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Compensatory Changes Accompanying Chronic Forced Use
of the Nondominant Hand by Unilateral Amputees
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Amputation of the dominant hand forces patients to use the nondominant hand exclusively, including for tasks (e.g., writing and
drawing) that were formerly the sole domain of the dominant hand. The behavioral and neurological effects of this chronic forced use of
the nondominant hand remain largely unknown. Yet, these effects may shed light on the potential to compensate for degradation or loss
of dominant hand function, as well as the mechanisms that support motor learning under conditions of very long-term training. We used
a novel precision drawing task and fMRI to investigate 8 adult human amputees with chronic (mean 33 years) unilateral dominant (right)
hand absence, and right-handed matched controls (8 for fMRI, 19 for behavior). Amputees’ precision drawing performances with their
left hands reached levels of smoothness (associated with left hemisphere control), acceleration time (associated with right hemisphere
control), and speed equivalent to controls’ right hands, whereas accuracy maintained a level comparable with controls’ left hands. This
compensation is supported by an experience-dependent shift from heavy reliance on the dorsodorsal parietofrontal pathway (feedback
control) to the ventrodorsal pathway and prefrontal regions involved in the cognitive control of goal-directed actions. Relative to
controls, amputees also showed increased activity within the former cortical sensorimotor hand territory in the left (ipsilateral) hemi-
sphere. These data demonstrate that, with chronic and exclusive forced use, the speed and quality of nondominant hand precision
endpoint control in drawing can achieve levels nearly comparable with the dominant hand.
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Introduction
The contralateral hemisphere plays a primary role in controlling
distal movements of the hand via crossed corticospinal pathways
(for review, see Porter and Lemon (1993)). However, this system
is functionally asymmetrical. Most humans strongly prefer the
right hand in precision tasks (e.g., writing, drawing), which is
widely held to reflect left hemisphere motor dominance (Liep-
mann, 1905; Coren and Porac, 1977; Geschwind et al., 2002;
Sainburg, 2005; Shabbott and Sainburg, 2008; Jacobs et al., 2010).
Exclusive use of the dominant hand (DH) for precision tasks
makes it difficult to distinguish the role(s) of intrinsic functional
specializations from the effects of long-term practice. Left-
handed children who were forced to write with their nondomi-
nant hand (NDH) continue to prefer the DH for other activities
and therefore have not switched handedness (Siebner et al., 2002;
Klöppel et al., 2007). However, amputees who have lost their

right DH are forced to exclusively and chronically use their left
NDH. Therefore, amputees provide a unique opportunity to
evaluate the effects of experience on hand dominance.

In addition to contralateral responses, unilateral upper ex-
tremity amputees show robust ipsilateral cortical activity when
moving their intact hands (Kew et al., 1994; Hamzei et al., 2001),
specifically in the former sensorimotor hand territory (Bogdanov
et al., 2012). However, the functional role of this response, if any,
remains unknown. One possibility is that decreased activity con-
tralateral to injury leads to decreased interhemispheric inhibition
(Werhahn et al., 2002a; Pelled et al., 2009; Pawela et al., 2010).
Alternatively or additionally, this increased bilateral activation in
amputees may reflect a functional adaptation to long-term forced
use of a single hand (Elbert and Rockstroh, 2004; Frey et al.,
2008). This dovetails with recent findings that ipsilateral motor
cortex plays a functional role in NDH learning and performance
among healthy adults (Verstynen et al., 2005; Vines et al., 2008;
Schambra et al., 2011).

A recent behavioral study of NDH writing by DH amputees
found pronounced variability across individuals and tasks (Yan-
cosek and Mullineaux, 2011). However, because writing is highly
individualized, it is difficult to compare the accuracy of NDH
performances with estimates of controls’ DH performances
across participants. To address this issue, we developed a novel
precision drawing task (PDT), with the intent of capturing the
precision demands of naturalistic handwriting and drawing.

We used the PDT to test two hypotheses. First, if right hand
dominance for precision control reflects intrinsic and unalterable
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specializations (e.g., of the left cerebral hemisphere), then am-
putees’ NDH performances should never achieve the level of
controls’ DH performances, even after chronic forced use. Alter-
natively, if the right hand advantage for precision control is
experience-dependent, then chronic forced use could allow am-
putees’ NDH performances to achieve levels comparable with
matched controls’ DHs. This could arise from training-related
changes in the right hemisphere (contralateral to NDH) and/or
increased recruitment of the left dominant hemisphere (Sain-
burg, 2010). Second, if the former sensorimotor hand territory
contributes to NDH functional compensation, then activity
within this region during the PDT will be related to amputees’
NDH performances.

Materials and Methods
Participants
Eight unilateral upper-limb traumatic amputees (1 female, 4 below-
elbow, mean age 62 � 7 years, age range 52–73 years, mean time since
amputation 33 � 12 years) and 8 controls matched for age and gender
gave informed consent to participate in this study. An additional 11
controls gave informed consent for behavioral participation, creating a
group of 19 behavioral controls (3 female, mean age 63 � 7 years, age
range 53–73 years). One additional behavioral participant was removed
from the analyses because he developed a visual disorder between ses-
sions. All amputees were right-hand dominant with right-side amputa-
tions that occurred no earlier than age 17. All controls were right-hand
dominant (Edinburgh score �60) (Oldfield, 1971). See Table 1 for de-
tails on the amputee sample. All procedures were approved by the local

institutional review board and in accordance
with the Declaration of Helsinki.

Experimental design overview
To summarize, each participant performed an
initial behavioral testing session, followed by
an fMRI session later in the day. During each
session, participants performed a PDT, in
which they drew continuous lines within pro-
vided boundaries using their left hands. Con-
trols returned for a second set of sessions using
their right hands, 6 –53 d (24 � 18 d) later;
order of hands was counterbalanced across
participants. For purposes of direct compari-
son with amputees, we report fMRI data only
from the NDH (left hands) for both groups.

