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Abstract

The cerebellum is part of a neural circuit involved in procedural motor learning. We examined how congenital
cerebellar malformations affect mirror drawing performance, a procedural learning task that involves learning to
trace the outline of a star while looking at the reflection of the star in a mirror. Participants were 88 children with
spina bifida myelomeningocele, a neural tube defect that results in lesions of the spinal cord, dysmorphology of the
cerebellum, and requires shunt treatment for hydrocephalus, and 35 typically developing controls. Participants
completed 10 trials in the morning and 10 trials following a 3-hr delay. Although children with spina bifida
myelomeningocele were initially slower at tracing and made more errors than controls, all participants improved
their performance of the task, as demonstrated by increased speed and accuracy across trials. Moreover, degree of
cerebellar dysmorphology was not correlated with level of performance, rate of acquisition, or retention of mirror
drawing. The results suggest that congenital cerebellar dysmorphology in spina bifida does not impair motor skill
learning as measured by acquisition and retention of the mirror drawing task. (JINS, 2004,10, 877–887.)
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INTRODUCTION

Learning may involve the acquisition of knowledge or the
mastery of skills (Milner et al., 1998). The neuroanatomi-
cal substrates are different for the two forms of learning,
with the hippocampus being important in the former, and
the cerebellum and basal ganglia being important in the
latter (Doyon et al., 2003; Milner et al., 1998). For exam-
ple, patients with damage to the hippocampal region dem-
onstrate selective impairments in acquiring new explicit
memories, while still being able to acquire or retain skills
(Milner et al., 1998). In contrast, studies of motor skill
learning highlight the roles of the basal ganglia and cerebel-

lum (Doyon et al., 2003; Laforce & Doyon, 2001; Thach,
1998). It has been suggested that the hippocampus and the
basal ganglia and cerebellar circuits play analogous roles in
the acquisition and early expression, although not in the
long-term retention, of these two types of learning (Gabri-
eli et al., 1993).

The cerebellum is important for motor control, for pro-
cessing visual feedback during visually guided movements,
and for predicting the sensory consequences of motor events
(Miall & Reckess, 2002), all of which are components of
motor skill learning. Neuroimaging studies of normal indi-
viduals have shown that the cerebellar involvement in motor
skill learning occurs during acquisition and initial perfor-
mance, with long-term skill retention and performance being
mediated by higher cortical brain areas (Desmond & Fiez,
1998; Doyon et al., 2003). Studies of adult patients with
brain lesions have identified a cerebellar role in motor skill
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learning as well.Adult patients with cerebellar lesions exhibit
impaired performance on tasks of motor skill learning,
including prism distortion (Weiner et al., 1983), serial reac-
tion time (Pascual-Leone et al., 1993) and mirror drawing
(Laforce & Doyon, 2001; Sanes et al., 1990; but see Harris
et al., 2001, for conflicting results).

Relatively little is known about the effects of develop-
mental cerebellar compromise on those functions normally
controlled by the mature cerebellum. Motor and neurocog-
nitive impairments are observed in children with spina
bifida, a neural tube defect of the spinal cord associated
with profound disturbances of brain development that
include abnormal formation and maturation of the cerebel-
lum, midbrain, corpus callosum, and posterior cortex and
white matter (Dennis et al., 1999; Fletcher et al., 1992,
2000). Cerebellar dysmorphology and hypoplasia are prom-
inent parts of the neuropathology of spina bifida (Barko-
vich, 1995). The Arnold-Chiari II malformation, the defining
pathology in spina bifida, involves a small posterior fossa
in which cerebellar development is restricted, the cerebel-
lar hemispheres are reduced, the vermis is pushed upwards,
and the cerebellar tonsils and flocconucular lobe are her-
niated downwards through the exits of the fourth ventri-
cle. Spina bifida is a heterogeneous disorder and is usually
classified on the basis of the spinal dysraphism that is
apparent at birth and that is accompanied by a loss of
sensory and motor function below the level of the spinal
lesion. Spina bifida myelomeningocele is the most com-
mon and severe form of the condition. Most children with
spina bifida develop hydrocephalus, which involves enlarged
cerebral ventricles and produces a range of primary and
secondary effects on the brain (del Bigio, 1993; Fletcher
et al., 2000).

