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Abstract

Congenital unilateral absence of the hand (amelia) completely deprives individuals of
sensorimotor experiences with their absent effector. The consequences of such deprivation on
motor planning abilities are poorly understood. Fourteen patients and matched controls performed
two grip selection tasks: 1) overt grip selection (OGS), in which they used their intact hand to
grasp a three-dimensional object that appeared in different orientations using the most natural
(under-or over-hand) precision grip, and 2) prospective grip selection (PGS), in which they
selected the most natural grip for either the intact or absent hand without moving. For the intact
hand, we evaluated planning accuracy by comparing concordance between grip preferences
expressed in PGS vs. OGS. For the absent hand, we compared PGS responses with OGS responses
for the intact hand that had been phase shifted by 180°, thereby accounting for mirror symmetrical
biomechanical constraints of the two limbs. Like controls, amelic individuals displayed a
consistent preference for less awkward grips in both OGS and PGS. Unexpectedly, however, they
were slower and less accurate for PGS based on either the intact or the absent hand. We conclude
that direct sensorimotor experience with bothhands may be important for the typical development
or refinement of effector-specific internal representations of e/ther limb.
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1. Introduction

The functional organization of primary sensory and motor maps is activity-dependent
throughout the lifespan, changing in response to increases or decreases in stimulation.
Traumatic loss of an established limb therefore induces reorganization of primary sensory
and motor maps (e.g. Merzenich et al., 1983; Donoghue and Sanes, 1988; Sanes et al., 1988;
Kaas, 2000). The impact of these reorganizational changes on pre-movement action planning
and selection is much less certain. For instance, amputees who experienced traumatic loss of
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a limb, typically in adulthood, retain the ability to choose responses that would minimize
biomechanical awkwardness if using the absent hand (Philip and Frey, 2011). This ability
may arise from effector-specific internal representations that are robust to the effects of
chronic inactivity (Johnson et al., 2002b), or that are maintained through “cross-activation”
during use of the intact limb (Parlow and Kinsbourne, 1989; Lee et al., 2010). The role of
experience in the establishment of internal representations that guide motor planning is
unclear. Individuals born without a hand (i.e., unilateral upper extremity amelics; “amelic
individuals” for brevity) provide a unique opportunity to address this important issue.

Whether amelic individuals possess internal sensorimotor representations of the absent limb
remains controversial. Some 7-20% of amelic individuals report phantom sensations for
their absent limb(s) (Vetter and Weinstein, 1967; Melzack et al., 1997; Wilkins et al., 1998),
suggesting that they may possess internal representations of body parts that have never
developed (Brugger et al., 2000). Consistent with this view, transcranial magnetic
stimulation (TMS) of motor cortex contralateral to the absent limb can sometimes evoke
phantom sensations in amelic individuals (Brugger et al., 2000). However, this is not always
the case (Cohen et al., 1991; Pascual-Leone et al., 1996; Mercier et al., 2006; Reilly and
Sirigu, 2011). Results from the hand laterality task, considered an implicit test of motor
imagery, have likewise been inconsistent. One investigation found that while dominant hand
amputees experienced difficulties, three individuals with unilateral amelia were able to
identify whether rotated pictures were of left or right hands as accurately as controls (Nico et
al., 2004). Their slower response times, however, were taken as evidence for use of non-
motor strategies. Conversely, a larger investigation of 14 amelic individuals reported
impaired motor imagery for the congenitally absent hand (Funk and Brugger, 2008).

One possibility is that at least gross representations of the limbs develop through
maturational processes, possibly including prenatal growth prior to prenatal amputation (e.g.
as occurs in amniotic band syndrome), while postnatal movement and associated sensory
feedback are necessary only to refine limb representations. Or, congenital phantoms (and
perhaps also performances on hand laterality tasks) may depend on representations acquired
through observational learning entirely (Price, 2006), or in combination with maturational
factors (Brugger et al., 2000).

Exclusive reliance on the hand laterality task to evaluate motor representations in amelic
individuals is limiting, because it can elicit various strategies other than motor planning or
motor imagery (Daprati et al., 2010; Vannuscorps et al., 2012; Habacha et al., 2014). We
instead used a prospective grip selection task (PGS) to investigate the ability of amelic
individuals to engage in motor planning and prediction with the absent or intact hands (e.g.
Johnson, 2000a; Johnson et al., 2002b; Daprati et al., 2010; Philip and Frey, 2011). In this
task, participants decided whether they would prefer an under- or over-hand grasp to engage
a stimulus object appearing in numerous orientations. Notably, solving the PGS task appears
to involve rapid, implicit, analog motor simulation to evaluate the costs (awkwardness/
comfort) of potential response alternatives (Johnson, 2000a), rather than requiring use of
explicit motor imagery (Daprati et al., 2010). These internal simulations might play a major
role in predicting sensory consequences in advance during ongoing movements (Wolpert et
al., 1995), and also in forecasting long-range movement outcomes (Frey, 2010). The PGS
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task shows consistent engagement of posterior parietal, premotor and cerebellar mechanisms
implicated in movement planning and control, but not primary sensory or motor cortices
(Johnson et al., 2002a; Jacobs et al., 2010; Marangon et al., 2011; Martin et al., 2011).

