, cognition, and vision/perception—
all of which may be impaired after stroke. While these
impairments are mostly accounted for through inclusion/
exclusion criteria as well as including testing of paretic,
non-paretic, and control groups, they may partly explain
differences between model output and study participant
performance.

A second explanation for the shared limitation in
capacity to combine internal rotation with abduction
and external rotation with adduction between stroke and
controls is that axial/proximal muscles are at least par-
tially innervated by ipsilateral ventral corticospinal tracts.
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Following a stroke these tracts, used to drive the axial/
proximal muscles of the affected side remain undamaged
because they originate in the contralesional hemisphere.
The non-significant interaction between load and group
may then be explained by similar innervation of axial/
proximal muscles regardless of the occurrence of stroke.
However, we did observe a 50-75% loss of strength
within the paretic arms suggesting a substantial role of
the lateral corticospinal tract which is severely affected
after stroke. With the loss of lateral corticospinal tract
and presumed increased reliance on ventral corticospi-
nal tract or other ipsilateral medial pathways, one would
expect a different effect of load in the paretic arm. In the
absence of this interaction effect of group and load, the
explanation of ipsilateral medial motor pathways is less
likely.

An important difference was observed between the
performance of paretic arms compared to non-paretic
and control arms. Paretic arms were weaker in single-
DOF strength, but with the weakness accounted for by
normalizing to their maximum, still demonstrated sys-
tematically lower performance (decreased normalized
strength) in all four combined-torque conditions. Single-
DOF weakness in the paretic shoulder is consistent with
conventional stroke sequelae. And, our results appear
generalizable since the magnitude of weakness observed
in the present study is similar to prior work. Specifically,
our data reflect previously reported baseline strength val-
ues for abduction (25 Nm), adduction (33 Nm), external
rotation (8 Nm), and internal rotation (12 Nm) in a simi-
lar but larger cohort (N=32) as part of a recent chronic
stroke rehabilitation trial [32].

The systematically lower performance in the com-
bined-torque tasks could reflect the presence of related
stroke sequelae such as impaired cognition or motor
planning, or hypertonia (generalized tonic co-activation).
Impaired cognition and motor planning is less likely since
performance was not different between the control and
non-paretic arms, implying that participants with stroke
were cognitively capable of completing the task in simi-
lar fashion to controls. Hypertonia that presents at rest
and during tasks or movement after stroke [33-37] may
better explain the systematic reduction in performance of
paretic arms. This is supported by the simulations where
minimal muscle activations were increased, which caused
a drop in feasible maximal dual-task torque. As seen
in Fig. 4 (bottom), increasing co-activation decreased
dual-task performance across all load-levels and tasks,
similar to what was seen in the experimental data. This
additional constraint simulated increased global back-
ground activity or hypertonia. This would mean, for
example, that during a maximal external rotation task,
antagonist muscles such as the subscapularis, latissimus

Page 10 of 12

dorsi, and pectoralis major would also be activated, limit-
ing the torque production in the desired (external rota-
tion) direction. Loss of strength alone does not account
for this drop in performance; once the modeled data
simulating weakness are normalized to their maximum
strength there is no observed drop in normalized dual-
task performance (all simulated strength levels trace the
blue line in the bottom of Fig. 4). Per the changes seen
in this simulation, increased co-activation (hypertonia)
may account for the observed group differences across all
load-levels in this dual-task. We explored loss of strength
and co-activation separately although there is an obvious
interaction, as these effects were beyond the aims of this
study. Further work will include intramuscular electro-
myography of the rotator cuff, possibly during sleep, to
more accurately capture background muscular activity.

The extrapyramidal tracts, including the corticore-
ticulospinal and corticovestibulospinal tracts, implicated
in control of posture and tone [38] and hypothesized to
tune or modulate motor commands [37], are disinhibited
[37] or upregulated [10, 39, 40] post stroke. Our results
corroborate those findings in that hypertonia results
from the increased activity of the extrapyramidal tracts,
which relies on monoamines that in turn increase, more
diffusely, the excitability of the remaining motor neuron
pool. Further work is needed to separate the concur-
rent and related impairments of abnormal synergy and
hypertonia that reflect an interaction between remain-
ing ipsilesional corticofugal projections, upregulation of
corticobulbospinal projections, and task-specific postural
and tone requirements.

This study attempted to quantify the reported visual
observations of abnormal synergy within humeral exter-
nal and internal rotation, albeit in chronic stroke com-
pared to acute and sub-acute stroke in which the original
observations were made. These results do not support
the inclusion of internal and external rotation within
the definition of abnormal synergy. The similarity in
effect of load between stroke and control suggests com-
mon biomechanical limitations in multi-DOF shoulder
torque tasks due to musculoskeletal anatomy. These data,
including the simulations, suggest an upregulation or
increased activity of the extrapyramidal or tonal control
system [10, 37, 39, 40], combined with severe strength
impairments, especially in humeral external rotation,
explaining the differences seen after stroke in this com-
bined torque task.

The study design had some limitations. Despite sig-
nificant main effects, the small sample size and large
variance within the stroke population may have under-
powered the statistical evaluation of an interaction effect
of group and load. During the dual-task paradigm, we did
not test at higher load-levels (> 50% abduction/adduction



Kopke et al. J NeuroEngineering Rehabil ~ (2021) 18:134

strength), which is known to maximize upper extrem-
ity synergy expression. While testing at higher loads
becomes difficult secondary to motor control, fatigue,
and discomfort, it may have indicated a minimal contri-
bution of abnormal synergy to paretic arm performance
that was not observed in the present study. Such an effect
may be difficult to detect given the converging nature of
the simulated dual-task strength curve at higher load-
levels (decreased external rotation during adduction or
decreased internal rotation during abduction). It is also
possible that there was no group and load interaction
because the task was proximal and difficult or effort-
ful enough to fully activate the extrapyramidal system,
thereby washing out the interaction effect expected of
the paretic group across loads. This would implicate an
effort- based effect versus a specific abduction load effect
as previously proposed.

Conclusion

This study examined humeral rotation strength under
different abduction and adduction loads in an attempt
to evaluate the underlying factors affecting control of
the glenohumeral joint after stroke. With severe general-
ized stroke-related weakness accounted for, we conclude
that a mechanical constraint (muscle action) is the pri-
mary factor affecting the ability to control multiple DOFs
within the glenohumeral joint. This effect was common
across all paretic, non-paretic, and control arms. A dif-
ference in load-dependent change (abnormal synergy)
was not detected for participants with stroke compared
to controls. However, persons with stroke showed sys-
tematic decreased dual-task performance across all loads
that may be attributed to hypertonia, another sequela
of stroke that results from increased activity of mono-
aminergic contralesional corticobulbospinal projec-
tions. Future rehabilitation interventions for these DOFs
should focus both on building strength and reducing co-
activation, which may be feasible through pharmacology,
or possibly reducing effort.
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