








3036

B C

Discriminant space

Shape predicted by hand posture

Hypothetical confusion matrices showing
no. of trials matched to target shape

RAGHAVAN, SANTELLO, GORDON, AND KRAKAUER

FIG. 1. Subjects grasped each object using the whole hand
with the thumb on the planar surface and the 4 fingers spread
out along and conformed to the shaped surface of the object (A).
The extent to which hand posture discriminated the 3 shapes
was quantified by the visuomotor efficiency (VME) index. First
discriminant analysis was performed to determine whether the
hand postures for the 3 shapes were reliably different from each
other, by allocating each trial to the shape to which it corre-
sponded most closely in discriminant space, i.e., the space
formed by the discriminant functions (B). To detect any overlap
in the hand postures for the 3 shapes, the results from the
discriminant analyses were used to construct a confusion matrix

discriminant function

per object shape (21 trials) were recorded and subjects were given
adequate rest breaks to prevent fatigue.

Data analysis

Wrist position was recorded using an electromagnetic position
sensor (Polhemus, Colchester, VT) and its output was sampled at 120
Hz. The onset and offset of reach were determined by time at 10% of
peak horizontal wrist velocity because this value was found to con-
sistently capture the beginning and end of wrist movement across all
subjects. Time at object lift-off determined termination of reach-to-
grasp. The duration of the reach-to-grasp movement was defined as
the time between reach onset and object lift-off and was normalized to
100% for comparison across subjects in the two groups. The normal-
ization procedure was justified because the temporal evolution of
reach-to-grasp in healthy individuals has been shown to be indepen-
dent of reach speed (Santello and Soechting 1998; Schettino et al.
2003; Winges et al. 2003). The normalized reach-to-grasp duration
was divided into three phases: reach acceleration (reach onset to time
at peak horizontal wrist velocity), reach deceleration (time at peak
horizontal wrist velocity to reach offset), and grasp (reach offset to
lift-off). The duration of the three phases was proportionally the same
in subjects with hemiparesis and controls (see RESULTS). Hand posture
was recorded by 14 bend sensors embedded in the instrumented glove.
These sensors corresponded to the MCP and PIP joints of the four
fingers, the angles of MCP joint abduction (ABD) between adjacent
fingers (index-middle, middle-ring, and ring-small), the MCP, and
interphalangeal (IP) joints of the thumb, as well as the angle of thumb
rotation (ROT) about an axis passing through the trapeziometacarpal
joint of the thumb and index MCP joint. Flexion and abduction were
defined as positive; the MCP and PIP angles were defined as 0° when
the finger was straight and in the plane of the palm. At the thumb,
positive values of thumb rotation denoted internal rotation. The spatial
resolution of the CyberGlove was 0.1°. The glove’s calibration was
verified for each subject prior to data collection by comparing the joint
angle output from the glove for specific hand postures (for example,
flat hand posture requiring 0° of MCP and PIP extension and flexed
hand posture requiring 90° of MCP and PIP flexion), with the
anatomical joint angle measured using a handheld goniometer.

MEASUREMENT OF FINGER JOINT EXCURSIONS AT GRASP. Abduc-
tion, PIP, and MCP excursions of the index, middle, and ring fingers
differ for rectangular, concave, and convex objects (Santello et al.
1998; Schettino et al. 2003) (see Fig. 1B). To characterize the grasp
impairment in patients compared with controls, we examined the
difference in the magnitude of finger abduction, PIP, and MCP across

C

B2 D K ‘ ‘ that summarized the extent to which the hand posture on each
% § g slofo 2 % 2 6 % 0 trial correctly predicted the shape of the grasped object. Each
8 E d ds S entry in this matrix represents the number of trials for which the
é g ! ,Z’_) Plo]|s]o 21212 01412 target shape (rows) was predicted by hand posture (columns)
€ E o (C). If the subject’s hand posture matched the target shape at
3 s d, e ‘ 0jo0]6 2]12]2 0124 each trial, all entries would be on the diagonal.