PDT
To perform the PDT, participants used a pencil
to draw within the boundaries of a geometric
form (Fig. 1A–D). All stimuli were mirror-
symmetrical, to avoid any possible interactions
between intermanual transfer processes and
mirror-reversing movements. Stimuli com-
prised combinations of 2– 4 simple geometric
elements: horizontal lines, vertical lines, diag-
onal lines, and semicircles. A single element

(line or semicircle) had a drawing length of 45 mm; therefore, a stimulus
could have drawing length of 90 –180 mm. Stimuli could have width of 3,
4, or 5 mm. A “stimulus” refers to a unique combination of elements and
width; a “shape” refers to the same combination of elements at any width.
In other words, if two stimuli were identical except for their width, they
were both the same shape. The total set of possible PDT shapes were 5
stimuli comprising 2 elements (90 mm), 5 stimuli comprising 3 elements
(135 mm), and 5 stimuli comprising 4 elements (180 mm). Therefore,
there were 15 possible shapes, leading to 30 stimuli in the fMRI session
(15 shapes � 2 widths) and 45 stimuli in the behavioral session (15
shapes � 3 widths).

A “trial” refers to the presentation and completion of one stimulus
during the behavioral session. The behavioral session entailed 90 trials (2
of each stimulus). PDT performance was only analyzed from the behav-
ioral session because of the difficulty of online data collection during
fMRI.

Participants were instructed to complete as many stimuli as possible
within the allotted time, without making any errors; they were told to
favor precision over speed. A trial could have one of three possible labels:
successful, error, or incomplete. A trial was considered an “error” (10.7%
of all trials) if the drawn lines ever passed outside the stimulus’ margin,
except for overshoots at the end of segments and for distinct accidental
lines created as part of raising or lowering the pen. A trial was considered
“incomplete” (0.4% of all trials) if the drawn lines did not pass fully
through all open paths within the stimulus. A trial was considered a
“success” if it was neither an error nor incomplete. Both successful and
error trials were used for further analyses to maintain trial counts across
conditions; however, removing error trials led to negligible effects on the

Table 1.Demographic data on amputee participantsa

Age (years) Sex Above/below elbow YSA Prosthesis Dominant right hand (0 –1) Current pain (0 –1) Current phantom presence (0 –1) Current phantom mobility (0 –1)

56 Male Above 33 None 1 0.25 0.69 0.01
66 Male Below 44 Mechanical 0.98 0 0 0
73 Male Above 8 None 0.93 0.09 0.11 0.11
62 Male Above 25 None 1 0.04 NA 0
55 Male Below 38 None 0.98 0.01 0.3 0.2
67 Male Below 46 None 0.98 0.29 0.813 0.8
62 Male Below 41 Mechanical 1 0 0 0
52 Female Above 31 None 0.98 0.83 NA 0.99
aProsthesis type measured by usage in the past 5 years; 0 –1 measurements determined by visual analog scale before study. “Dominant right hand” question phrased as, “Before my amputation, I always used my right hand for writing and
drawing.” YSA, Years since amputation; NA, not available.

Figure 1. Sample precision drawing task (PDT) stimuli, showing 5 of 15 possible shapes. A, 90 mm drawing length, 5 mm width.
B, 135 mm drawing length, 3 mm width. C, 135 mm drawing length, 5 mm width. D, 180 mm drawing length, 3 mm width. E,
Vision-control stimulus with 180 mm drawing length, 4 mm width.
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data and no changes in conclusions. Also, if a
trial’s speed exceeded �3 SDs from the mean
(calculated separately for each participant and
stimulus width), then it was considered an out-
lier and not included in the movement speed
analysis.

Ratings of trial status were performed by
hand. At least two different experimenters ex-
amined each participant’s drawings to analyze
inter-rater reliability. The two most frequent
raters had an agreement rate of 0.94 � 0.03
across sessions and an inter-rater reliability
(Cohen’s �) of 0.75 � 0.13. Ratings from the
most frequent and senior experimenter were
used for analysis.

Performance was measured by calculating
“mean speed” (mm/s) for each successful trial.
Error rates were calculated for each session as
the number of errors divided by the number of
completed trials. For analysis of possible prac-
tice or fatigue effects, trials were separated into
three epochs: early (trials 1–30), middle (31–
60), and late (61–90).

Behavioral session and training
During each behavioral session, participants
performed the PDT on a Cintiq 12wx tablet
with integrated 1200 � 800 screen (Wacom),
controlled by Presentation software, version
14.9 (Neurobehavioral Systems). The partici-
pants were presented with PDT forms in pseudorandom order. After the
participant completed each trial, the experimenter pressed a button to
advance to the next trial. The participants performed 90 trials, 2 of each
stimulus, and we collected endpoint speed and position via the tablet.
These behavioral data collection trials were performed in a seated posi-
tion, with the tablet on a table in front of the participant. All participants
were instructed to not move their forearm, and control the pen only with
their fingers and wrist. This was done to prepare for later fMRI testing in
which shoulder movements produce head motion and associated
artifacts.

After behavioral data collection, MRI participants received 20 min of
training in a “fMRI simulator,” which replicated the physical constraints
of a fMRI system, without a magnet. During the simulator training,
participants performed the fMRI version of the PDT, as described below.

Behavioral data analysis
The tablet collected x and y position of the pen endpoint at 30 Hz. During
analysis, velocity profiles for each trial were smoothed using an acausal
Gaussian filter with mean of 3 samples (100 ms).

Four dependent measures were analyzed: speed (mm/s, mean of each
trial), endpoint smoothness (positive values indicating fewer submove-
ments: calculated as �1 � number of velocity peaks per 45 mm element,
mean of each trial), acceleration time (fraction of time spent with accel-
eration �0, mean of each trial), and error rate (number of trials with
errors/number of completed trials, mean of a session). These four vari-
ables were chosen to capture movement characteristics specialized to
either hand (Mutha et al., 2012), including goal-directed performance
(via speed and error), acceleration/distance relations across multistage
movements (via acceleration time), and arm dynamics (via smoothness).

