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INTRODUCTION
Some evidence suggests that depending
on the size of error produced by a per-
turbation, distinct learning mechanisms
and neural structures are employed in the
brain (Kluzik et al., 2008; Criscimagna-
Hemminger et al., 2010; Gibo et al., 2013).
Here, based on some existing evidence,
we propose a hypothesis about the poten-
tial adaptation mechanisms which may be
employed in the brain based on the per-
turbation magnitude. In the following sec-
tions, we first briefly explain the proposed
hypothesis. Then a short description about
the resolution of hand proprioceptive sen-
sory is presented. In this hypothesis, the
size of error is assessed relative to the res-
olution of proprioceptive sensory. Next,
the empirical evidence supporting the pro-
posed hypothesis are shortly described.

THE HYPOTHESIS
Our hypothesis schematically represented
in Figure 1 is as follows:

1- For small perturbation amplitude
compared to proprioceptive sensory
resolution, the produced movement
error (Err. in Figure 1) will be small
as well. Small error does not often
result in subject’s awareness (Cressman
and Henriques, 2009; Criscimagna-
Hemminger et al., 2010). In this
condition, the brain may consider
the perturbation resulting from an
internal source and compensate it
with recalibration of proprioceptive
sensory. This may be expressed by
shifting the input-output relationship
of proprioceptive sensory module (i.e.,
Proprioceptive block in Figure 1).
The input-output relationship of this
module has been modeled with a

quantization (staircase) function to
represent the limited resolution.

2- For large perturbation amplitude, the
produced movement error will be large
as well, which typically make subject
aware of the perturbation (Malfait and
Ostry, 2004). In this case the assump-
tion is that the perturbation may be
caused by an external source and the
brain may need to form/update inter-
nal forward and/or inverse models of
the new dynamics to reduce movement
errors.

RESOLUTION OF PROPRIOCEPTIVE
SENSORY
It is possible to infer about the resolution
of proprioceptive sensory based on some
of previous studies. Diedrichsen et al.
(2010) moved the subject’s hand passively
using a robotic arm along a trajectory
deviated 8◦ to the left or right of the
subjects’ body midline. In the absence of
visual feedback, subjects were not able
to guess the direction of this deviation.
In another study (Farrer et al., 2003),
the experimenter moved subject’s hand
by pulling a rod connected to a joystick.
Subjects had no direct view of their hand;
instead a virtual hand image provided
the visual feedback for them. The visual
feedback was deviated either to the right
or left relative to the actual hand move-
ment by a certain angular value (0, 5,
10, 15, 20, 30, 40, or 50◦) in each trial.
At the end of each movement, subjects
had to indicate if their movement and the
visual feedback were at the same place.
They were not able to detect the devi-
ation when it was less than 5◦ (Figure
2. in Farrer et al., 2003). Also, Darainy
et al. (2013) observed that during passive

hand movements perceptual boundary
was at the left of the midline. Based on
the observations in the above mentioned
studies and some others (Cressman and
Henriques, 2009; Fuentes et al., 2011), it
can be suggested that resolution of pro-
prioceptive sensory is about 5◦ (in the
midline direction). On the other hand,
there are some evidence supporting this
notion that proprioceptive sensory is more
precise in front-back direction than left-
right (van Beers et al., 2002; Wilson
et al., 2010). Therefore it seems plausi-
ble to infer that maximum resolution of
proprioceptive sensory is in the midline
direction.

EVIDENCE SUPPORTING THE
PROPOSED HYPOTHESIS
Some of the observations which can be
explained based on this hypothesis are
given in the following:

- Based on the proposed hypothesis,
adaptation to an abrupt perturbation,
which produces large errors, results in
formation of an IM in the brain, while
adaptation to a gradual perturbation
is probably not dependent on IMs.
Cerebellum is one of the main can-
didate brain regions to contain IMs,
specifically internal forward models
(see Yavari et al., 2013 for a review).
It has already been demonstrated that
individuals with cerebellar damage
have difficulties in adapting to an
abrupt force field during hand reach-
ing movements (Smith and Shadmehr,
2005); however when that perturba-
tion was imposed gradually they are
usually able to adapt their movements
(Criscimagna-Hemminger et al., 2010;
Izawa et al., 2012). These observations
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FIGURE 1 | Schematic representation of the proposed hypothesis. The
general structure of this model has been borrowed from other studies e.g.,
(Shadmehr and Krakauer, 2008). θ(t), ̂θFM (t), ̂θp(t), and ̂θv (t) are
respectively system output and its estimations by forward model,

proprioceptive sensory, and visual sensory. ̂θ (t) is final estimation of
system output obtained from integration. Dashed and dot-dashed lines
show sensory recalibration and internal models’ (IMs’) adaptation,
respectively.

confirm dependency of adaptation in
presence of large, but not small errors
on cerebellum and are in line with the
proposed hypothesis.

- It has been observed that sud-
den and gradual introduction of
perturbations—which result in large
and small errors, respectively—
produce different generalization
patterns. Motor memories produced by
abrupt perturbations are in an extrin-
sic coordinate system and generalize
to the untrained arm (Criscimagna-
Hemminger et al., 2003; Malfait
and Ostry, 2004), whereas gradual
presentation of perturbations cause
adaptation in intrinsic arm coordi-
nates that does not transfer to the
other arm (Malfait and Ostry, 2004;
Wilson et al., 2010). Also it has been
observed that gradual perturbations
lead to more robust generalization

when using the trained arm in a dif-
ferent context, while this generalization
is smaller in response to a sudden per-
turbation (Kluzik et al., 2008). These
observations can be explained based
on the proposed hypothesis as follows:
the brain forms an IM of the pertur-
bation in response to large errors (in
an extrinsic coordinate system). The
created model would be applicable in
performing movements with another
hand in the presence of the same per-
turbation. On the other hand, gradual
presentation of the perturbation results
in sensory recalibration which is spe-
cific to the trained arm (intrinsic arm
coordinates). This explains the gen-
eralization pattern produced by small
errors.

- Subjects showed almost the same size
of aftereffect when adapted to grad-
ual and abrupt perturbations; however

washout rate was significantly higher in
the abrupt group (Kluzik et al., 2008).
On the other hand, functional imag-
ing and computational studies support
the existence of multiple IMs in the
brain which are activated based on the
context (Haruno et al., 2001; Imamizu
et al., 2003, 2004). Having this point
in mind, the mentioned observation
may be explained as follows: adapta-
tion to an abrupt perturbation results
in formation of an IM in the brain.
Eliminating the perturbation causes
aftereffects which will not last for long
because the brain rapidly switches back
to the suitable IM for the condition
with no perturbation. This may not be
the case for small errors.

- Sensory recalibration due to adaptation
to small errors has been observed in
some previous studies (Cressman and
Henriques, 2009).
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SUMMARY
We presented a hypothesis about the pos-
sible adaptation mechanisms employed in
the brain based on error size. The pro-
posed hypothesis can help to provide a
better understanding of motor adaptation
mechanism in brain. Further validation
of the hypothesis requires more inves-
tigations and experiments. For example,
adaptation in response to a gradual per-
turbation can be compared in deafferented
subjects, cerebellar patients, and healthy
individuals. This comparison may be per-
formed regarding generalization patterns
to untrained hand or to other contexts
with the same hand, adaptation rate,
wash-out rate, etc. It has been shown
that deafferented individuals were able to
adapt their reaches to altered visual feed-
back of the hand (Ingram et al., 2000;
Bernier et al., 2006; Miall and Cole, 2007).
Adaptation in these subjects may show dif-
ferent features compared to healthy ones.
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