O3 Coefficients of 2nd VME = 100 VME =0 0 < VME < 100

the index, middle, and ring fingers for each shape at the end of grasp.
To determine which joints were modulated most with respect to object
shape at grasp, we calculated the difference in joint excursions for the
concave and convex shapes (concave—convex difference), two shapes
that have been shown to elicit reliably different hand postures (Schet-
tino et al. 2003). In a prior study in healthy subjects (Santello and
Soechting 1998), maximal differences between concave and convex
shapes across the index, middle, and ring fingers were 5-10° in the
MCP joints and 10-15° in the PIP joints at the end of grasp. The
existence of a qualitatively different grasp in patients would be
inferred by showing that the maximum concave—convex difference, in
the 5-10° range, occurred at different joints compared with controls.

DISCRIMINATION OF HAND POSTURE TO OBJECT SHAPE. The Visuo-
Motor Efficiency (VME) index quantifies the consistency with which
hand posture discriminates the three shapes across trials (Santello et
al. 1998). It is computed by a three-step process using cumulative
joint position data from each of the 14 joints itemized earlier (see
Data analysis) for the three shapes. /) Discriminant analysis (Johnson
and Wichern 1992) was first performed to determine whether the hand
postures for the three shapes were reliably different from each other,
as described previously (Santello and Soechting 1998). In brief, this
analysis computes discriminant functions that are linear combinations
of joint angles that maximize the ratio of between-group variance to
within-group variance; here each group consisted of joint position
data from seven trials toward each shape (21 trials). Thus the value of
the discriminant function reflects minimum joint angle variability
across trials within each shape and maximum joint angle variability
across trials between the three shapes. We verified that the within-
shape joint angle variability was similar in controls and patients by
examining the SDs across all joints for each shape at the end of each
of the three phases of reach-to-grasp between the two groups (see
RESULTS). After group means were computed, each trial was allocated
to the target shape to which it corresponded most closely in discrimi-
nant space, i.e., the space formed by the discriminant functions (Fig.
1B). The normalized coefficients of the discriminant functions were
later examined to determine which joints contributed most to the
variance between shapes in patients versus controls. 2) To detect any
overlap in hand postures for the three shapes, results from the
discriminant analyses were used to construct a confusion matrix
(Johnson and Wichern 1992; Sakitt 1980), which summarized the extent
to which the hand posture on each trial correctly predicted the shape of
the grasped object. Each entry in this matrix represents the number of
trials for which the target shape (rows) was predicted by hand posture
(columns) (Fig. 1C). If the subject’s hand posture matched the target
shape for each trial, all entries would be on the diagonal. 3) To define
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the extent to which the hand posture reflected the object’s shape, the
entries from the confusion matrix were further analyzed by computing
the ratio between the information transmitted by the hand posture and
the maximum possible amount of information that could be transmit-
ted, i.e., three hand shapes associated with the three object shapes
(Sakitt 1980; Santello and Soechting 1998); this ratio is the VME (Fig.
1C). Since the VME was computed using all the measured joints of
each digit at every 5% interval of the reach-to-grasp movement, it
succinctly summarized information about the degree to which hand
posture discriminated object shape over the course of reach-to-grasp.
To determine whether hand posture was discriminated feedforward
during reach acceleration and/or emerged during reach deceleration
we calculated the slope of the VME using data at each 5% interval of
reach-to-grasp for the acceleration (reach onset to peak wrist veloc-
ity), deceleration (peak wrist velocity to reach offset), and grasp
(reach offset to lift-off) phases.