If direct experience with a limb is necessary to develop effector-specific internal
representations, then — in contrast to traumatic amputees who lost their hands in adulthood
(Philip and Frey, 2011) — we anticipated that individuals with unilateral amelia would
exhibit impaired grip selection accuracy and speed based on their absent hand, relative to
their intact hand and to matched controls. Alternatively, unilateral amelic individuals might
exhibit bilateral grip performances comparable to control grip performances (similar to
traumatic amputees). This could occur if effector-specific internal representations develop
via purely maturational processes, or if “cross activation” allows experience with the intact
hand to establish and maintain effector-specific representations for both hands.

2. Materials and methods

2.1. Participants

Fourteen individuals with unilateral upper limb amelia (5 female, ages 10-68 yrs; including
10 adults ages 20-68 yrs, and 4 children ages 10-13 yrs) gave informed to consent to
participate in this study, as well as 14 healthy controls matched for age, gender, and
handedness.! See Table 1 for individual details on the amelic participants. When referring to
controls, the terms “absent” and “intact” denote the hands that respectively match the absent
and intact sides of their yoked amelic participant. Because we assumed that the dominant
hand of all amelic participants was their intact hand, control participants also used their
dominant hand as the “intact” (and thus the non-dominant hand as “absent”).

All participants had normal or corrected-to-normal visual acuity. No amelic individuals
reported pain or other phantom sensations.

Adult participants (> 18 yrs of age) were tested in at the University of Oregon (Eugene,
Oregon; A=5 amelics) and University of Missouri (Columbia, MO; A=5 amelics), by
overlapping experimenters. Child participants were tested at Shriners Hospital (Portland,
Oregon; N=4 amelics) by a separate group of trained experimenters.

All participants performed both tasks, and gave informed consent. Adult participants
performed the tasks in counterbalanced order, while child participants always performed
PGS (Task 2) first. Procedures were approved by the local IRB and in accordance with the
Declaration of Helsinki.

Quantitative data on cognitive impairments and developmental delays were unavailable;
however, all participants showed no overt sign of impairment or delay, child participants
showed no motor disability (see Section 2.6), and all members of the University of Missouri
group were employed at the university.

10ne additional pair of child participants (1 amelic individual, 1 control) was removed due to outlying age (8 yrs) and behavior.
Extremely long movement onset times for both individuals suggested poor task understanding at that age. PGS selection accuracy was
not outlying for the removed amelic individual or control, so the pair’s removal does not influence our main findings.
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2.2. Grip selection task

Participants performed the grip selection task as detailed in Philip and Frey (2011). We used
an apparatus employed in several previous studies from our lab (Jacobs et al., 2010; Philip
and Frey, 2011). In brief, participants sat at a table and reached out to grasp a graphically
rendered “widget” (68 mm diameter, ~1.6° visual angle) on a computer monitor. The same
2D stimulus objects were used in both the OGS and PGS tasks for consistency. Stimuli
consisted of a graphically rendered spherical widget with photo-realistic shading to provide
the illusion of three-dimensionality. The widget was half-pink and half-tan, with
indentations on each side for finger placement, allowing for only two precision grip
orientations. To create 3D objects for grasping, these widget stimuli were back-projected
through a transparent plastic overlay fitted over the surface of a flat computer monitor. The
center of the overlay was a 3D transparent plastic disk that extended 25 mm from the surface
of the computer screen. This disk was equivalent in size (32 mm radius) and in position to
the projected stimulus object, creating the appearance of a graspable object extending from
the surface of the screen. A touch sensor wire (E112 Capacitive Touch Sensor, Quantum
Research Group, Pittsburgh PA) was wrapped around the disk’s circumference. See Fig. 1
for example stimuli.

The widget appeared against a black background in 12 possible orientations: 30° increments
rotated around the line-of-sight axis. Stimulus orientations were defined in terms of relative
hand orientation (henceforth referred to as orientation, for brevity). Rotation values are
defined in terms of external rotation distance (i.e. of a hand). For example, a 0° stimulus for
the right-hand would be the same image as a 180° stimulus for the left-hand (as shown in
Fig. 1A); in either case, the thumb would be on the tan indentation at a neutral (overhand)
posture. This enables direct comparison of grip preferences between left and right hands
(Johnson, 2000b).

For each orientation, there were two possible grips, under- or over-hand. These were
determined by the color of the stimulus’ indentation on which the participant chose to place
their thumb. “Thumb placement” represents this choice in terms of the final hand position.
For example, a 0° stimulus orientation allows thumb placements of 0° (on the tan
indentation) or 180° (on the pink indentation).

