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Our environment is constantly changing,
as is the state of our own musculoskeletal
system. This imposes a permanent adap-
tive pressure on the sensorimotor system,
which must be updated across develop-
ment and aging to allow smooth interac-
tions with the world. Consider the case of
having to reach an apple when a 1 kg load
is suddenly added on the arm. Such exper-
imental manipulation mimics, on a much
shorter time scale, a change in limb dy-
namical properties that could result from
too much feasting during the holidays.
Typically, the sudden addition of a load
causes the hand movement to fall short of
the targeted object. A solution to this
problem is to adaptively increase the force
exerted on the arm to displace it further.
The CNS’s capacity to adaptively tailor the
motor output to the current conditions is
thought to be achieved through pro-
longed exposure, taking into account the
successful actions as well as the commit-
ted errors.

Consistent with the idea that sensori-
motor adaptation requires a change in
motor output, neurophysiological work

in nonhuman primates has demonstrated
that when facing novel dynamical envi-
ronments, changes in motor cortical areas
restore behavioral efficiency (Gandolfo et
al., 2000). However, surprisingly little is
known about whether sensorimotor ad-
aptation is also associated with changes
in sensory systems. In particular, does
one’s somatosensory estimate of limb
position also change during sensorimo-
tor adaptation?

Recently in The Journal of Neuro-
science, Ostry et al. (2010) addressed this
issue by using a classic force-field adapta-
tion paradigm. Subjects had to reach to a
visual target while holding the handle of a
robot. During the movement, the robot
generated velocity-dependent forces or-
thogonal to the direction of the reach,
causing subjects’ arm movements to sub-
stantially deviate from a straight line.
Consistent with previous work, subjects
adapted their movement pattern to the re-
quirements of the new dynamic environ-
ment, as indicated by the recovery of a
relatively straight hand trajectory [Ostry
et al. (2010), their Figs. 1A and 6A].

The original feature of the study by
Ostry et al. (2010) was to assess subjects’
perception of hand position before and
after adaptation to the force field. In these
perceptual tests, subjects again had to
reach toward a visual target, but as soon as
the movement started, visual representa-
tions of the limb movement (i.e., a cursor)
and the target position were removed. The
robot then pushed the hand either to the

left or to the right, and subjects had to
verbally report whether they felt their arm
deviate in either direction. The magnitude
and direction of the force pulse was ad-
justed according to an iterative algorithm
to precisely determine the perceptual
boundary between left and right.

The main result of Ostry et al. (2010)
was that after force-field adaptation, sub-
jects’ perception of hand position was
shifted in a direction consistent with the
force applied during adaptation to coun-
teract the force field [Ostry et al. (2010),
their Fig. 2A]. For example, after subjects
had become adapted to a force pushing
their arm to the left and thus exerted more
force to the right, their perception of hand
position was shifted to the right. Because
hand position could only be assessed via
somatosensory feedback coming from
muscles, joints, and skin, the authors con-
cluded that motor adaptation was associ-
ated with somatosensory recalibration.
These findings were confirmed and ex-
tended in a second experiment using pas-
sive perceptual tests.

These results are important because
they constitute the first account of a soma-
tosensory recalibration following force-
field adaptation. For several decades,
sensory recalibration has been associated
with adaptation to visuomotor perturba-
tions such as displacing prisms and cursor
shifts (Harris, 1963; Simani et al., 2007;
Cressman and Henriques, 2010). In these
cases, the alteration of hand visual feed-
back produces a conflict between visual
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and somatosensory afferent signals (Fig.
1A), prompting the recalibration of one
or both sensory modalities to resolve the
conflict (Harris, 1963; Simani et al., 2007;
Cressman and Henriques, 2010). How-
ever, a novel force field differs in a funda-
mental way from a prismatic deviation or
a visuomotor rotation: at no point does
it introduce a conflict between visual
and somatosensory cues (Fig. 1 B). It
thus remains an open question what func-
tional mechanism leads to somatosensory
recalibration during force-field adapta-
tion, let alone which brain areas underlie
this reorganization. Here we briefly exam-
ine these issues and formulate some
suggestions.

