Testing proprioception in intrinsic and extrinsic coordinate systems:
is there a difference?
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Abstract—An intact position sense is considered important for
neuromotor recovery, but the available methods and protocols
for its assessment are still limited. In the clinical practice it is
generally tested trough a bimanual position matching test, that
consists of replicating with one arm the angular positions of the
other arm in space (intrinsic coordinates matching). However,
the same test could be carried out by matching the hand
location in space (extrinsic coordinates matching). Is there any
difference between the procedures that may be relevant to the
evaluation of position sense deficits? In this study we compared
the performance of eight right handed subjects and two stroke
survivors with left hemiparesis performing the test in the two
conditions. A robotic manipulandum passively moved the left
arm of the participants in twenty-four positions in the
workspace. Subjects had to match the left arm position with
their right arm either in intrinsic or extrinsic coordinates. The
results show that all the subjects (impaired and controls)
performed better when using the extrinsic paradigm.

INTRODUCTION

In order to plan and control limb posture and movement,
we need proprioceptive information from muscle, skin and
joint receptors. In individuals with compromised
proprioceptive ability, impairments in the control of muscle
interaction torques [1], motor output monitoring [2] and in
acquiring internal models of skilled movement [3, 4] have
been observed. Moreover, preserved motor learning after
stroke is related to the degree of proprioceptive deficits [5,
6]. Thus, a proprioceptive impairment is likely to affect in a
significant manner the capacity of stroke survivors to
recover functionality of the upper limb [7]. For these
reasons, it is crucial to quantify the proprioceptive deficit of
each stroke subject to plan the proper rehabilitation training.
Robotics provides the opportunity to increase precision and
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accuracy of the measurement, as well as better reliability
compared to standardized observer-based ordinal scales.
Other groups developed robotic routines to objectively
identify and assess position sense deficits. They were
quantified by computing the matching error between the two
hands positions measured with tests in intrinsic [4, 8-10] or
in extrinsic coordinates [11] in both healthy and neurological
subjects.

Here we investigated if there may be differences in the
position matching depending on the task requirement i.e. if
we ask blinded subjects to position both hands in the same
location in the operational space (extrinsic coordinate
system) or in mirror symmetric locations with respect to the
body midline (intrinsic coordinate system). Our hypothesis
is that there may be a difference in the results obtained under
the two testing modalities depending on the coordinate
system subjects use for estimating the position of hands in
space and for planning movements.

I. METHODS

A. Subjects

Eight individuals with no history of neurological or
musculoskeletal disorder participated in this study (age
33.5mean+3.5std years, 2 males). Their handedness was
assessed by the Edinburgh test [12]. We tested the set-up and
protocol also with 2 stroke survivors, recruited among the
outpatient population of the ART Education and
Rehabilitation Center in Genoa according to the following
inclusion criteria: 1) diagnosis of a single, unilateral stroke
verified by brain imaging; 2) sufficient cognitive and
language abilities to understand and follow instructions; 3)
chronic condition (at least 1 year after stroke); 4) stable
clinical conditions for at least one month before being
enrolled in this study. Their demographic and clinical data
are reported in Table I.

The study conforms to the standard of the declaration of
Helsinki and was approved by the institutional ethical
committee. All subjects provided written informed consent
prior to participation in the study. The experiments were
carried out at the NeuroLab of the University of Genoa

TABLE I - DEMOGRAPHIC AND CLINICAL DATA OF THE PATIENTS

PARETIC FMA ASH
SUBJECT AGE
HAND (0-66) 0-4)
S1 37 L 15 2
S2 63 L 55 1

Age years; FMA: arm portion of Fugl-Meyer score (0-66) at the time of the study; ASH: modified
Ashworth scale of muscle spasticity (0-4).
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(Genoa, Italy), under the supervision of experienced clinical
personnel and engineers.

B. Experimental setup

Fig.1 Experimental set-up (left bottom panel) and marker position
(right top panel).