Each of the four measures was analyzed using a three-way between-
groups ANOVA, including the factors: group (Amp-NDH, Ctl-NDH,
Ctl-DH), stimulus width (3, 4, 5 mm), and epoch (early, middle, late).
Post hoc analyses were performed using Tukey’s HSD, with power anal-
yses performed using MATLAB’s sampsizepwr function (two-tailed t
test, � � 0.05). All behavioral analyses were performed with MATLAB
8.10 (MathWorks).

fMRI session
PDT task design. During the fMRI session, participants lay in an MRI
scanner in the position described in Figure 2A. Participants used a video

camera to observe a display apparatus in their lap and used a pencil to
draw on paper contained within the apparatus (Fig. 2B). The display
apparatus allowed the participant to use a pencil to perform the PDT on
paper and also allowed a rapid transition between stimuli without per-
mitting advance view of upcoming stimuli. After completing each figure,
participants closed their eyes and placed their pencil on the apparatus
frame outside of the drawing space (the “ready position”; Fig. 2B). At that
time, the experimenter removed the current page from the apparatus,
which revealed the page below it. Then, the experimenter immediately
touched the participant’s arm, thereby directing the participant to re-
open their eyes and continue. In this way, participants had their eyes
closed between stimuli, rather than seeing the paper withdrawn from the
apparatus. These steps were repeated until the end of the block was
reached.

At the end of each block, a “reload period” occurred in which the
experimenter replaced the current apparatus with a new apparatus con-
taining stimuli for the subsequent block. Participants were instructed to
close their eyes during the reload period, and the video feed was replaced
with a static image. Figure 2C provides the timeline for events within a
run.

The PDT included four alternating conditions in a block design:
“Task-Easy” (5 mm width), “Task-Hard” (3 mm width), “Fixation-
Rest,” and “Vision-Control.” During the two task conditions, the partic-
ipant performed the PDT as described above. During the Fixation-Rest
condition, the paper in the apparatus contained only a fixation cross,
throughout the entire block. During the Vision-Control condition, the
paper in the apparatus showed PDT outlines (4 mm width) with no blank
space to draw in (Fig. 1E). During these Vision-Control blocks, partici-
pants touched their pencil to the stimulus and observed the resulting
static combination of stimulus, pencil, and hand. At the end of the stim-
ulus (5–14 s, to approximate the rate of stimulus change during task
performance), the participants put their pencil in the ready position and
closed their eyes. Subsequently, the experimenter presented a fresh stim-
ulus, as described above.

A 37 min session comprised 6 runs of 6.12 min each. Each run com-
prised 12 blocks of 20.4 s each, a 7.65 s reload period after each block, and
a single 30.6 s eyes-closed rest period (“Closed-Rest”) at the end of the
run. The 12 blocks in each run comprised three instances of each of the
four conditions; the experiment always alternated between control

Figure 2. Apparatus and experiment design. A, Schematic of participant, MRI, and apparatus. B, Photograph of apparatus, with
hand in the “ready position”; camera not shown. C, Partial time course of PDT, showing 2 blocks (of 12 per run) and the final
Closed-rest (i.e., eyes-closed) period.

3624 • J. Neurosci., March 5, 2014 • 34(10):3622–3631 Philip and Frey • Precision Drawing and Compensation in Amputees



conditions and task conditions, but the orders of the two control
conditions (Fixation-Rest and Vision-Control) and the two task con-
ditions (Task-Easy and Task-Hard) were counterbalanced across
runs. Counterbalancing also ensured that the possible transitions be-
tween blocks (e.g., Task-Hard immediately followed by Fixation-
Rest) occurred with equal frequency; 8 each of the 8 transition types
accounted for 64 of the 66 transitions, with the last two chosen ran-
domly. In total, the main fMRI session entailed 18 instances of each
condition, adding up to 6.12 min of each condition. The Closed-Rest
condition occurred in 6 instances, for a total of 3.06 min.

Within each run, the stimuli were presented in pseudorandom order,
separately for each condition, such that each stimulus could only appear
once per run at most.

For control participants, the unused hand was restrained with a sand
bag weight, to prevent them from using the hand or arm for any purpose
(e.g., stabilizing the apparatus).

Localizer task design. After the main fMRI session described above,
participants performed a novel precision drawing localizer task designed
to identify all brain areas involved in visually guided drawing move-
ments. Localizer stimuli were presented in the same manner as the main
task stimuli. However, during the localizer task, the stimuli were an array
of 12–20 randomly placed dots, unique for every trial. Participants were
instructed to use the pencil to “connect the dots” in any pattern that
would link all the dots. This task was chosen to activate a broad variety of
areas involved in making goal-oriented drawing movements under visual
guidance.

The localizer task alternated between task (“Localizer-Task”) blocks
and rest blocks during which the eyes remained closed (“Rest”). At the
end of every block, the video feed was replaced with a fixed “close image,”
and a reload period occurred. At the start of a Localizer-Task block, the
experimenter touched the participant’s arm, thereby signaling the par-
ticipant to open their eyes. Otherwise (during Rest blocks) their eyes
remained closed. The “close image” remained on screen throughout the
Localizer-Rest blocks.

A 12 min session comprised 3 runs of 5.6 min each. Each run com-
prised 12 blocks (6 Localizer-Task and 6 Rest in alternating order) of
20.4 s each, plus a 7.65 s “reload period” after each block. The choice of
which block to present first was counterbalanced across runs. In total,
this entailed 18 instances of each condition, adding up to 6.12 min of each
condition.