“Rest keys” (as described below) remained on the table throughout, to identify when
participants initiated a movement.

2.3. Task 1 procedure: overt grip selection (OGS)

During OGS, participants were required to reach and grasp a stimulus object presented in
various orientations in the most comfortable (precision grip) manner by placing the pads of
the thumb and forefinger on the small indentations (see Fig. 1A). Participants could use
either an over- or under-hand grip (Fig. 1B), and were instructed to perform as quickly and
accurately as possible, without making corrections mid-reach.

The OGS task comprised a single session of 96 trials, divided into 4 blocks of 24 trials each
(child participants: 4 blocks of 12 trials each). Adult participants used the intact hand
throughout. Child participants also had 4 blocks with the absent hand (i.e. stump); OGS
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from the absent hand is not included in trial counts or analysis, because stump movements
were only collected for 4 participants and are difficult to compare with intact hand
movements. Thus, Task 1 entailed 8 trials (4 for children) of each combination of 12
stimulus orientations.

Each session began with a single 10-trial practice block to familiarize participants with the
OGS task. Each trial comprised the following epochs, as shown in Fig. 2A: (1) A variable
delay of 0, 500, 1000 or 1500 ms. (2) A stimulus object, lasting 4000 ms or until response.
(3) A key-return period, lasting until the participant returned their hand to a rest key on the
table top. (4) An inter-trial interval (ITI), 1500 ms duration. Trial epochs 1-3 included a blue
dot (7 mm diameter, 0.13° visual angle) on the same side of the screen as their hand, to warn
the participant of an upcoming stimulus and remind them which hand to use.

Child participants also saw a hand cue (left or right arrow) before the variable delay period,
because child participants alternated between blocks of OGS with intact hand, and blocks of
OGS with absent hand (i.e., stump), as described above.

When the stimulus object appeared, participants were instructed to immediately reach to and
grasp it, using the specified hand, to grasp the widget using the most natural (i.e., under- or
over-hand) precision grip. The experimenter used a keyboard to record on which color the
participant placed his or her thumb. Trials were aborted if the participant moved either hand
off the rest key during any trial stage other than the stimulus presentation stage, or if the
participant moved the wrong hand off the rest key during the stimulus presentation phase.
Onset time (OT) was defined as the time from start from stimulus appearance to release of
the rest key, and movement time (MT) was defined as the time between release of the rest
key and contact with the on the 3D plastic overlay, as detected by the touch sensor detailed
above. MT was not recorded for the child participants.

2.4. Task 2 procedure: prospective grip selection (PGS) task

During PGS, participants were presented with the same stimuli as described above, and
instructed to remain still while reporting which side (“pink™ or “tan”) of the stimulus their
thumb would contact if they were to grasp the object using the specified hand and the most
natural precision grip. Participants reported this response by speaking the appropriate color
name into a microphone, and the experimenter recorded the chosen color. Microphone input
was used only to determine the onset of the vocal response. Response time (RT) was defined
as the time from stimulus appearance to start of vocal response. Participants were instructed
to respond as quickly and accurately as possible; instructions did not include any mention of
imagery or imagination. All participants performed PGS separately with the absent and
intact hands.

For adult participants who performed Task 2 (PGS) first, they were presented with 5 OGS
trials to familiarize themselves with the precision grasping movements and with the stimuli.
During this familiarization session, the stimulus appeared at orientations not used during the
main task. Child participants received no familiarization session. In addition, all participants
performed 10 practice PGS trials before beginning data collection.
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Similar to Task 1, the PGS task comprised a single session of 192 trials, divided into 4
blocks of 48 trials each (Child participants: 96 trials, 8 blocks of 12 trials each). Hand varied
between trials, counterbalanced within each block. Thus, Condition 2 entailed 8 trials of
each combination of 12 stimulus orientations * 2 hands.

Each PGS trial followed the structure of OGS trials, with three exceptions (Fig. 2B). First,
each trial began with a hand choice cue of 1000 ms duration, in the form of an arrow
pointing either left or right to indicate the hand used in the current trial. Second, there was
no key-return period. Third, the stimulus window lasted up to 8000 ms.

Trials were aborted if the participant moved either hand off the rest key at any time.

2.5. Data collection and analysis

Trials with OT, MT, or RT more than two standard deviations from the within-participant
means were eliminated from the analyses; this eliminated 6.0% of OGS trials and 4.9% of
PGS trials. Outlier rate did not differ between groups in either task (#test o> 0.3). Repeated-
measures analyses of variance (ANOVA) were performed on participant means as described
later in the text, with all post-hoc comparisons carried out via Tukey’s HSD test.
Correlations were calculated using Pearson’s rwhen the assumptions were met. The
nonparametric measure of Kendall’s zwas also used because of its robustness in the
presence of small sample sizes and outliers. Differences between correlations were tested for
statistical significance by using Fisher’s ztransformation, followed by a #test on the
transformed values (Howell, 1997).