Statistical analysis

Repeated measures ANOVA (RM-ANOVA) using a priori con-
trasts were performed on the following primary variables: /) Joint
execution strategy was analyzed by joint (average abduction, PIP, and
MCP angles of the index, middle, and ring fingers) X shape (rectan-
gular, convex, concave) X group (control, stroke) ANOVA; the
concave—convex difference across joints indicated a difference in
shaping strategy. 2) Discrimination of hand posture to object shape
over the course of reach-to-grasp was analyzed by phase (acceleration,
deceleration, and grasp) X group ANOVA on the change in VME
(slope) during each phase. Secondary variables were then analyzed
using RM-ANOVA to support the conclusions from the primary
analyses and included /) timing of the three phases of reach-to-grasp,
2) joint range of motion, 3) timing of peak joint extension, and
4) within-shape joint angle variability across all the joints (SDs) for
each shape in controls versus patients. Relationships between execu-
tion of grasp and clinical measures were analyzed with Pearson’s
correlation tests. Data from one control subject was excluded from
statistical analysis because joint trajectories revealed an excessive
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FIG. 2. The average (£SD) abduction, prox-
imal interphalangeal joint (PIP), and metacarpo-
phalangeal joint (MCP) angles of the index,
middle, and ring fingers for the rectangular,
concave, and convex shapes at the end of grasp
in controls (white bars) and patients with hemi-
paresis (black bars) are shown. Negative num-
bers represent abduction and extension and
positive numbers represent flexion. Note that
patients showed reduced abduction and PIP
flexion, but increased MCP flexion compared
with controls.

Rectangular Concave Convex

delay (>3SD) between object contact and lift-off unlike that in other
controls. Thus results from seven controls and eight subjects with
hemiparesis are reported. The P value for the primary variables and
correlation analyses was set at <0.05, after adjustment for multiple
comparisons using Keppel’s modified Bonferroni correction (Keppel
1991; Raghavan et al. 2006a). The P value for the secondary variables
was set at <0.05.

RESULTS
Grasp execution was impaired in patients

Patients with hemiparesis had a motor deficit in their af-
fected hand based on their FMS scores and reduced perfor-
mance on the Purdue pegboard test and WMFT (Table 1). They
took significantly longer to perform the reach-to-grasp movement
compared with controls [control = 1.78 = 0.33 s, stroke = 2.95 *
1.02 s, group difference, F; 13, = 8.238, P = 0.013], although the
proportional duration of reach acceleration (reach onset to time at
peak horizontal wrist velocity), reach deceleration (time at peak
horizontal wrist velocity to reach offset), and grasp (reach offset to
lift-off) were comparable in both groups [phase X group, Fi, 56 =
0.188, P = 0.830]. All subjects formed a loose fist at initiation of
reach-to-grasp and the average magnitude of abduction and flex-
ion at the PIPs and MCPs of the index, middle, and ring fingers
was similar across the three shapes in both groups [joint X group,
F56) = 1.015, P = 0.376]. At the end of the grasp phase (i.e., at
lift-off) patients showed significantly reduced finger abduction,
PIP flexion, and MCP extension across the index, middle, and ring
fingers compared with controls (Fig. 2) for all three object shapes
[joint X group, Fo,5 = 3.921, P = 0.032]. Thus patients
demonstrated an obvious quantitative deficit in grasp execution.
When extending the fingers from a flexed position of the hand at
movement onset (Table 2, peak flexion) to peak extension, pa-
tients extended their PIPs slightly more (closer to O deg) and

TABLE 2. Finger range of motion
Peak Flexion, deg Peak Extension, deg Range, deg
Joint Control Stroke Control Stroke Control Stroke
PIP
Index 50.8 = 18.2 42.8 £20.7 275 = 11.0 16.20 = 12.8 233 £ 145 26.6 = 10.5
Middle 60.5 = 16.4 56.5 = 16.8 294 = 14.5 18.80 = 12.4 31.1 =147 37.7 = 10.0
Ring 59.5 £ 15.7 61.3 =149 282+ 12.1 17.20 = 10.4 313 %243 44.1 £ 144
MCP
Index 389+ 175 373+ 113 —3.5*8.6 —4.60 = 9.2 425+ 113 419 £ 16.8
Middle 429 =209 454 + 8.3 —37+£58 0.17 = 8.8 46.6 = 19.4 452 = 13.1
Ring 36.2 = 14.2 455*94 —29=*39 1.40 £ 9.2 39.1 = 12.7 44.1 £ 155