Scanning procedure. Scans were performed on a Siemens 3T Magne-
tom Allegra. BOLD EPIs were collected using a T2*-weighted gradient
echo sequence, a standard birdcage radio-frequency coil, and the follow-
ing parameters: TR � 2550 ms, TE � 30 ms, flip angle � 80°, 64 � 64
voxel matrix, FOV � 200 mm, 42 contiguous axial slices acquired in
interleaved order, thickness � 4.0 mm, in-plane resolution: 3.1 � 3.1
mm, bandwidth � 2604 Hz/pixel. PACE (Thesen et al., 2000) was used
for online motion correction. The initial 2 volumes in each scan were
discarded to allow steady-state magnetization to be approached. Siemens
auto-align was run at the start of each session.

High-resolution T1-weighted structural images were also acquired,
using the 3D MP-RAGE pulse sequence: TR � 2500 ms, TE � 4.38 ms,
TI � 1100 ms, flip angle � 8.0°, 256 � 256 voxel matrix, FOV � 256 mm,
176 contiguous axial slices, thickness � 1.0 mm, in-plane resolution:
1.0 � 1.0 mm.

DICOMimagefileswereconvertedtoNIFTI formatusingMRIConvert soft-
ware (http://lcni.uoregon.edu/�jolinda/MRIConvert/).

Preprocessing
Structural and functional fMRI data were preprocessed and analyzed
using fMRIB’s Software Library (FSL version 4.1.8; http://www.fmrib.ox.
ac.uk/fsl/) (Smith et al., 2004) and involved several steps: Nonbrain
structures were removed using BET. The data were spatially smoothed
using a Gaussian kernel of 5 mm FWHM. For each dataset, intensity
normalization was applied using “grand mean scaling,” wherein each
volume in the dataset was scaled by the same factor to allow for valid
cross-session and cross-subject statistics. A high-pass temporal filter with
100 Hz cutoff was applied to remove low-frequency artifacts. Indepen-
dent components analysis was conducted with MELODIC to denoise the

data, following procedures detailed below. Time series statistical analysis
was performed in FEAT version 5.98 using FILM with local autocorrela-
tion correction (Woolrich et al., 2001). Delays and undershoots in the
hemodynamic response were accounted for by convolving the model
with a double-gamma HRF function. Functional data were registered
with the high-resolution structural image with 7 degrees of freedom, and
resampled to 2 � 2 � 2 mm resolution using FLIRT; the participant
images were then registered to standard images (MNI-152) using FNIRT
nonlinear registration.

MELODIC independent components analysis was used to identify
artifactual components for removal. Components were rejected if they
clearly met one of the following criteria: (1) preponderance of suprath-
reshold voxels in nonbrain areas, including ventricles or a “halo” outside
the brain; (2) spin history effects, specifically activations that appear in
alternating slices; (3) absence of peaks in the lower-frequency half of the
power spectrum; (4) time course dominated by 1 or 2 distinct temporal
spikes; (5) components covering the majority of 1 or 2 slices, but not
neighboring slices; and (6) Nyquist ghosts. Only the 20 components with
the highest contributions were tested for rejection; 16.2 � 2.3 compo-
nents were rejected per run, accounting for 35.0% of all components.

Localizer task fMRI analysis
To identify all areas involved in visually guided drawing, we first analyzed
the three localizer runs. An explanatory ( predictor) variable (EV) was
modeled, along with its temporal derivatives, for the Localizer-Task con-
dition. Time with the eyes closed (Rest and reload periods) was left
unmodeled and served as the implicit baseline. EVs were locked to the
onset of the camera visual feed at the start of each block. Orthogonal
contrasts (one-tailed t tests) were used to test for differences between the
experimental condition and baseline.

First-level contrasts of parameter estimates (COPEs) were calculated
for the Localizer-Task condition. The first-level COPEs served as input to
a second-level analysis, which averaged the 3 runs using a fixed-effects
model. Z-statistic (Gaussianized T) images were thresholded using clus-
ters specified by Z � 4.1 (corrected cluster significance threshold p �
0.05); changing the Z threshold did not substantially change the mask.
Voxels with significantly increased activity for this contrast (Localizer-
Task relative to baseline) were used as an inclusive mask for PDT task
analysis.

PDT task fMRI analysis
Analysis of PDT data was restricted to voxels that demonstrated signifi-
cant increases in activity during the localizer task compared with rest, as
described in the preceding section.

EVs were modeled, along with their temporal derivatives, for the fol-
lowing five conditions: Task-Easy, Task-Hard, Task (i.e., “Task-Any,”
including both Task-Easy and Task-Hard periods), Vision-Control, and
Fixation-Rest. Time with the eyes closed (Closed-Rest and reload peri-
ods) was left unmodeled and served as the implicit baseline. EVs were
locked to the onset of the camera visual feed at the start of each block.
Orthogonal contrasts (one-tailed t tests) were used to test for differences
between each experimental condition.

First-level COPEs were calculated for each of the five conditions listed
above and also for Task versus Vision-Control. For this latter contrast,
prethreshold masking as used to include only voxels that showed signif-
icant activation during both conditions, to ensure that any results would
not be attributable to differences in relative deactivation. Likewise, we
contrasted Task-Hard versus Task-Easy (masked to include only voxels
with positive activation for both Task-Easy and Task-Hard). The first-
level COPEs served as input to higher-level analyses performed using a
fixed-effects model. Z-statistic (Gaussianized T) images were thresh-
olded using clusters determined by Z � 3.1 and a corrected cluster sig-
nificance threshold of p � 0.05. The first-level COPEs were averaged
across runs for each subject separately (second level) and then across
participants (third level). At the third level, direct comparisons were
conducted between groups by modeling two EVs, one for each group. In
between-groups analyses, inclusive masking restricted analysis to areas
with positive activation for at least one group (amputees or controls).
During all third-level analyses, Z-statistic images were thresholded using
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clusters determined by Z � 3.1. Reducing the
threshold to 2.3 did not substantially change
the images. Because of the limited sample size
inherent in studying right-hand-dominant,
right-limb-loss, MRI-compatible amputees, a
fixed-effects analysis was used for third-level
analyses.