Inter-rater reliability of response recording was evaluated by having two experimenters code
responses (colors) in a subset of participants (A=4 from the University of Missouri group),
during both tasks. No differences were found between the two experimenters.

For a simple measure of grip preferences, we computed “choice likelihood” (CL) for each
thumb placement. The CL was the probability of choosing to place the thumb in one
indentation vs. the opposite indentation. For example, participants could choose to grasp a 0°
orientation stimulus with thumb placements of 0° (pink) or 180° (tan). Thus, CL for a 0°
thumb placement equaled the count of grasps with 0° thumb placement, divided by the total
count of 0° and 180° placements. CL was computed independently for each hand and task.

“Consistency” was calculated for each CL value as the absolute difference between the CL
and chance (0.5), to quantify how reliably each participant made the same choice at the same
stimulus orientation.

PGS accuracy was determined by comparing the similarity between grip preferences during
OGS execution, and grip preferences revealed during PGS selection, following the
procedure detailed in Johnson (2000b) and Philip and Frey (2011). Briefly, we estimate an
amelic individual’s OGS preferences with their absent hand as the inverse of their
preferences for the intact hand. This takes advantage of the fact that left and right upper
extremities obey joint constraints that are 180° out of phase (MacKenzie and Iberall, 1994),
and prior evidence showing that in healthy adults overt grip preferences for one hand are
virtually identical to the inverse of those from the other hand (/=0.99, Johnson, 2000a,
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Experiment 3). PGS preferences can then be compared to estimated (for the absent hand)
and actual (for the intact hand) OGS choices for amelic individuals. Thus, for judgments
with hand k and a stimulus in a particular orientation 6,

Accuracy8;=100 (1 — |PGSO;, — OGSOx|) (1)

Accuracy scores were computed separately for each participant, hand, and orientation.

2.6. Bruininks—Oseretsky Test of Motor Proficiency

3. Results

Child participants underwent further quantitative motor testing via the Bruininks—Oseretsky
Test of Motor Proficiency (BOTMP; Bruininks and Oseretsky, 1978). Three hand subtests
were used: Fine motor precision (FMP: filling in shapes, drawing lines through paths,
connecting dots, folding paper), fine motor integration (FMI: copying shapes), and manual
dexterity (MP: placing dots, transferring pennies, sorting cards, placing pegs, stringing
blocks). The FMP and MP tests included bimanual tasks; only the MP test involved a time
constraint. The BOMT is normed for participants of 4-21 yrs. Because of the small sample
size (V=4 in each group), between-groups differences in BOTMP scores were measured
using the Wilcoxon Signed Rank test, a nonparametric equivalent of a paired-sample #test.

3.1. Task performance

On average, control participants successfully performed the OGS task on 94 + 6% of trials,
as measured by the frequency of trials on which they moved directly to grasp the stimulus in
either a supinated or pronated precision grip aligned at the indentations on the stimulus
within 5 s of stimulus presentation. Controls performed the PGS task successfully on 97

+ 3% of trials, as measured by the frequency of trials on which the participant gave a single
clear verbal response within 4 s. For amelic participants, the mean success rate was 95 + 5%
for OGS, and 96 + 3% for PGS. For either task, success rate did not differ significantly
between groups (#test: OGS p=0.690, PGS p=0.454). Given the near-ceiling performance on
both tasks, we did not analyze errors in further detail.

3.2. Grip preferences and stimulus orientation

As expected, both controls and amelic individuals exhibited sensitivity to biomechanical
constraints when performing the OGS task. Fig. 3 shows the likelihood of control
participants (gray lines) and amelic participants (dotted lines) selecting each grip (i.e., the
choice likelihood) at each orientation, compared to subjective awkwardness ratings provided
by a separate control sample (Philip and Frey, 2011). Both groups strongly preferred less
awkward grips in OGS (when sensory feedback is available). The correlation between OGS
choice likelihood and awkwardness for controls was —0.914 for the absent hand and -0.855
for the intact hand; for amelic participants, these correlations reached —0.974 and —0.933
respectively (p< 0.001 in all cases). Note that this strong inverse relationship between grip
preferences and awkwardness arose even though we calculated the two measures from
different populations (choice likelihoods from amelic participants and matched controls,
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awkwardness ratings from naive healthy young adult participants). Furthermore, OGS grip
preferences with the intact hand were nearly identical across groups (/=0.975, p < 0.0001).