Values are average * SD for peak flexion, peak extension, and total average range of motion (flexion minus extension) at the proximal interphalangeal (PIP)
and metacarpophalangeal (MCP) joints of the index, middle, and ring fingers in controls and patients. Note that the range of PIP extension is slightly larger,
whereas that of MCP extension is slightly reduced in patients; however, there were no significant differences in range of motion at the PIPs or MCPs between

the two groups.
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extended their MCPs slightly less than controls (Table 2), but the
range of PIP and MCP excursion was similar in the two groups
[group difference, F; 15, = 0.500, P = 0.492]. The timing of peak
PIP/MCP extension in normalized reach-to-grasp time was also
similar in both groups [controls = 45.6 * 2.6%, stroke = 44.1 *
6.0%, group difference, F; 13, = 0.386, P = 0.543].

Patients and controls used different joints to modulate hand
posture to object shape at grasp

We then asked whether patients used a different set of joints
compared with controls to shape their hand to the rectangular,
concave, and convex objects at object lift-off. We reasoned that
if the joints that showed the largest difference between the
concave and convex shapes differed between patients and
controls, it would suggest a qualitative change in shaping
strategy in the patients. Figure 3 shows representative trajec-
tories of the abductors, PIPs, and MCPs from one control
subject and one patient in normalized time while reaching-to-
grasp a rectangular, concave, and convex object. The control
subject (#4) showed largest modulation in finger abduction

RAGHAVAN, SANTELLO, GORDON, AND KRAKAUER

across the three shapes. PIP excursions of the middle digit were
also modulated, whereas MCP excursions were similar across
all three shapes. The patient (#5) also showed largest modula-
tion in finger abduction. However, PIP excursions remained
similar across the three shapes, whereas MCP excursions were
varied instead. To quantify these differences in joint excur-
sions, we calculated the concave—convex difference at the end
of grasp using the average abduction, PIP, and MCP angles of
the index, middle, and ring fingers. Figure 4 shows that the con-
cave—convex difference was similar for finger abduction, but
showed opposite patterns for the PIPs and MCPs in the two
groups: the concave—convex difference was greater at the PIPs
in controls, whereas it was greater at the MCPs in patients
[joint X group, PIPs vs. MCPs, F ;5, = 7.108, P = 0.019].
Therefore although the two groups modulated abduction angles
in a similar fashion, controls appeared to mainly use their PIPs
to conform the hand to object geometry, whereas the patients
used their MCPs to do so. Thus the patients differentiated their
hand posture to object shape at grasp using a qualitatively
different joint strategy compared with controls.
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FIG. 3. Representative joint data at grasp from one control and one patient is shown. The data are normalized to the duration of reach-to-grasp. The 2 lines
demarcate the 3 phases of the movement based on wrist velocity. Note that the control subject (#4) differentiated the 3 shapes mostly by varying the abduction
angles. The PIP excursions of the middle digit also differentiated the concave and convex shapes, but MCP excursions were more similar across all 3 shapes.
The patient (#5) was also able to vary the abduction angles across the 3 shapes. The PIP excursions were more similar across the 3 shapes, whereas the MCP
excursions appeared to vary instead.
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FIG. 4. The difference in average magnitudes (£SD) of finger abduction,
PIP and MCP excursions across the index, middle, and ring fingers for the
concave and convex shapes in the 2 groups are shown. While the 2 subject
groups modulated abduction angles to object geometry in a similar fashion,
controls varied their PIP joints more at grasp, whereas patients varied their
MCP joints more.
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Evolution of hand shaping and its relationship to
joint strategy