Multifiducial mapping in Caret version 5.64
(http://www.nitrc.org/projects/caret/) was used
to overlay group statistical maps onto a
population-average, landmark- and surface-
based (PALS) atlas for visualization (Van Essen,
2005). Slice views were produced using Mricron
version 12/2009 (http://www.mccauslandcenter.
sc.edu/mricro/mricron/).

Sensorimotor hand territory functional
ROI analysis
Normative sensorimotor hand representa-
tions were defined using data from a func-
tional localizer task in which an independent
sample of 17 healthy adults (mean age 52
years, range 29 – 62 years, 4 female, 1 left-
handed) performed an aurally paced,
thumb-finger sequencing task with eyes
closed (Smith and Frey, 2011). Contrasts be-
tween hand movement versus rest yielded
two significant regions of increased activity
in contralateral sensorimotor cortex: one for
left hand movement and one for right hand
movement, that is, in the right hemisphere
(RHem) and left hemisphere (LHem).
Spherical ROIs (5 mm radius) were centered
on the peak activations in these two regions,
at X � �38, Y � �24, Z � 54 (left hemi-
sphere) and X � 38, Y � �24, Z � 54 (right
hemisphere) in MNI-152 space. Inverse reg-
istration with FLIRT was used to transform
the initial standard-space ROIs into the
high-resolution structural images for each
participant in this study, producing participant-
specific ROIs.

Mean percentage signal change (PSC) be-
tween the Task condition and baseline
(Vision-Control) was calculated across all
voxels separately within each ROI, for each
participant, using FSL’s Featquery. We then submitted mean PSC
values to a 2 (Group: amputee, control) � 2 (Hemisphere: left, right)
repeated-measures ANOVA. Power analyses for correlation values
were performed via Monte Carlo simulations using 10,000 draws to
establish chance values, and 1000 draws from the data at each tested
sample size (up to sample sizes of N � 500) to establish the sample size
needed to detect significance with 80% power.

Results
Behavioral performance
Our primary dependent measures were movement speed,
movement smoothness, fraction of time spent accelerating,
and error rate. To evaluate the effects of chronic amputation
and task difficulty on PDT behavior, we performed 3 (stimulus
width) � 3 (epoch) � 3 (group) ANOVAs on each dependent
variable.

For movement speed, we found main effects of Group (F(2,395)

� 38.94, p � 0.0001) and Width (F(2,395) � 19.47, p � 0.0001),
but no main effect of Epoch (p � 0.19) and no significant inter-
action effects (F � 1.0). Post hoc tests revealed that the main effect
of width arose from steadily increasing speed for wider stimuli
that required less precision, as illustrated in Figure 3A (all widths

significantly different at p � 0.01). The main effect of group arose
from lower speed for the Ctl-NDH group compared with Ctl-DH
or Amp-NDH (p � 0.0001), as shown in Figure 3B.

For movement smoothness, we again found main effects of
Group (F(2,395) � 37.66, p � 0.0001) and Width (F(2,395) � 15.87,
p � 0.0001), but no main effect of Epoch (p � 0.14) and no
significant interaction effects (F � 1.0). Post hoc tests revealed
that the main effect of group arose from lower smoothness for the
Ctl-NDH group compared with Ctl-DH or Amp-NDH, as shown
in Figure 3C (p � 0.0001). The main effect of width arose from
lower smoothness for the narrowest stimuli (3 mm) compared
with wider stimuli (p � 0.01 vs 4 mm, p � 0.0001 vs 5 mm).

For acceleration time, we found a main effect of Group
(F(2,395) � 21.4, p � 0.0001) but no other significant main or
interaction effects (p � 0.2). Post hoc tests revealed that the main
effect of group arose because Ctl-NDH spent more time acceler-
ating than other groups (p � 0.05 vs Amp-NDH, p � 0.0001 vs
Ctl-DH), as shown in Figure 3D. Amp-NDH showed a nonsig-
nificant trend toward increased acceleration time compared with
Ctl-DH (p � 0.065). Power analysis indicated that the difference
in acceleration time between Amp-NDH and Ctl-DH would

Figure 3. PDT performance during behavioral session, showing that Amp-NDH performance greatly improved from Ctl-NDH
performance. Group means � SEM. *p � 0.05. **p � 0.01 ***p � 0.001. A, Effect of task difficulty on speed. Easier task (wider
stimuli) always produced increased speed. B, Effect of group on speed. C, Effect of group on smoothness. Higher values indicate
fewer submovements per 45 mm stimulus element. D, Effect of group on fraction of time spent accelerating. E, Effect of group on
error rate. F, Interaction between group and task difficulty, on error rate; group effect occurs on narrow (3 mm) and medium (4
mm) widths only. Main effects of group not shown.
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reach statistical significance with 92 participants at the current
effect size.

For error rate, we again found main effects of Group
(F(2,395) � 37.88, p � 0.0001) and Width (F(2,395) � 57.05, p �
0.0001), a nonsignificant trend toward a main effect of Epoch
(F(2,395) � 2.72, p � 0.067), and a statistically significant in-
teraction between Group and Width (F(4,395) � 3.5, p � 0.01),
but no other interaction effects (F � 1.0). The main effect of
group arose from fewer errors for the Ctl-DH group compared
with either Ctl-NDH or Amp-NDH ( p � 0.0001), as shown in
Figure 3E. The main effect of width arose from steadily in-
creasing error rates for narrower stimuli that required more
precision (all widths significantly different at p � 0.01). The
nonsignificant trend in Epoch reflected elevated error rates in
the first epoch, compared with other epochs. Finally, the
Group � Width interaction arose because Ctl-DH group had
lower error rates than both Ctl-NDH and Amp-NDH groups
for narrow (3 mm) and medium (4 mm) stimuli, but the
groups did not differ for wide (5 mm) stimuli (all comparisons
significantly different at p � 0.01), as shown in Figure 3F.