Despite the absence of movements (and associated feedback) in PGS, both groups’ grip
preferences still showed a strong negative correlation with rated awkwardness, consistent
with previous work in healthy adults (Johnson, 2000a; Jacobs et al., 2010; Martin et al.,
2011), densely hemiplegic stroke patients (Johnson, 2000b; Johnson et al., 2002b), and
traumatic amputees (Philip and Frey, 2011). The correlation between PGS choice likelihood
and awkwardness for controls was —0.879 for the absent hand (p < 0.0001) and —0.814 for
the intact hand (p < 0.01); the difference between hands was not statistically significant (z=
-0.55, p=0.582). For amelic participants, these correlations reached —0.631 (p < 0.05) for
the absent hand and —0.854 (0 < 0.0001) for the intact hand; the difference between hands
was not statistically significant (z=1.24, p=0.215). This difference between hands would
have reached significance at a=.05 with 31 participants in each group. Fig. 4 illustrates the
relationship between awkwardness, control choice likelihoods, and amelic choice
likelihoods, for both hands in the PGS task. Note the match between grip preferences in the
amelic and control groups. Mean choice likelihoods were similar between the two groups
(absent hand r=0.947, p< 0.001; intact hand /=0.881, p < 0.0001). These high correlations
demonstrate that stimulus orientation had similar effects on PGS performances in both
amelic participants and controls.

As in past studies, we found that preferences in PGS were less consistent than in OGS,
which may reflect the more approximate nature of decisions based exclusively on internal
representations without feedback (Rodriguez et al., 2008; Macuga et al., 2012). Furthermore,
the amelic group showed less consistent grip preferences than controls on both tasks,
regardless of the hand involved. We quantified consistency (i.e. choice likelihoods farther
from chance) via a 2 (Group: amelia, control)*2 (Hand: absent, intact)*2 (Task: OGS, PGS)
ANOVA. We found main effects of Task (A1,89)=14.37, p< 0.001) and Group
(H1,89)=9.81, p<0.01), and a non-significant trend toward a Task*Group interaction
(H1,89 (=2.44, p=0.12), but no significant effects of Hand, Hand*Task, or Hand*Group (F<
1.0). Post-hoc tests revealed that the main effect of Task arose from significantly lower
consistency during PGS compared to OGS (p < 0.0005), and that the main effect of Group
arose from significantly lower consistency for amelic participants than for controls (p <
0.005).

3.3. Effects of unilateral amelia on grip selection accuracy

Of greatest interest was the extent to which grip preferences in PGS, when no actual
movements were executed, matched those exhibited in OGS, where participants experienced
sensory feedback. To this end, we performed a 12 (Orientation)*2 (Hand: absent, intact)*2
(Group: amelia, control) ANOVA on PGS selection accuracy. PGS accuracy was unaffected
by Hand (F< 1.0), but exhibited significant main effects of Orientation (H11,297)=6.41, p<
0.0001) and, most importantly, of Group (AH1,297)=23.15, p< 0.001). The main effect of
group arose from lower selection accuracy for amelic participants (72+33%) compared to
controls (89+21%; difference p < 0.0001). Critically, the main effect of Group alongside the
non-significant Group*Hand interaction (~< 1.0, p=0.508) reflects the fact that amelic
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participants had reduced PGS accuracy for botfhands, compared to control participants, as
shown in Fig. 5A.

For interaction effects, only the Hand*Orientation interaction effect achieved significance
(A11,297)=5.48, p< 0.0001; (p> 0.08 in all other cases). Fig. 5B and C illustrates the
orientation effects on selection accuracy.

Table 2 summarizes the effects of unilateral amelia on grip selection accuracy, as well as its
effects on grip selection speed (Section 3.4).

3.4. Effects of unilateral amelia on grip selection speed

We also evaluated the effect of group on OGS onset time (OT), OGS movement time (MT),
and PGS response time (RT). We quantified OGS effects via 12 (Orientation)*2 (Group:
amelia, control) ANOVAs. Because we collected OGS data for the intact hand only, while
we collected PGS data for both hands, ANOVAs on PGS data also included an additional 2-
level factor (Hand: absent, intact).

Overall, during OGS, the two groups performed indistinguishably. We found no significant
main or interaction effects of any factor on OT (o> 0.3). For MT, we found a significant
main effect of Orientation (A11,99)=5.05, p < 0.0001; Fig. 6A), but no other main or
interaction effects (p > 0.25). This likely reflects increased time for positions that require
greater rotations of the hand.

For PGS RT, we found a significant main effect of Group (F (1,297)=17.07, p< 0.01) but
no main effects of Hand or Orientation (F< 1.0). Importantly, this arises because amelic
participants (1269+396 ms) were slower than control participants (1124+331 ms; difference
p < 0.0001) when selecting grips prospectively for either the intact or absent hands, as
shown in Fig. 6B. We found significant interaction effects of Hand*Orientation
(A11,297)=2.04, p< 0.05) and Group*Orientation (A11,27)=4.31, p< 0.001), but not
Hand*Group (F< 1.0). The orientation-based interaction effects are shown in Fig. 6C and D,
illustrating that the amelic group’s PGS RTs showed a different pattern of orientation-
sensitivity for either hand, neither of which was like the orientation profile of controls
(which was consistent across hands).