Although we were able to show that the largest concave—
convex difference was expressed at different joints in controls
and patients (i.e., the MCPs and PIPs, respectively), this
finding does not tell us how well the hand differentiated
between the three shapes. In other words, were the patients able
to differentiate object shape as well as controls with their
altered strategy? In addition, the differences in joint angles at
grasp do not tell us how the shape of the hand evolved over the
course of reach-to-grasp. To determine whether the patients
were able to effectively differentiate hand posture according to
object shape over the course of reach-to-grasp, we computed
the VME using all 14 joints sampled (see METHODS). The VME
specifically quantifies the consistency with which the three
shapes are discriminated across trials by calculating discrimi-
nant functions that reflect minimum joint angle variability
across trials within each shape and maximum joint angle
variability across trials between the three shapes. We verified
that the within-shape joint angle variability was similar in
controls and patients by examining the SDs across all joints for
each shape at the end of each of the three phases of reach-to-
grasp [phase X shape X group, Fy s, = 0.609, P = 0.658].
Computation of the VME served two purposes: /) it provided a
succinct measure of the quality of shape discrimination regardless
of the joint strategy used and 2) it enabled us to examine the
evolution of shape-specific hand posture over the course of reach-
to-grasp. The utility of the VME can be understood intuitively by
imagining a patient who could adopt three distinct hand postures
for the three shapes as consistently as controls even though the
postures are not as efficient for grasp.

Figure 5 shows the average VME in controls and patients
over the course of reach-to-grasp. Note that, overall, patients
had a lower VME than controls [group difference, F; ;3 =
8.440, P = 0.012], which suggests less effective shape differ-
entiation compared to controls. Importantly, however, there
was a difference in the pattern of evolution of the VME during
the reach acceleration and deceleration phases in the two
groups: it increased rapidly in controls during reach accelera-
tion (delta = 48.6%), but barely increased in patients (delta =
3.2%), whereas it increased only modestly in controls (delta =

10.2%) during reach deceleration, but increased markedly in
patients (delta = 41.7%) [phase X group, acceleration vs. decel-
eration slope, F 13, = 11.706, P = 0.005]. The VME at reach
onset was comparable in both groups (34.8 vs. 37.0%). During the
grasp phase, controls continued to show a small increase in their
VME (delta = 4.5%), whereas patients showed a small decrease
(delta = —2.1%). Thus in stark contrast to controls, patients did
not discriminate their hand posture consistently across trials dur-
ing reach acceleration, but did so much more consistently during
reach deceleration.

Next we asked whether finger abduction, PIP, and MCP
angles contributed differently to the VME in controls and
patients. Based on the difference in joint strategy noted in the
concave—convex difference at the end of grasp, we reasoned
that if patients truly used an alternative, compensatory MCP
strategy, the MCPs would be the main contributors to the VME
in patients versus the PIPs in controls. This was investigated by
examining the magnitude of the joint weighting coefficients for
the largest discriminant functions obtained in the computation
of the VME. The discriminant functions are linear combina-
tions of joint angles that account for the greatest variance in
hand posture across the three shapes. In both controls and
patients the first discriminant function accounted for >80%
and the second discriminant function contributed to roughly
19% of the variance in hand posture. Figure 6 shows area plots
of the absolute value (all values were converted to positive to
examine the magnitude) of the normalized coefficients of
finger abduction, PIP, and MCP angles that contributed to the
first and second discriminant functions in each control subject
and patient (each subject is represented by a different color) at
the end of reach deceleration, the time at which both groups
attain a VME close to their maximum (see Fig. 5). Note that the
total height of the plot is similar for the abduction angles but
higher for the PIPs in controls versus the MCPs in patients.
This provides qualitative support for our conclusion that in
contrast to controls, the VME increase in patients with stroke
was driven by an MCP strategy during reach deceleration.

= «0= = Control

—a— Stroke
Reach
deceleration

Reach
acceleration

I

Grasp

N

o] o
o o
1 1

[ [1l1idpzomoes

(2]
o
1

N
o
1

N
o
1

Visuomotor Efficiency Index (%)

o

10 20

30 40 50 60 70 80
Normalized reach-to-grasp time (%)

90 100

FIG. 5. The average VME (£SD) at every 5% interval and the slopes of the
VME during reach acceleration, deceleration, and grasp phases of reach-to-
grasp are shown. Note that controls showed a steep increase in the slope during
reach acceleration, which flattened off during reach deceleration and grasp. In
contrast, patients showed a flat VME slope during reach acceleration, which
became steeper during reach deceleration and flattened off during grasp.
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FIG. 6. Area plots of the magnitude of the normalized coefficients (all values converted to positive) of the finger abduction, PIP, and MCP angles of the 1st
and 2nd discriminant functions for each control subject and patient (represented by the individual colors) at the end of reach deceleration are shown. Note that
the total height of the plot is similar for the abduction angles but higher for the PIPs in controls vs. the MCPs in patients. This provides qualitative support for
our conclusion that the VME increase during reach deceleration in patients with stroke was driven by an MCP strategy.