Limited research has been conducted on motor learning
in this population. While it is known that children with
spina bifida myelomeningocele are as proficient as typi-
cally developing children on visuomotor learning and adap-
tive reaching tasks, even under conditions of restricted visual
feedback (Anderson & Plewis, 1977) or lateral visual dis-
placement by prisms (Colvin et al., 2003), their perfor-
mance is more variable (Anderson & Plewis, 1977).
However, important features of motor learning in children
with spina bifida myelomeningocele remain to be studied,
including the shape of the curve relating practice to perfor-
mance, differences in speed and accuracy, and the relation
between acquisition and retention.

Mirror drawing is a task in which these features may be
studied. Mirror drawing is a motor skill that requires learn-
ing new associations between vision and hand and arm move-
ment. Performance improves with repetitions of the task,
even in individuals who may not recall or recognize the
improvement. For example, patients with Alzheimer’s dis-
ease and global amnesia acquire mirror drawing as well as
controls, despite impaired recall and recognition for the
task (Gabrieli et al., 1993; Milner et al., 1998). In this paper,
we studied mirror drawing in children with spina bifida
myelomeningocele, examining the changes in speed and

accuracy of performance over time, and the correlations
between measures of motor skill learning and quantitative
measures of cerebellar volume, acquired through structural
magnetic resonance imaging.

MATERIALS AND METHODS

Research Participants

The participants were 123 children and adolescents between
8–19 years of age. One group (N5 88) had been diagnosed
with spina bifida myelomeningocele at birth, and had been
treated with a shunt shortly thereafter. Twenty-three of those
children had no shunt revision, 28 had 1 revision, 25 had
2–4 revisions, 10 had 5–9 revisions, and 2 children had
more than 10 shunt revisions. The other group comprised
typically developing, age-matched controls (N 5 35). All
participants had a score of 70 or greater on at least one of
the Verbal Reasoning or the Visual Abstract Reasoning sub-
tests of the Stanford-Binet Test of Intelligence–Revised
(Thorndike et al., 1986; groupM 6 SEM: control: 108.346
1.72; spina bifida: 88.656 1.37). The sample included 89
White, 18 Hispanic, 8 Asian, 5 African American, and 3
children of other ethnicities. Individuals were excluded from
participation if they had neurological disorders unrelated to
spina bifida myelomeningocele, severe psychiatric disorder
that precluded adequate cooperation (autism, psychosis,
oppositional–defiant disorder), uncontrolled seizure disor-
der, uncorrected sensory disorder, or inability to control the
upper limbs. The exclusions were ascertained by DSM–IV
questionnaires completed by the parents (SNAP–IV; Swan-
son, 1992) including a DSM–IV checklist for autism and
pervasive developmental disorders, a medical history chart
reviewed by a research nurse, and observations of the child’s
behavior when evaluated. Participants in each group were
recruited from clinics around two sites, the Hospital for
Sick Children in Toronto (N 5 73) and the University of
Texas–Houston Medical School in Houston (N 5 50). Par-
ticipants and their families gave informed assent0consent
in accordance with the guidelines of the research ethics
boards at the two sites.

Individuals with spina bifida myelomeningocele have
lesions at various levels of the spinal cord, which provides
a source of principled, within-group variability. The level
of spinal lesion is related to a mutation in methylenetetrahy-
drofolate reductase (MTHFR), the enzyme that regulates
folate-dependent remethylation of homocysteine (Van der
Put et al., 2001). The incidence of the MTHFR mutation is
higher in mothers of children with upper spinal lesions than
in typically developing controls or in mothers of children
with lower spinal lesions (Volcik et al., 2001). To explore
one source of biological variability, participants with spina
bifida myelomeningocele were divided into upper spinal
lesion (T12 and higher;N 5 19) and lower spinal lesion
(L1 and lower;N5 69) groups, according to current taxon-
omies (Fletcher et al., in press; Park et al., 1992).
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Magnetic Resonance Imaging

Fifty-seven children (43 children with spina bifida myelo-
meningocele, 14 controls) had structural magnetic reso-
nance (MR) brain scans that were artifact-free and had been
quantified in a manner suitable for segmentation.