3.5. Task strategies: self-reported

While most participants solve the grip selection task using motor strategies (Daprati et al.,
2010), exceptions may be possible among amelic individuals. We asked nine participants to
describe how they accomplished the PGS task. As shown in Table 1, 5/9 amelic participants
imagined a hand with a thumb on the opposite side compared to the position of their thumb
on their intact hand, 3/9 considered movements of their absent hand, 2/9 used the visual
properties of the object, and 1/9 used a cognitive strategy of predicting with the intact hand
and then flipping. These numbers include two participants who reported using multiple
strategies (visual+motor, visual+thumb position). Participants generally had difficulty
forming answers to this question, so these results are difficult to interpret. In particular,
“imagined a hand with the thumb on the opposite side” may or may not reflect a motor
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strategy. However, only one amelic participant definitively reported completing the task
without using a motor strategy.

3.6. Absence of motor deficits: BOTMP

The Bruininks—Oseretsky Test of Motor Proficiency (BOTMP) revealed no motor
impairments in a subset of amelic participants (A=4). Table 3 summarizes our results. The
two groups showed equivalent performance at the fine motor precision (amelics=39.3 + 1.7,
controls 40.8 + 0.5; signrank=1.5, p=0.375) and fine motor integration (amelics=38.8 + 0.5,
controls=38.8 + 1.5; signrank=3, p = 1.0) tests. Amelics showed a non-significant trend
toward lower manual dexterity (amelics=29.0 + 5.4, controls 36.0 £ 1.4; signrank=1.0,
p=0.250), possibly because only the manual dexterity test involved bimanual tasks under
time constraint. Overall, we found no evidence that amelic individuals had impairments in
grasping or fine motor control.

3.7. Confound and outlier tests

We did not predict a bilateral effect of amelia on PGS accuracy, so we performed additional
tests to ensure that this unexpected finding did not arise from possible outliers or confounds.
For instance, task order (i.e., PGS before OGS) could potentially have a stronger effect on
amelic participants than control participants. Furthermore, our data were collected in three
sites, by two different groups of experimenters, from two widely divergent age groups. Fig.
7 shows PGS accuracy for each individual participant, including influences of group, hand,
task order, age group, and testing site.

These factors involved too few participants to make strong statistical claims, but we
performed nonparametric tests (valid for small sample sizes) on possible confounds of task
order and testing site (OR adults, OR children, MO adults) on mean PGS accuracy. These
two tests could not be combined in a single analysis because all child participants performed
PGS first, while adult participants performed the tasks in counterbalanced order, thereby
creating a dependency between site and order. A Mann-Whitney U'test found no significant
effect of task order (z=0.3596, p=0.719), and a Kruskal-Wallis test revealed no significant
effect of testing site (2=1.2, p=0.5487). Most importantly, Fig. 7 shows that the between-
group differences were not consistently driven by other factors.

4. Discussion

Amelic individuals, like controls, show clear preferences for less awkward grip options
whether basing PGS decisions on the intact or the absent hand. This evidence is consistent
with the hypothesis that planning involves internal representations that capture the
biomechanical constraints that would be encountered if using the absent limb, despite lack
of experience grasping. However, amelic participants’ PGS performances were slower and
less accurate than controls; i.e., amelic participants exhibited a greater disparity between
preferences in the PGS vs. OGS task. Unexpectedly, this effect was present in PGS
judgments based on either the absent or intact hands. Our finding of bilaterally impaired grip
selection for individuals with unilateral upper limb amelia conflicts with both of our a priori
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hypotheses, which predicted that grip selection accuracy among amelic individuals would be
either fully intact compared to controls, or unilaterally impaired.

We offer two possible explanations for this pattern of results. It may be that regardless of the
hand involved, amelic individuals employ some alternative mechanism that is slower and
less accurate than the effector-specific internal representations that controls presumably use
for prospective grip selection. Alternatively, our results may be interpreted as evidence that
maturation alone is sufficient for the development of relatively coarse, effector-specific limb
representations, but that sensorimotor experience with both hands is necessary for their
refinement. We now discuss our results and these possible interpretations.

4.1. Grip selection planning in unilateral amelia

Similar to controls, amelic individuals display a preference for less awkward grip options
across stimulus orientations, and both groups exhibit comparable response onset and
movement times. Amelic individuals are less consistent in their grip preferences than
controls on boththe OGS and PGS tasks. This could be attributable to their experience using
a single hand to perform all grasping actions, even those for which controls might switch to
the opposite hand. However, our BOTMP data (Table 3) suggests that this does not reflect a
more general motor planning deficit, because amelic individuals were able to perform as
well as controls at a broad variety of fine motor control tasks.