Relationship between clinical impairment and joint strategy

If we were correct in our conclusion that patients did not use
their PIPs due to their primary impairment and used their MCPs
as a secondary compensatory strategy, then patients with greater
impairment would show reduced PIP flexion but increased MCP
flexion. To test this, we correlated the average abduction, PIP, and
MCP angles of the index, middle, and ring fingers at grasp for the
default rectangular shape (shown in Fig. 2) with each patient’s
FMS scores. We chose the default shape because we were not
interested in shape-specific modulation but likely differences in
joint strategy across patients. As predicted, patients with lower
FMS scores (greater impairment) showed reduced finger abduc-
tion (r = —0.762, P = 0.028), and PIP flexion (r = 0.748, P =
0.033), but increased MCP flexion (r = —0.783, P = 0.022)
(Fig. 7). These correlation results suggest /) that the stroke had
an effect on control of finger abduction, PIP flexion, and MCP
extension; and 2) that the MCP flexion strategy for shaping of
hand posture was compensatory in response to impairment.

DISCUSSION

In this study we quantified the grasp strategy adopted by
patients with mild hemiparesis in the context of a reach-to-

grasp task with three different object shapes. We also
examined how their strategy evolved over the course of the
reach trajectory. All patients had a left subcortical stroke
and could perceive object geometry, sense finger move-
ments, and grasp and lift objects (see inclusion criteria in
METHODS). We chose to study patients with mild hemiparesis
because we surmised that higher-level control deficits are
more easily detected when they are not masked by severe
weakness. We found that patients were able to adopt qual-
itatively different hand postures with respect to object shape
at the end of grasp, but did so with a strategy that involved
modulation of MCP flexion (MCP strategy) rather than
modulation of PIP flexion (PIP strategy) seen in controls.
However, patients used their MCP strategy during reach
deceleration rather than during reach acceleration.

A compensatory grasp strategy after stroke

The patients in this study were clearly impaired in their
affected hand, as noted by their scores on the FMS. Kinematic
analysis revealed that they prolonged their reach-to-grasp time
and showed reduced finger abduction, PIP flexion, and MCP
extension at the end of grasp compared with controls. Although

R*=0.61

FIG. 7. Correlations between the Fugl-Meyer Scale
(FMS) scores and the average index, middle, and ring finger
abduction, PIP, and MCP angles for the default rectangular
shape at grasp are shown. Patients with lower FMS scores
(greater impairment) showed reduced finger abduction and
PIP flexion, but increased MCP flexion. These results sug-
gest that individuals with greater levels of impairment
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we did not impose any temporal constraints, patients were
instructed to grasp the object in a clearly specified manner,
within the limits of their execution deficit, using the whole
hand with the thumb on the planar surface and the four fingers
spread out along the shaped surface of the object (Fig. 1A); the
patients did not generate the same pattern of joint angles at the
end of movement as that generated in controls. However, they
were able to differentiate their hand posture according to object
shape at the end of grasp, but did so with a different set of
joints, and less effectively compared with controls, as shown
by the concave—convex difference and the VME, respectively.
In addition, correlations between the FMS scores and joint
angles at grasp further support our conclusion that patients
were impaired in control of PIP flexion and therefore modu-
lated hand shape by varying MCP flexion across the three
shapes. We call this qualitatively different approach a “com-
pensatory strategy.” Truly recovered movements are generated
by commands to the same muscles as were used before the
injury, implying unmasking of undamaged preexisting cortico-
cortical connections (Jacobs and Donoghue 1991), by a process
similar to skill learning (Plautz et al. 2000). In contrast,
compensation is the use of alternative muscles to accomplish
the task goal and appears to arise through normal learning
mechanisms, presumably arising from plasticity in remaining
intact tissue (Metz et al. 2005). Patients with hemiparesis after
stroke have been shown to use various compensatory strategies
for reaching (Michaelsen et al. 2004; Roby-Brami et al. 1997,
2003), but this is the first time to our knowledge that a
compensatory strategy has been described for grasping in
patients with hemiparesis.