Image acquisition

Three sets of images were acquired, including a T1-weighted
coronal series for assessment of white and gray matter and
a T2-weighted coronal series for assessment of CSF. To
co-register and position normalize the scans, external fidu-
cial markers were placed on the nasion, and external meatus.
An initial series (spin echo T1-weighted sagittal localizer,
FOV 24, TR 500, TE14, 2563 192 matrix, 3 mm skip 0.3,
two repetitions) was used for anatomical landmark identi-
fication. One whole-brain coronal series consisted of a fast
spin-echo Proton density and heavily T2-weighted images
(FOV20, TR 4000, TE1 15, TE2 112, 2563 192 matrix,
with two repetitions). This series was obtained in contigu-
ous 1.5-mm slices across the whole brain. Another whole-
brain coronal series consisted of a 3D-spoiled grass (3D
SPGR) gradient echo contiguous 1.5 mm coronal series
(TR21, TE4, Flip angle 358, 124 locations, 2563192 matrix,
one repetition).

Image preprocessing

Prior to tissue segmentation, each slice series was stored
in a single volume file and the pixel gray scale limits were
expanded by increasing the gain within the 0 to 255 (byte
data) range. Each sequence volume was then reformatted
so that voxel dimensions were isotropic. The T1 and
T2-weighted reformatted volumes were aligned with each
other through the use of the fiducial markers. Rigid-body
translation and rotation routines programmed in IDL soft-
ware were used for the realignment procedure itself, which
was manually and visually checked at each step. Each
volume was placed within a 256 cubic voxel bounding
box with the fiducial marker cross point placed at the
center of the volume. The two reformatted and aligned
volumes were filtered using a non-linear anisotropic diffu-
sion filter, which increased the overall signal-to-noise ratio
of each volume an average of 100% (Gerig et al., 1992).
This automated nonlinear filter served to sharpen areas
of high intensity gradient (boundaries) and to smooth re-
gions of low-intensity gradient within the tissue borders.
Finally, a separate interactive C program operating on the
T2-weighted reformatted, aligned, and filtered volume was
used to separate the cerebellum using a combination of
interactive intensity thresholding and manual delineation.
The cerebellum was then filled automatically to its bor-
ders, thereby defining an image mask, with the masking
process being performed on a slice-by-slice basis. Cerebel-
lum volume measures were computed automatically fol-
lowing mask generation.

Automatic segmentation

The method used a fully automated fuzzy cluster analysis
(Pao, 1989) that obtained whole brain and regional brain
tissue and CSF volumes (Brandt et al., 1992, 1994, 1996).
The T1 weighted scan volume, which provides superior
white-gray contrast compared to the T2 weighted scan,
was used to obtain white and gray matter tissue vol-
umes. Although it is common to estimate CSF from the
T1-weighted scan, this approach is not accurate in identi-
fying volumes of CSF (Fletcher et al., 1996). As increased
CSF is a cardinal characteristic of hydrocephalus, the
T2-weighted scan was fuzzy clustered separately from the
T1-weighted scan to extract CSF volumes, and this was
used to adjust the white and gray matter volume measures
obtained from the T1-weighted volume.

Derived measures

Solution images were derived from the final computed fuzzy
cluster membership values for each voxel, which could then
be viewed graphically on screen and compared with the
actual scan images. Separate tissue volumes (white matter,
gray matter, CSF) were obtained for the whole cerebellum,
medial cerebellum, and lateral cerebellum.

The cerebellums of individuals with spina bifida myelo-
meningocele are highly dysmorphic, which makes it diffi-
cult to reliably visualize multiple landmarks and thence to
estimate regional cerebellar volumes. We therefore devel-
oped an algorithm to estimate volumes that would roughly
correspond to medial and lateral cerebellar regions. We iden-
tified the midsagittal cerebellum slice from the coronal series
and identified the primary fissures to the left and right of
the middle cerebellar slice in MR scans from typically devel-
oping children. We found that the vermis represented on
average 11% of the total cerebellum, and we used this esti-
mate to define a medial cerebellar volume by identifying
the areas 5.5% on either side of the midline, with the remain-
der being defined as the left or right lateral regions. The
medial cerebellar volume is therefore a proxy for the ver-
mis volume and may be subject to some error of measure-
ment across cases in precisely defining the vermis. However,
the procedures developed do allowreliableestimates of the
medial cerebellum in individuals with major dysmorpholo-
gies of the cerebellum. Because the primary goal was to
differentiate medial and lateral regions of the cerebellum to
assess relations with the neurocognitive measures, this pro-
cedure appeared to be appropriate.