Figure 4 shows the individual mean PDT speed and error rate
for each participant. Across all participants, we found no statis-
tically significant correlation between individual mean speed,
and individual error rate (r � 0.050, p � 0.744). Likewise, speed
and error rate were not significantly correlated for controls’ DH
(r � 0.047, p � 0.850) or NDH (r � 0.305, p � 0.205) perfor-
mances. For amputees, we found a marginally significant positive
correlation between speed and error rate (r � 0.715, p � 0.046).
However, this apparent correlation was driven by the outlier par-
ticipant on the far right side of Figure 4 (42% error rate); without
that participant, Amp-NDH (r � 0.313, p � 0.494). Thus, after
accounting for the outlier, we found no speed–accuracy relation-
ships for any group.

Finally, we found no statistically significant correlations be-
tween speed or error rate and any amputee characteristic: (age,
years since amputation [YSA]), phantom pain, phantom pres-
ence, phantom mobility) (p � 0.08 in all cases). Our minimum
YSA was 8, so any potential YSA effect could have reached plateau
for all participants.

In summary, of our four kinematic measurements, three
showed complete compensation of NDH to DH levels of perfor-
mance after amputation (speed, smoothness, and acceleration
time), and one showed no compensation (error rate). Overall,
these data support the hypothesis that, after chronic (mean 33
years) forced use, the speed and quality of amputees’ precision

drawing movements with the NDH are greatly improved and
closely approximate levels of performance that would have been
expected with their DHs. We now turn to the neural mechanisms
supporting this remarkable compensation.

fMRI results
Here we focus on data from amputees and controls using their
NDH only.

Effects of task difficulty
A comparison between Task-Hard versus Task-Easy failed to de-
tect any areas sensitive to difficulty. For subsequent analyses, we
therefore pooled data across these two conditions (i.e., “Task-
Any” condition).

Precision drawing engages distributed sensorimotor networks in
controls and amputees
To provide an overview of brain activation during performance
of the PDT by healthy controls using their NDHs (left hands), we
identified areas showing increased activity for Task compared
with Vision-Control, within the visuosensorimotor mask defined
from our localizer task. This analysis revealed increased bilateral
activity within the insular cortex and throughout the dorsal sen-
sorimotor processing stream: extending from the occipital lobes
through the parietal, motor, and into premotor cortices. In-
creases were also apparent the midline in the supplementary and
cingulate motor areas, and subcortically in the thalamus, puta-
men, globus pallidus, and the cerebellar vermis and dorsal hemi-
spheres (Fig. 5A). We obtained similar results for amputees using
their NDHs (Fig. 5B).

Relative to amputees, controls showed increased activity
primarily within the frontoparietal dorsodorsal pathway asso-
ciated with online sensorimotor control (Rizzolatti and Ma-
telli, 2003), which consists of bilateral superior parietal lobule
(SPL) areas and the dorsal premotor cortex (dPMC). We also
found increased activity along the right precentral, postcen-
tral, and supramarginal gyri (Fig. 6A). Conversely, amputees
showed greater activity than controls within the ventrodorsal
pathway associated with motor planning and action organiza-
tion (Rizzolatti and Matelli, 2003). This includes lateral occip-
ital cortex, and regions of the inferior parietal lobule (IPL) and
ventral premotor cortex (vPMC) (Fig. 6B). In addition, am-
putees demonstrated greater bilateral activity in the vermis
and lateral cerebellar hemispheres. Of particular note is the
greater activity for amputees within the left precentral gyrus
(ipsilateral to the drawing hand), extending into the central
sulcus (putative primary sensorimotor cortex).

Amputees but not controls show performance-correlated activity
within the former sensorimotor hand area
To identify performance-correlated changes in areas of the
cortex devoted to sensorimotor control of the former and
intact hand, we performed an ROI analysis on normatively
defined hand sensorimotor cortex, as derived from an inde-
pendent sample of healthy adults (see Materials and Meth-
ods). Figure 7A shows this ROI overlaid on the network of
areas displaying significantly more activity for amputees ver-
sus controls (i.e., Fig. 6B). This overlay clearly shows our left-
hemisphere normative ROI among the areas with greater
activation for amputees than for controls.

Analysis of mean PSC computed within these ROIs revealed a
significant main effect of Hemisphere (F(1,167) � 34.89, p �
0.0006), but not Group (F(1,167) � 1.3, p � 0.292). Critically, we
found a significant interaction effect (F(1,167) � 18.15, p �

Figure 4. PDT performance during behavioral session, comparing individual mean
speed and error rate for each participant. There were no significant speed–accuracy rela-
tionships found for any group, after accounting for outlier (participant with 42% error; see
Results).
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0.0001); post hoc tests (Tukey’s HSD) re-
vealed that the interaction effect arose
from a significant difference between
groups in the ipsilateral (left) hemisphere
(p � 0.0001) but not in the contralateral
(right) hemisphere (p � 0.8; Fig. 7B).

Figure 7C illustrates the correlation be-
tween left hemisphere PSC and behavioral
performance (PDT speed on error-free tri-
als) for each participant. We performed an
ANCOVA to assess the difference between
the slopes of the two groups’ functions. The
ANCOVA showed a significant effect of
group on the relationship between PSC and
behavioral speed (F(1,12) � 7.51, p � 0.047).
This reflects a stronger behavior depen-
dence in activation of left sensorimotor
hand area for amputees compared with
controls (i.e., greater slope for amputees
than controls in Fig. 7C). Amputees showed
a nonsignificant trend toward a positive cor-
relation (r � 0.40, p � 0.326), whereas con-
trols showed virtually no relationship (r �
0.11, p � 0.801). Power analysis indicated
that the PSC-speed correlation among am-
putees would be significant with 29 partici-
pants at the current effect size, whereas the
PSC-speed correlation among controls
would not reach statistical significance even
with 500 participants.