Current models of sensorimotor control
suggest that the brain continuously uses an
efference copy of motor commands to pre-
dict the sensory consequences of actions
(Desmurget and Grafton, 2000; Flanagan
et al., 2003; Shadmehr et al., 2010). Upon
introduction of the novel force field, an
error arises between the predicted sensory
consequences (for instance a straight-ahead
movement) and the actual reafferent sen-
sory signals (i.e., a laterally deviated
movement) (see Fig. 1B). Flanagan et al.
(2003) showed that adaptation to a novel
force field involves the iterative updating
of the predictor (i.e., the forward model).
In this light, one of the key results of Ostry
et al. (2010) is that somatosensory recali-
bration was only observed when subjects
actively reached to the target within the
novel force field, but not when they had
their limb passively moved by the robot
along the same (deviated) kinematics as
during active reaching. This suggests that
somatosensory recalibration is tightly
linked to the adaptive process and does
not merely arise from sensory experience.
The lack of intersensory conflict during
force-field adaptation thus raises an in-
triguing possibility: the adaptive process
may have similarly shifted all sensory mo-
dalities that contribute to the estimation
of limb position. Hence, in parallel to the
change in somatosensory perception ob-
served by Ostry et al. (2010), adaptation
may have also caused a shift in subjects’
visually perceived limb position. Such
multimodal sensory recalibration would
appear necessary to maintain a coherent
percept of hand position in the absence of
a visuoproprioceptive conflict. To our
knowledge, no work has yet addressed the
recalibration of the visual estimate of limb
position following force-field adaptation.
However, it should be noted that Brown et
al. (2007) previously showed that force-

field adaptation influences the visual esti-
mate of target motion.

Evidence for a perceptual shift in both
visual and somatosensory modalities may
provide insight into potential structures
mediating the adaptive change in the
sense of limb position. Specifically, it
would point to the involvement of higher-
order associative regions, such as the su-
perior parietal lobule, which is known to
integrate visual, somatosensory, and ef-
ferent signals from motor areas to provide
an integrated estimate of the state of the
body (Kalaska, 1996; Desmurget and
Grafton, 2000; Graziano et al., 2000).
Hence, in addition to plastically altering
low-level sensory maps in primary sen-
sory and motor areas, as proposed by
Ostry et al. (2010), force-field adaptation
may modify the way these maps are read
out by associative parietal regions. Modi-
fying perception in higher-level areas may
afford flexibility, perhaps accounting for
the observation of Ostry et al. (2010) that
subjects still presented a reliable bias in
their somatosensory judgments when

asked to come back into the laboratory
24 h after force-field adaptation. While
this finding speaks to the robustness of the
recalibration, it is unlikely that subjects
had a shifted somatosensory estimate of
limb position as they went about their
normal activities in the intervening day,
since this would have given rise to motor
inaccuracies (and led to deadaptation).
Hence, analogous to our capacity to re-
trieve specific sensorimotor mappings for
different mechanical contexts (e.g., reach-
ing accurately with bare hands or with
heavy gloves), sensory representations
may be differently “interpreted” accord-
ing to context, giving rise to distinct limb
state estimates.

In conclusion, the evidence for so-
matosensory plasticity provided by Ostry
et al. (2010) extends current knowledge
regarding adaptive reorganization in the
human brain when facing novel dynami-
cal environments. It indicates that force-
field adaptation affects sensory systems as
well as motor systems. Hopefully, future

Figure 1. It is thought that a forward model can predict the sensory consequences of motor commands (Desmurget and
Grafton, 2000; Flanagan et al., 2003; Shadmehr et al., 2010). A, When visual feedback is artificially altered, such as during
visuomotor rotation, a conflict arises between the predicted and actual visual consequences of the movement (depicted by “�”),
but not between the predicted and actual proprioceptive consequences of the movement (depicted by “�”). The conflict be-
tween visual and somatosensory estimates prompts the recalibration of these modalities (Harris, 1963; Simani et al., 2007;
Cressman and Henriques, 2010). B, In the case of a novel force field, the visual and proprioceptive consequences of the movement
are affected similarly, and there is no conflict between the two sensory estimates. It is thus possible that in addition to the
somatosensory shift observed by Ostry et al. (2010), a similar visual shift occurred to maintain a homogeneous percept of hand
position.
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work will shed light on the neurophysio-
logical underpinnings of this sensory
recalibration, providing insight into its
functional role.
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