The experimental set-up consisted of a planar
manipulandum [13] and a calibrated camera. Subjects,
blindfolded, sat on a chair with back support, and held the
end effector of the robot with their left hand — non-dominant
arm for controls and impaired arm for stroke survivors. The
other hand held an equally shaped, but not actuated end-
effector. The two arms operate on two parallel planes
positioned at slightly different heights (Fig.1). The robot
passively moved the left arm in different locations of the
space. The camera recorded the position of 7 markers that
allowed for the reconstruction of shoulders, elbow, and hand
positions (Fig.2). After calibration, the error in the
reconstruction of the markers’ positions was less than 2 mm
in the overall workspace.

C. Experimental protocol

The assessment protocol was articulated in four
movement sets, of 40 trials each. A trial consisted of the
following steps:

- Starting from target position X;, the robot passively

moved the left arm to other target X, according to

minimum-jerk profile, with a movement duration T=1s:
X, (1) =X, + (X, - X, J6&° 158" +10&°]
withé=t/T
- As the left hand reached the test position, an acoustic
prompt alerted the subject to move the right hand (non-
paretic hand for the stroke subjects and dominant arm for
the controls) in order to match the position of the other
hand. The arm connected to the robot was kept fixed in
the test position until the end of the matching operation.
- The subject verbally confirmed the end of his movement
and the operator enabled the beginning of the next trial.
In each movement set subjects reached 24 targets lying on
three concentric squares with their centers aligned with the
midline of the subject’s body. For control subjects the square
sides were 10, 20 and 30 cm, for controls, and 5, 10 and 20
cm for stroke survivors (they had difficulty with the

complete extension of the arm, even in presence of the
assistive force mediated by the robot).

The targets were presented in two different modalities:
(1) completely random order (Fig.2 bottom-right panel); (2)
sequence of 4 targets lying on the same square (Fig.2 top-
right panel), in this case only the order of the sequences was
randomized.

Each subject completed the proprioceptive tests in two
different experimental conditions: (1) hands in the same
location in the workspace, i.e. match in extrinsic
coordinates, (2) hands in mirror symmetric position in the
workspace i.e. match in intrinsic-joint coordinates.

Each subject performed four movement sets in a single
session: 2 of matching in intrinsic and 2 of matching in
extrinsic coordinates. For a given condition, one of the two
matching sets had targets presented in random order, while
the other in sequences of squares.

The evaluation session lasted about 45 minutes, each
movement set lasted about 8 minutes. Subjects remained
constantly blindfolded during the assessment procedure.

Fig. 2 Left panel: Targets’ position in the workspace. Right panels:
squared (top panel) and randomized (bottom panel) order of target’
presentation.

D. Data Analysis

To evaluate the accuracy of the hand matching we
computed the following indicators, similar to the ones
proposed by [8]:

- Shift. It accounts for the displacement between the actual
and desired position of the hand:

shift = \|shift? + shifti

where, shift, and shift, are the dispacements obtained for
the x and y coordinate, respectively.

- Variability. Measure of variability of the position of the
matching hand for a given desired target position:

. .7. 2
variability = \[var,” + var;

where var, and var, are the standard deviation - in the
mediolateral x and distal y direction, respectively - of the
matching hand positions for each target location, averaged
for all the targets in the workspace. This indicator was
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Fig.3 Data for a control subject (C2 — 2 left columns) and stroke survivor (S1 — 2 right columns). The top row represents a matching example in the
extrinsic system while the bottom row shows the error for the intrinsic modality. The columns refer to the same targets position proposed to the
subjects with different presentation orders: sequence of 4 targets laying on the same square (first and third columns) and completely random order

(second and forth columns).

computed only for the target positions presented at least six
times in the session.

- Scaling. It accounts for the expansion and contraction in
the representation of the space of the hand motion:

scaling . = ‘Ax%x
D

where A is the difference between the mean x/y position for

the 3 right/top and 3 left/bottom targets laying on each

square (M=measured, D=desired). We computed this

indicator separately for the distal (y) and medio-lateral (x)

directions.