Mirror Drawing

The mirror draw apparatus was created using a digitized
tablet and pressure sensitive pen (PenPartner, Wacom; Van-
couver, WA). A five-pointed star (Corel Print House 3.0;
9 cm across3 5.5 cm high) printed on a transparency was
attached to the tablet. An adjustable shelf (223 27.5 cm)
placed parallel to and directly above the tablet blocked the
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participant’s direct view of the star. A mirror (263 20 cm)
placed behind the tablet, perpendicular to the star, allowed
participants to see the reflection of the star in the mirror.

Participants were seated at a table and were instructed to
use the PenPartner pen to trace the outline of the star using
their preferred hand, starting at the outermost point of the
star and, moving in a counter-clockwise direction, trace the
entire star, looking at the reflection of the star in the mirror.
Subjects completed 10 trials in the morning (learning) and
10 trials in the afternoon, following a 3-hr delay (retention).
Participants were instructed to try to trace all points of the
star, and not to abandon accuracy for speed. Three mea-
sures were calculated for each trial:

1. Time: the amount of time required to trace the star.

2. Area error: the total area between the boundary lines of
the star and the subject’s drawing. This includes area
created by error both inside and outside the line.

3. Cross error: the total number of times the participant’s
drawing crossed the boundary line of the star.

Model Specification and Data Analysis

Children with spina bifida myelomeningocele have motor
deficits, so it is necessary to distinguish between level of
performance ability and the rate of change in performance,
or skill acquisition (learning). To evaluate mirror drawing
skill learning across trials, and to make comparisons between
groups, we fitted a linear model of individual change over
time to represent the acquisition of mirror drawing skill.
Our outcome measure was the time required to complete
the trace on each trial. Because skill learning is defined as
increased speed without decreased accuracy, we also included
either cross error or area error on each trial as a time-
varying covariate. That is, we modeled the effect of errors
at each trial on drawing time, as opposed to generating a
single estimate of errors for each child over the entire time
period.

Theoretically, it made sense to estimate parameters sep-
arately for the morning trials and afternoon trials because
the morning trials correspond to the learning phase of the
task, while the afternoon trials correspond to the retention
phase. The raw data for the morning trials follow the tra-
jectory of a quadratic curve, while the raw data in the
afternoon trials appear to follow a straight line. These obser-
vations were confirmed by fit indices that demonstrated
mathematically the best fitting model for all 20 trials. We
took a mixed model approach to analyzing the data using
SAS PROC MIXED. That is, the growth models we used
for representing the data had two levels. The Level 1 model
was an individual growth model for which each person had
his or her own parameter values, and the Level 2 model
represented the variation in the individual parameters of
Level 1 as random effects. A more detailed description of
this kind of model is available in Singer (1998).

In the present context, the random effects are those param-
eters that are permitted to vary across children. For exam-
ple, because there was sufficient variability among children
in the rate at which they learned to draw the star across the
10 morning trials, the parameter for the slope across morn-
ing trials (the rate of improvement in performance) was
estimated separately for each child. As such, the slope in
the morning is a random effect. The other random effects in
this model are initial performance, or performance at Trial 1,
and the change in slope, or the change in rate of improve-
ment in performance across trials in the morning. Fixed
effects are those that are best estimated by the mean of the
child’s group, most often because there is little variability
among children on the parameter of interest. For example,
we found that the best estimate of each child’s change in
rate of improvement across the afternoon trials was the group
mean. The other fixed effects in this model are the drop in
performance following the break between the morning and
afternoon trials (savings), and the rate of improvement in
performance across the afternoon trials. In order to fit the
models in SAS PROC MIXED, we constructed indepen-
dent variables across all 20 trials in such a way that SAS
PROC MIXED produced the parameters of greatest interest
to us, given our hypotheses, and our decision to represent
growth in the morning and afternoon with separate growth
curves in order to reflect the two separate phases of learn-
ing and retention. Thus, the mathematical model was con-
structed so as to generate estimates of the mean values of
performance, defined as mirror drawing time, taking into
account either cross errors or area errors at each trial for the
following parameters of interest, as well as estimates of
variability in these individual parameters:

Learning phase (Trials 1–10)

1. Initial performance at Trial 1

2. Acquisition of mirror drawing, measured by the improve-
ment in performance, or slope, across Trials 1–10

3. Change in rate of improvement in performance across
the morning trials, measured by the change in the slope
across Trials 1–10

4. Level of proficiency in the morning, measured by per-
formance on Trial 10

Retention phase (Trials 11–20)