What were the patients compensating for?

The PIP strategy may be optimal for appropriate force
production on contact with an object (Venkadesan and
Valero-Cuevas 2008). Patients may have used the MCP
strategy rather than the PIP strategy because 7) deficits in
execution at the PIPs somehow precluded flexing or extend-
ing them through the required range at the appropriate time
and/or 2) patients had difficulty controlling independent
movements at the PIPs. Our data revealed that PIP flexion at
movement initiation, the range of PIP excursions over the
course of reach-to-grasp, and the relative time taken to open
the hand were similar in patients and controls. Patients
actually extended their PIPs more than controls during hand
opening, suggesting that although there does not appear to
be a deficit in PIP execution with regard to average excur-
sions, they may have had difficulty controlling PIP flexion
during digit extension, particularly for individual digits.
However, we did not test for the ability to individuate PIPs
and patients did not use PIP flexion to shape their hand
posture at the end of grasp. Our findings are consistent with
studies of hand shaping using maximum grip aperture, in
which adults with hemiparesis were found to use a slightly
larger grip aperture compared with controls (Michaelsen et
al. 2009), although the timing of maximum grip aperture
was preserved (Lang et al. 2005; Michaelsen et al. 2004).
Previous studies have shown that patients with mild hemi-
paresis, such as the subjects in this study, are impaired in
their ability to control independent finger movements (Lang
and Schieber 2003; Raghavan et al. 2006b), although the
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tasks did not directly address differential control at the PIPs
and MCPs.

More fundamentally the MCP strategy is likely a compen-
satory strategy at the muscle level. Recent work suggests that
even “simple” finger flexion movements require time-critical
orchestration of all the muscles moving a finger (Venkadesan
and Valero-Cuevas 2008) and are sensitive to task constraints
(Cianchetti and Valero-Cuevas 2010). Biomechanical analyses
of fingertip force (Valero-Cuevas et al. 1998) and finger
motion (Kamper et al. 2002) also suggest that simple finger
movements require complex coordination of excursions and
forces across all muscles (Venkadesan and Valero-Cuevas
2009). Given the multiarticular nature of all finger muscles, the
control of individual finger joints is progressively more sensi-
tive to muscle dysfunction in a proximal to distal gradient. This
is because control of a given distal joint requires meeting
mechanical constraints at all joints proximal to it—but not
necessarily vice versa because distal joints are actuated by
progressively fewer tendons. Thus coordinating rotations at the
PIPs requires precise coordination among all extrinsic and
intrinsic hand muscles and this control may be particularly
vulnerable to dysfunction poststroke.

The VME is useful because it captures the ability to differ-
entiate hand posture to object shape independent of the quality
of execution. The VME value could have been the same for
both the PIP and MCP strategies, even though the PIP strategy
is better for actual grasp. Similarly, the temporal evolution of
the VME in the two groups could have been similar despite
differences in the magnitude of the VME. The two main
findings pertaining to the VME were that /) the value at grasp
was lower in the patients than that in controls and 2) the VME
changed predominantly during reach acceleration in controls
and during reach deceleration in patients. The lower VME for
the patients is perhaps unsurprising; it would only make sense
to adopt a shape-differentiation strategy that would allow
effective grasp and the MCPs may be inherently more limited
in their capacity for modulation compared with the PIPs. The
lack of change in VME during reach acceleration suggests that
the MCP strategy was not adopted as yet. This is hard to
explain based on a primary execution deficit because the hand
was maximally open at the same point in the reach trajectory
and the joints moved through a similar range as seen in
controls. In addition, although control of individual digit mo-
tion at the MCPs was likely impaired (Raghavan et al. 2006b),
the patients were able to individuate the digits sufficiently to
shape the hand using the MCPs during reach deceleration.
Further, there is no evidence that control of digit motion
depends on the position of the hand in the reach trajectory.
Another possibility for the lack of change in VME during reach
acceleration is that the patients were impaired in feedforward
planning (Raghavan et al. 2006a) of hand posture (affecting the
PIPs and MCPs) and so needed to rely on feedback later in the
movement to adopt the MCP strategy. Although a complete
differentiation between execution and planning deficits is be-
yond the scope of this study, an interesting experiment to
address this question would be to splint the PIPs in controls and
then see whether they adopt an MCP strategy and, if so, when.
If controls could indeed start to shape the MCPs during the
acceleration phase then it would suggest a planning deficit in
the patients.
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Shaping of hand posture during reach deceleration