In the PGS task, where grip preferences must be chosen in the absence of movements (and
therefore feedback), amelic individuals exhibit response preferences that are sensitive to
constraints on pronation/supination of their intact hand, and also to factors that would have
constrained movements of the absent limbs if they had developed typically. Like controls,
they prefer less awkward grip options, as reflected in the negative correlation between
independently obtained awkwardness ratings and grip preferences (Fig. 4). Nevertheless,
amelic individuals’ PGS performances based on both hands are slower (Fig. 6B) and less
accurate than controls (Fig. 5A). Amelic individuals showed only minor between-hands
differences in PGS, reflected in their pattern of reaction times (Fig. 5C vs. D). This bilateral
deficit contrasts with traumatic amputees who show no PGS deficits even decades
postamputation (Philip and Frey, 2011). Indeed, based on the limited data available,
traumatic amputation in early childhood does not induce PGS deficits; in a prior study of
traumatic unilateral upper limb amputees, those who underwent amputation at age <5 (/7=2)
showed no differences in grip selection accuracy compared those who lost a limb in
adulthood (Philip and Frey, 2011, Fig. 8; low-accuracy outliers were ages 22 and 65 at
amputation). Therefore, the grip selection deficits detected in the current study seem to
depend on experience during a critical period with the first few years of life, possibly
including the prenatal period.

4.2. Differences from previous amelia studies

Some previous studies have found intact bilateral motor representations in amelic
individuals with phantom sensations (Brugger et al., 2000; Reilly and Sirigu, 2011).
However, phantom sensations occur in only 8-12% of individuals with congenital amelia
(Melzack et al., 1997; Wilkins et al., 1998), and none of our amelic participants had
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phantom sensations. Therefore, any phantom-dependent effects would not be reflected here,
nor among most amelic individuals.

Previous work with “non-phantom” amelic individuals reported unilateral deficits in motor
imagery, in the form of decreased accuracy (Funk and Brugger, 2008) or increased strategy
use (Nico et al., 2004), rather than the bilateral deficits we detected here. These studies used
a hand laterality task instead of a grip selection task, which could lead to different results for
two non-exclusive reasons. First, hand laterality tasks can be solved by multiple strategies
(Daprati et al., 2010; Vannuscorps et al., 2012; Habacha et al., 2014), whereas the grip
selection task requires movement planning and prediction (Johnson, 2000a; Daprati et al.,
2010). Second, motor imagery involves similar neural networks to motor execution; while
evidence remains inconclusive, the shared network may include the involvement of
contralateral primary sensorimotor cortex in motor imagery (Sharma et al., 2008; Guillot et
al., 2012; Macuga and Frey, 2012). Conversely, grip selection tasks do not involve primary
sensorimotor cortex, but instead engage higher-level representations in premotor and parietal
cortices, and the cerebellum (Jacobs et al., 2010). Therefore, since primary sensorimotor
cortex may be involved in motor imagery but not motor prediction (i.e. grip selection), and
sensorimotor cortex may reorganize after amputation (Cohen et al., 1991; Lotze et al., 2001;
but see Gagné et al. (2011)), we might expect motor limb absence to elicit greater changes in
motor imagery than in motor prediction.

4.3. Why does unilateral amelia lead to bilateral deficits?

Here we present four possible explanations for why the amelic individuals’ deficit in
prospective grip selection is bilateral rather than unilateral.

First, amelic individuals could show a bilateral deficit because prospective action selection
may involve activating two competing effector-specific models, one for each limb.
According to the affordance competition hypothesis (Cisek, 2007; Cisek and Kalaska, 2010),
the human motor control system simultaneously activates multiple plans for alternative
possible movements, and then later selects between these parallel plans. If amelic
individuals have a less-refined effector-specific representation for their absent hand (e.g. a
representation of a stump’s role in supporting dexterous activity with the intact hand), this
could lead to errors at the plan-activation stage, and those errors and/or delays could affect
action selection regardless of which effector-specific representation the participant
eventually chose. Importantly, this account still assumes that amelic individuals possess
effector-specific representations, even of the absent hand.