1. Savings, or the retention of mirror drawing ability from
the morning to the afternoon, measured by the decrease
in performance from Trials 10–11

2. Continued improvement in mirror drawing ability across
the afternoon trials, measured by the change in perfor-
mance, or slope, across Trials 11–20 in the afternoon

3. Level of proficiency in the afternoon, measured by per-
formance on Trial 20
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We used these parameters to compare mirror drawing in
children with spina bifida myelomeningocele to typically
developing controls. To evaluate the effects of spinal lesion
level, we compared mirror drawing performance in chil-
dren with spina bifida myelomeningocele with lower spinal
lesions (# L1) or upper spinal lesions ($T12), to typically
developing control children. Finally, we correlated the cer-
ebellar volumetric data with the random effects parameters
on the mirror draw task (performance at Trial 1, rate of
improvement in performance, and change in the rate of
improvement in performance in the morning) to assess the
relationship between measures of mirror learning and mea-
sures of brain structure.

RESULTS

Mirror Drawing

Mean values for observed time, area error, and cross error
across trials are shown in Figure 1. The derived outcome
measure for these analyses was performance, defined as
mirror drawing time, taking either cross error or area error
into account at each trial (Figure 2). Because cross error
was not correlated with area error (p . .05), we analyzed
the two performance measures, time taking into account
cross error, and time taking into account area error.

Learning Phase (Trials 1–10)

Both groups demonstrated improvements in performance
(Figure 2). Each became faster across trials [time, covary-
ing for cross error:F(1,121)5 170.20,p , .0001; time,
covarying for area error:F(1,121)5 165.80,p , .0001].
However, children with spina bifida myelomeningocele did
show impairments relative to controls. Their initial level of
performance was significantly slower (time, covarying for
cross error:t 5 23.97,p , .0001; time covarying for area
error: t 5 24.07,p , .0001]. Moreover, the two kinds of
errors contributed differentially to the initial level of per-
formance in each group. Specifically, the number of cross
errors played a significantly larger role in the initial perfor-
mance of children with spina bifida myelomeningocele com-
pared to controls (t 5 22.32, p , .02). In contrast, area
error had a larger impact on initial performance in controls
compared to children with spina bifida myelomeningocele
(t 5 2.60,p , .01). By Trial 10, the performance of chil-
dren with spina bifida myelomeningocele did not differ from
controls (p . .1). Children with spina bifida myelomenin-
gocele improved faster than controls across learning trials
(time, covarying for cross error:t 5 5.04,p , .0001; time,
covarying for area error:t 5 4.34,p , .0001), and their rate
of improvement in performance changed more quickly than
those of controls (time, covarying for cross error:t 5 25.46,
p , .0001; time, covarying for area error:t 5 24.60,p ,
.0001).

Retention Phase (Trials 11–20)

Although children with spina bifida myelomeningocele per-
formed more poorly than controls on the first trial of the
afternoon (time, covarying for cross error:t 5 23.56,p ,
.0004; time, covarying for area error:t 5 22.71,p , .007),
there was no group difference in savings, or in the change
in performance from the final trial in the morning (Trial 10)
to the first trial of the afternoon (Trial 11;p . .1). On
average, all children continued to improve across the after-
noon trials (time, covarying for cross error:F(1,2083)5
8.30,p , .004; time, covarying for area error:F(1,2083)5
4.76,p , .029), and children with spina bifida myelome-
ningocele improved across trials at the same rate as con-
trols (p . .1). By the last trial in the afternoon, children
with spina bifida myelomeningocele demonstrated impaired
level of performance compared to controls when taking
cross error into account, but not when considering area error
(time, covarying for cross error:t 5 23.07,p , .002; time,
covarying for area error:p . .1). The shape of the curves in
Figures 1 and 2 depicts the differences in the impact of the
two error measures on performance. Measures of cross errors
are more variable across trials (Figure 1). In addition, despite
the group difference in performance at Trial 20, such dif-
ferences are not evident across the retention trials in the
afternoon (Figure 2). In contrast, the measure of perfor-
mance taking area error into account appears to discrimi-
nate level of performance between groups across the
afternoon trials.

Spinal Lesion Level

Observed mean values for time, area error, and cross error
during the first and last trials of the learning and retention
phases, in children with upper and lower spinal lesions, and
in typically developing controls, are given in Table 1.