Figure 7D illustrates the correlation
between right hemisphere PSC and be-
havioral endpoint speed. In this right
hemisphere ROI, an ANCOVA revealed
no significant group effect on the relation-
ship between PSC and speed (F(1,12) �
0.07, p � 0.796; i.e., no between-groups
difference in slope). Similar to the left hemisphere ROI, amputees
showed a nonsignificant trend toward a positive correlation in
the right hemisphere ROI (r � 0.61, p � 0.117), whereas
controls showed a nonsignificant relationship (r � �0.31, p �
0.456). Power analysis indicated that the PSC-speed correla-
tion among amputees would be significant with 12 partici-
pants at the current effect size, whereas the PSC-speed correlation
among controls would not reach statistical significance even with
500 participants.

Together, these findings suggest that: (1) when using their
NDHs, amputees recruit their ipsilateral (i.e., former) senso-
rimotor hand area more than do controls; and (2) along with
other cortical and subcortical regions, the former sensorimo-
tor hand territory may contribute to the improved control of
precision movements with the NDH after chronic forced use.

Effects of amputee characteristics on sensorimotor hand area
We found no statistically significant relationships (� � 0.05)
between activity in the sensorimotor hand ROI during the Task-
Any condition and any amputee participant characteristics:
phantom vividness, phantom mobility, phantom pain, age, YSA,
amputation level, or prosthesis use (Table 1).

Discussion
This study yielded two major findings. First, when using their
NDHs, unilateral amputees performed a PDT significantly

faster, more smoothly, and with less time spent in acceleration
than did matched controls, approaching levels that would
have been expected of their absent DHs. These results are
consistent with the hypothesis that chronic forced use of the
NDH leads to substantial improvements of a skill that was
previously the exclusive domain of the now-absent DH. Sec-
ond, this increase in NDH function appears to involve
experience-dependent changes in neural control of precision
movements. Whereas controls rely heavily on the dorsodorsal
(SPL-dPMC) feedback control pathway, amputees show
greater recruitment of the ventrodorsal (IPL-vPMC) pathway
involved in the internal representation of goal-directed ac-
tions. Amputees also engage the normatively defined, former
sensorimotor hand representation (ipsilateral to the drawing
hand) more than do controls. Although modest, the level of
activation within this region shows a greater relationship to
performance in amputees versus controls. Below, we discuss
these findings and their implications in detail.

Improved performance with chronic forced use of the NDH
We hypothesized that, if right hand dominance for precision
control reflects an intrinsic specialization of the left cerebral
hemisphere (Liepmann, 1905; Geschwind et al., 2002; Sain-
burg, 2005; Shabbott and Sainburg, 2008), then amputees’
NDH performances might improve as a result of chronic

Figure 5. Neural activity associated with PDT task (relative to Vision-Control baseline) for each group. Whole-brain analysis
group statistical parametric maps overlaid on PALS atlas. In general, patterns of activity were similar for both groups, including
bilateral sensorimotor and cerebellar activity. A, Control participants (NDH). B, Amputees.
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forced use but should never reach the level of controls’ DH
performances. We found that amputees’ error rates were com-
parable with the NDHs of controls and higher than controls’
DHs (Fig. 3E). In contrast, movement speed (Fig. 3B) was
equivalent to matched controls’ DHs and significantly better
than controls’ NDHs. A major factor underlying this effect is
that amputees’ NDH movements are substantially smoother than
those of controls and indeed are equivalent to controls’ DHs (Fig.
3C). Healthy right-handed adults exhibit a substantial DH advan-
tage for smoothness that has been attributed to left-hemisphere spe-
cializations for the control of intersegmental limb dynamics
(Sainburg, 2005). Amputees also spend a smaller fraction of their
movement time accelerating compared with controls using their
NDH, statistically indistinguishable from the level of controls using
their DHs (Fig. 3D). The ability to control acceleration time by con-
trolling muscle timing appears to depend on specializations of the
right hemisphere in right-handers (Schaefer et al., 2007). Therefore,
our pattern of kinematic results suggests that exclusive and chronic
forced use of the left NDH leads to improvements in movement
speed by exploiting aspects of control that may be specializations of
both the dominant left (smoothness) and nondominant right (ac-
celeration time) cerebral hemispheres. These behavioral results
complement evidence showing no significant differences be-
tween native right-handers and converted left-handers in writing

kinematics (Siebner et al., 2002). In con-
trast to the current study, this earlier work
used a handwriting task that lacked a
means of quantifying errors and also in-
volved repetitively producing the same
word.

Although we lack longitudinal data
on these patients, the most likely inter-
pretation for these effects is that the
ability to control high precision move-
ments with the amputees’ left hands has
increased over time as a result of chronic
forced use. Although we found no cor-
relation between behavioral perfor-
mance and time since amputation, all of
our amputee participants were at least 8
years after amputation, allowing a sub-
stantial period of NDH forced use for all
participants. It seems unlikely that uni-
lateral deafferentation/deefferentation,
in and of itself, contributes to increased
performance of the intact limb. Al-
though there is evidence that acute, re-
versible unilateral deafferentation can
transiently facilitate some sensory
(Werhahn et al., 2002b; Björkman et al.,
2009) or motor (Björkman et al., 2004)
functions of the unaffected hand, these
improvements are quite small in magni-
tude and have not been detected in am-
putees (Vega-Bermudez and Johnson,
2002).

Forced use may improve NDH per-
formances either through new learning,
enhanced intermanual transfer of for-
merly DH skills, or a combination.
More work is required to disambiguate
these possibilities.