Second, amelic individuals could use behavioral strategies that are not fully integrated into
their prospective internal representation of their hands. If amelic individuals develop
personalized strategies for successful one-handed interaction with the world, these strategies
could be external to their internal representations of their intact hand. In this case, these
strategies would not affect PGS performance, leading to lower accuracy as PGS selections
(based on intact hand representation) differ from OGS selections (based on intact hand
representation and strategy). However, the amelic individuals’ successful OGS performance
makes this explanation unlikely. Our data suggest that amelic individuals perform a grip
selection task normally when they can execute movements with their intact hand.
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Third, amelic individuals could complete the PGS task using strategies other than movement
planning and prediction. Healthy adults and stroke patients generally solve grip selection
tasks using motor strategies, compared to mental object rotation tasks, which can be solved
through visual or cognitive strategies (Tomasino and Rumiati, 2004; Daprati et al., 2010).
Only one of our amelic participants clearly reported using only a non-motor strategy.
However, these participant self-reports may or may not accurately reflect their actual
implicit processing. If individuals with congenital amelia were unable to successfully
perform the PGS task with their absent hand, they may have switched to nonmotor
strategies; after the switch, they could potentially have persisted with the non-motor strategy
for both hands. The use of a non-motor strategy would lead to reduced influence of
biomechanical constraints on responses (Parsons, 1994; Tomasino and Rumiati, 2004),
which would appear here as atypical effects of stimulus orientation on performance. Thus,
the use of non-motor strategies could explain the abnormal pattern of reaction times in
amelic individuals (Fig. 6C and D), but is unlikely to explain reduced PGS accuracy,
because amelic individuals’ grip selections depended on stimulus orientation according to
the pattern expected from controls (Fig. 4) and from each amelic individual’s OGS
selections (Fig. 5B and C). Given the coherent pattern of results across stimulus orientations,
another difficulty with this account is explaining how members of the amelic group all
managed to adopt functionally-identical alternative strategies.

Finally, these results may suggest that our internal representations capture the approximate
biomechanical properties of the typical human body, independent of direct sensorimotor
experience. These putative innate representations would require sensory experience for
refinement. Unilateral hand absence could have bilateral effects on functional development
of limb representations, if refinement of effector-specific representations requires cross-
activation in both directions (i.e. from both hands to bilateral cortex), as has been argued for
intermanual skill transfer (Parlow and Kinshourne, 1989; Lee et al., 2010). This would
explain why amelic individuals appear capable of selecting actions in a manner that is
constrained by the typical properties of the body. Likewise, the absence of experiences with
one side could account for why they are both slower and less accurate than controls.

4.4. Limitations

In this study, we did not collect data on cognitive impairments or developmental delays in
most patient groups. As a result, we cannot exclude the possibility that the results reflect a
cognitive or developmental difference between groups, though this seems unlikely given the
equivalent motor performance of the child amelic individuals, and the absence of any overt
impairments or deficits in any amelic participants. We also did not collect structural or
functional neuroimaging data, which prevents us from identifying hemispheric asymmetries
that might underlie any between-group differences.

Among amelic patients, it is difficult to confirm whether their intact hand would have been
dominant without amelia. However, this uncertainty about hand dominance does not affect
our conclusions, because hand choice (dominant vs. non-dominant) has no effect on grip
selection performance (Johnson, 2000a).
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4.5. Conclusions

Individuals with congenital unilateral upper limb amelia show a bifateral deficit in predicting
the outcome of planned grasping movements. The reason for this is unknown, but four
possible causes are suggested here. This bilateral deficit differs strikingly from traumatic
unilateral upper limb amputees, who show no deficit with either hand, even decades after
amputation (Philip and Frey, 2011). Therefore, bilateral action may play a central role in
developing the cerebral mechanisms for bilateral movement planning and control.
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Fig. 1.

Experimental components. (A) Stimulus object at 4 sample orientations for each hand. (B)
Possible hand postures. Adapted from Jacobs et al. (2010).
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Fig. 2.
Trial time course. (A) Overt grip selection (OGS) task. (B) Prospective grip selection (PGS)

task. Adapted from Philip and Frey (2011).
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Fig. 3.

OgS choice likelihood, for each thumb placement. All OGS data from intact hand, mirror-
reversed to produce absent hand data; see Section 2 for details. Congruence between high
choice likelihood and low awkwardness demonstrates selection of non-awkward grips. All
values are group mean+SEM across participants. (A) Affected hand. (B) Intact hand.
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Fig. 4.
PGS choice likelihood. See Fig. 3 for format details. Note similar grip preference pattern

between groups.
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Fig. 5.
PGS selection accuracy effects. Group mean+SEM. (A) Group effects. Main effect of group

(p<0.001), no effect of hand (p=0.731) or interaction (p=0.508). (B) Effect of orientation
on accuracy with affected hand. (C) Effect of orientation on accuracy with intact hand.
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Task speed effects, group mean+SEM. OT not shown due to lack of significant effects. (A)
Effect of orientation on OGS MT with intact hand. (B) Group effects on PGS RT. Main
effects of group (p < 0.01), but not hand (£=0.98) or interaction (p=0.78). (C) Effect of
orientation on RT with affected hand. (D) Effect of orientation on RT with intact hand.
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Fig. 7.

PGS selection accuracy for individual participants. Task orders are not balanced because all
child participants did PGS first, while adult participants had task order counterbalanced.
Between-group difference not consistently driven by task order, age, or testing site.
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