Statistical analysis was based on repeated measures
ANOVA with two factors: the matching modality (matching
test in intrinsic vs extrinsic coordinates) and the order of the
target (sequence vs completely random).

II. RESULTS

Each subject had his own strategy to solve the task, and
some of them —i.e. subject 2 Fig. 3- exhibited a greater error
than others. However, the majority of the control subjects
had better performance when executing the task in extrinsic
with respect to intrinsic coordinates: the shift between the
desired and the actual hand position was lower, the
distortion in the representations of the space was reduced
and there was less variability in the matching hand position
in correspondence of a same target reached several times.

The analysis of the indicators confirmed these findings.
The shift indicator and the variability (Fig.4-top panels) on
reaching the same target position were significantly lower
(F=6.924 p=0.034 and F=22.14 p=0.002) for the isospatial
matching (meantstd: 2.87+1.69 cm and 1.61+0.31 cm,
respectively) with respect to the mirror symmetric matching
(meantstd: 6.04+£2.87 cm and 3.27£1.25 cm, respectively).
Also the scaling indicator was different in the two matching
tasks. When the matching was performed in extrinsic
coordinates, it was slightly bigger than 1 for some subjects
(meanzstd: x-axis, 1.08+0.08; y-axis: 1.00£0.05), indicating

a small stretch of the space. When the matching was
performed in intrinsic coordinates, for most subjects was less
than 1, i.e the space was shrunk (meantstd: x-axis,
0.85+0.18; y-axis, 0.90+0.06). The difference in the
distortions of the space between the two tasks was present in
both the mediolateral (Fig.4 — left bottom panel. F=9.294
p=0.019) and the distal (Fig.4 — right bottom panel. F=8.884
p=0.020) directions, but was significantly greater in the
mediolateral one. Instead, we found no significant
differences with respect to the order of targets’ presentation.

We tested our set-up and protocol also with 2 chronic
stroke survivors (Fig.3 right panel and Fig. 4 red dots). They
had larger errors in most parameters with respect to the
control group. However, their results confirmed an increased
difficulty when the matching was performed in intrinsic
coordinates. We noticed (Fig.3) that, while in extrinsic
coordinates the hand positions are still on the vertex of
square forms as required by the task (i.e. target positions), in
the intrinsic coordinates they often are not.

III. DISCUSSION

We found errors in the position matching tasks that are
comparable with those reported in other studies [8, 11]. The
novelty of this study is the comparison of the matching
errors with different task requirements: the subjects were
requested to perform the position-matching test both in
intrinsic and in extrinsic coordinates.

We found significant differences between the two testing
modalities: when subjects had to put both hands in the same
location, they executed the task with smaller errors, in a
more precise and less variable way than when they had to
position the hands in mirror symmetric locations with
respect to the body midline. The two left-impaired stroke
survivors showed, as expected, poorer performance with
respect to the control subjects. However, they too exhibited
more difficulty to perform the task in intrinsic than in
extrinsic coordinates.
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Fig. 4. Performance indicators. Top panels: shift indicator (left panel) and variability index (right panel). Bottom panels: scaling indicator along the
mediolateral (left panel) and distal (right panel) movement direction. Blue dots: control subjects, red dots: stroke survivors.

These results may depend on the space representation
subjects used for estimating the position of hands and for
planning movements: if they used an extrinsic coordinate
system, the task that requires the mirror symmetric matching
would have been more challenging because they should have
computed the position of the hand in the other symmetric
hemi-space.

A possible limitation of the study derives from the use of
different planes for the two hands. We are currently
improving the set-up in order to reduce this distance to a
minimum. We are planning to further perform this test on a
larger sample of controls and stroke survivors. We will
investigate the correlation of the performance difference
under the two conditions with the location and size of the
brain damage.
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