Improved NDH performance is supported by a transition
from reliance on the dorsodorsal to the ventrodorsal pathway
When participants engaged in precision drawing with the NDH, we
discovered that controls and amputees differed in their reliance on
functionally and anatomically dissociable subdivisions within the
dorsal sensorimotor processing stream (Johnson and Grafton, 2003;
Rizzolatti and Matelli, 2003; Glover, 2004). Controls showed greater
activity than amputees within the SPL and dPMC, key nodes of the
dorsodorsal pathway involved in feedback-based control of limb
movements. Amputees, by contrast, show greater activity than con-
trols within the lateral occipital cortex, IPL, and vPMC, major nodes
of the ventrodorsal pathway implicated in the internal representa-
tion of complex, goal-directed behavior. These findings suggest that
the dramatic improvement of NDH performance is supported
by an experience-dependent shift in neural control. In nonex-
perts (controls), precision drawing with the NDH relies more
heavily on feedback control supported by the dorsodorsal
pathway (Fig. 6A). With extensive training, experts (DH am-
putees) come to depend more on the ventrodorsal pathway
(Fig. 6B), which supports internal representations of skilled,
goal-dependent actions. Furthermore, amputees showed in-
creased engagement of lateral (Ridderinkhof et al., 2004) and
medial (Rushworth et al., 2004) prefrontal regions associated
with cognitive control of actions, and in bilateral cerebellum.

Figure 6. Differences in neural activity between groups, associated with PDT task (relative to Vision-Control baseline). Whole-
brain analysis group statistical parametric maps overlaid on PALS atlas. A, Areas with greater activity for control participants (NDH)
compared with amputees, including dorsodorsal (SPL-dPMC) pathway, involved in feedback control. B, Areas with greater activity
for amputees compared with control participants (NDH), including ventrodorsal (IPL-vPMC) and lateral and medial prefrontal
regions, areas associated with cognitive control of goal-directed actions.
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Precision drawing by amputees is associated with increased
recruitment of the normatively defined former sensorimotor
hand territory
Consistent with earlier work (Kew et al., 1994; Hamzei et al.,
2001), we detected increased activity within sensorimotor cortex
ipsilateral to the drawing hand (Fig. 7B). Likewise, these increases
occurred specifically within the normatively defined former sen-
sorimotor hand territory (Bogdanov et al., 2012). We predicted
that activity within the former hand territory would be related to
performance on the PDT if this is recruitment is a functional
adaptation that supports improved precision movements with
the NDH (Frey et al., 2008; Bogdanov et al., 2012). We found a
nonsignificant positive relationship between activity in the for-
mer hand territory and NDH PDT performance (Fig. 7C) for
amputees (r � 0.40), but not controls (r � �0.11). Furthermore,
the difference between performance-correlation in amputees
versus controls achieved significance (Fig. 7C, slopes; p � 0.047),
suggesting that the ipsilateral hand territory may play a func-
tional role in improved performance after chronic forced use of
the NDH. This finding dovetails with our kinematic results sug-
gesting that improvements in amputees’ performances include
experience-dependent changes in smoothness, a control param-
eter associated with the left cerebral hemisphere (Sainburg,
2005). Like left-handed adults forced to switch from left-handed
to right-handed writing in childhood, we also find greater bilat-

eral engagement of parietal and premotor regions when writing
with the NDH (Siebner et al., 2002). Converted left-handers
show contralateral left sensorimotor activity during writing, but
not increased use of the ipsilateral right sensorimotor cortex. By
contrast, in addition to contralateral activity, amputees do show
increased engagement of the ipsilateral (left) sensorimotor cortex
when using the NDH, and this does tend to be related to perfor-
mance. Together, these results could indicate that, regardless of
hand dominance, or the side involved in chronic training, the left
sensorimotor cortex may play a key role in experience-dependent
improvements in NDH skills.

These data should be interpreted with caution until the comple-
tion of further work with larger sample sizes. However, these results
are generally consistent with previous studies that have demon-
strated a functional role for ipsilateral motor cortex in NDH motor
learning (Grafton et al., 2002; Schambra et al., 2011), and with prior
speculation about the possible bilateral motor cortex recruitment to
support NDH control after dominant limb amputation (Sainburg,
2010). If we are correct, then this reflects an important and hereto-
fore overlooked form of adaptive reorganization of the former hand
territory after chronic forced use.

In conclusion, we took advantage of the unique opportunity
presented by chronic DH amputees to investigate the potential
for NDH compensation. Our results indicate that, over years or
decades of exclusive forced use, the speed, smoothness, and ac-

Figure 7. ROI analysis of PSC in normative sensorimotor hand area, showing increased activity in left hemisphere. A, ROI location (green), superimposed with amputee-increased activation (Fig.
6B). Blue circle represents activation in left hemisphere normative ROI. B, PSC group mean � SEM, demonstrating group effect for left hemisphere (ipsi-movement) only. *Significant difference
( p � 0.001, Tukey’s HSD). C, Relationship between performance (endpoint speed) and left hemisphere (former hand territory) PSC for each participant. Slopes of linear fits are significantly different
( p � 0.047, ANCOVA). D, Relationship between performance and right hemisphere (intact hand territory) PSC for each participant. Slopes of linear fits not significantly different (ns; p � 0.796).
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celeration profile of precision drawing with the nondominant left
hand can achieve levels comparable with what would be expected
with the dominant right hand, whereas error rates remained as
expected for the NDH. In this respect, performance asymmetries
in endpoint control appear highly malleable even in mature
adults. These compensatory changes in behavior are supported
by greater involvement of the ventrodorsal pathway and lateral
(Ridderinkhof et al., 2004) and medial (Rushworth et al., 2004)
prefrontal regions implicated in the cognitive control of action.
This may reflect an experience-dependent transition from heavy
reliance on feedback control to greater reliance on cognitive con-
trol. Likewise, the former sensorimotor hand territory shows
greater recruitment in amputees and may show more behavior-
correlated activity in amputees than in controls. These results
suggest that intensive training may enable behavioral compensa-
tion after loss of DH function, which may dramatically improve
recovery for patients who experience DH impairment resulting
from injury or disease.
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