Continuous vision of the hand and object is not required for
shaping hand posture in healthy individuals (Schettino et al.
2003; Winges et al. 2003). However, visual feedback does play
a role in increasing grasp efficiency in the absence of adequate
anticipatory control in children (Smyth et al. 2004), when task
goals demand increased terminal accuracy (Ansuini et al.
2006) or when the accuracy of the transportation component is
degraded, such as during fast movements and/or when there is
lack of visual control (Jeannerod 1988). Although blind indi-
viduals demonstrate a basic anticipatory strategy, they use
kinesthetic feedback through multiple openings and closings of
the hand to increase grasp precision (Castiello et al. 1993).
Since the subjects with hemiparesis in this study performed the
reach-to-grasp movements at their preferred speed, had intact
proprioception, and no visual deficits on screening, we propose
that they relied on feedback-mediated adjustments of hand
posture to adopt their MCP strategy (Fikes et al. 1994). It is
possible that with an extended opportunity to practice patients
would begin to use the MCP strategy earlier in the movement.
This idea is consistent with the finding that feedforward move-
ments can be learned through feedback adjustments in healthy
individuals (Bhushan and Shadmehr 1999).

Compensation and the problem of movement coordination

In this study we showed that patients with hemiparesis use a
compensatory strategy with opposite patterns of PIP and MCP
excursions at the end of grasp compared with controls, which
allowed partial discrimination of hand posture to object shape.
However, the altered grasp strategy was not apparent at the
onset of reach-to-grasp, perhaps indicative of impaired feed-
forward control, but emerged later in the deceleration phase of
reach, perhaps through use of visual feedback. The finding that
patients with mild hemiparesis can differentiate hand posture to
object shape using an alternative grasp strategy provides a
good example of compensatory motor control after stroke. It is
interesting to consider compensation after stroke as a special
case of the broader problem in motor control of coordinating
multiple effectors to work together to achieve a task goal
(Diedrichsen et al. 2009). Specifically, the problem of coordi-
nation concerns the question of how work is distributed across
multiple effectors (muscles, joints, limbs) when there is more
than one way to accomplish the task goal. There is debate as to
how this redundancy or degrees-of-freedom problem is solved
in healthy controls, with some positing internal neural and
anatomical constraints often called “synergies” (for a recent
review see Tresch and Jarc 2009), whereas others suggest that
the specific weighting across effectors is the consequence of an
optimization process based on a cost function made up of the
goal and the effort/energy required to achieve it (for a recent
review see Diedrichsen et al. 2009). In this latter framework,
stroke may lead to a change in the cost function, for example,
individuating the PIPs may take too much effort or be associ-
ated with increased variability; the MCP strategy may be the
result of reoptimization in the setting of a new cost function.

Identification and quantification of compensatory strategies
in patients with hemiparesis is very important from the stand-
point of rehabilitation because it allows a therapist to determine
whether the strategy should be discouraged or encouraged

RAGHAVAN, SANTELLO, GORDON, AND KRAKAUER

depending on the feasibility of patients attaining their premor-
bid normal grasp strategy. The implication is that in some
patients a compensatory strategy is a habit acquired from
falling into a local optimum and they need to be trained out of
it, whereas for other patients the compensatory strategy may
indeed be the new global optimum.
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