During the learning phase in the morning, the pattern of
performance was similar for the group with upper spinal
lesions and the group with lower spinal lesions. Spinal lesion
level did not affect rate of improvement in performance,
change in the rate of improvement in performance, or level
of proficiency achieved in the morning (p . .1). Both
spinal lesion level groups of children with spina bifida myelo-
meningocele performed more poorly than typically devel-
oping children. In the afternoon, there was no difference in
savings from Trials 10–11, or in the rate of improvement
across trials (p . .1).

Children with lower spinal lesions made more cross errors
overall than children with upper spinal lesions or controls
(t 5 23.10,p , .002; t 5 23.02,p , .003, respectively;
data not shown). However, area error had a larger impact on
the initial level of performance in controls than in children
with lower spinal lesions (t 5 2.80, p , .0051). Lesion
level effects were also evident in the final level of perfor-
mance. On Trial 20, children with lower spinal lesions were
slower than controls, taking cross error into account (Fig-
ure 3;t 5 23.19,p , .0015), whereas children with upper
spinal lesions were not (Figure 3;p . .05).
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Cerebellar Volumes

Examples of cerebellar dysmorphology in children with spina
bifida myelomeningocele are shown in Figure 3. Measures
of cerebellar volume by region and tissue type are given in

Table 2, which shows that children with spina bifida myelo-
meningocele have smaller cerebellums than controls. Com-
parisons of regional differences in cerebellar volumes were
made using Group3 Region (medial, lateral)3Tissue Type
repeated measures ANOVA. Controls had significantly more

Fig. 1. Mirror drawing performance in children with spina bifida (filled squares) and in typically developing controls
(open squares). Top: Average tracing time per trial (s;M 6 SEM). Middle: Average area error on each trial (cm2;
M 6 SEM). Bottom: Average number of cross errors on each trial (counts;M 6 SEM).
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grey matter and white matter volumes in the lateral cerebel-
lum, and more CSF in the medial cerebellum, compared to
children with spina bifida myelomeningocele [repeated mea-
sures ANOVA, Group3 Region3 Tissue Type interaction:
F(2,54)5 32.68,p , .001; Bonferroni-correctedpost-hoc
comparisons,p , .001].

Structure–Function Correlations
In order to assess the relationship between cerebellar dys-
morphology and motor skill learning in children with spina
bifida myelomeningocele, we used Pearson correlations to
compare the individual cerebellar volumetric data with the
parameters of the mirror draw model in which individual
differences were found. The parameters we correlated were
performance on Trial 1, rate of improvement in perfor-
mance across the morning trials, and the change in rate of
improvement in performance across the morning trials. None
of these individual learning parameters was significantly
correlated with any of the cerebellar volumetric measures.

DISCUSSION

In the present study, we explored performance in a motor
skill learning task and its relation to cerebellar dysmorphol-

ogy in children with spina bifida myelomeningocele. The
results bear on the following issues: motor learning and
motor execution in children with spina bifida myelomenin-
gocele; importance of methods and analytic procedures to
distinguish between learning and performance; genetic–
embryological heterogeneity in spina bifida myelomenin-
gocele and motor learning; similarities and differences
between children and adults in mirror draw tasks; and the
relative roles of the cerebellum and other brain structures in
motor learning.

Children with spina bifida myelomeningocele appeared
able to acquire and retain the mirror drawing task as well as
typically developing children. Despite an initially lower level
of performance, they learned normally. Specifically, the chil-
dren with spina bifida myelomeningocele in our study dem-
onstrated poorer initial performance on the mirror draw
task, even though they showed faster changes in the rate of
improvement as learning proceeded. To be sure, the change
in rate of improvement over time does not represent more
efficient learning in children with spina bifida myelomenin-
gocele; rather, the steeper learning curve arose because these
children, starting from a relatively lower level than con-
trols, had a greater performance range to traverse in order
to reach a developmentally typical performance level.

Fig. 2. Mirror drawing performance in children with spina bifida (filled squares) and in typically developing controls
(open squares), based on the linear model of individual change over time fit to the observed data. Top: Predicted values
for time in seconds, taking cross errors into account at each trial. Bottom: Predicted values for time in seconds, taking
area errors into account at each trial (see Methods).
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Table 1. Observed mirror drawing performance during the first and last trials in the
morning and afternoon, in typically developing children (control), children with spina
bifida myelomeningocele and lower spinal lesions (SB,# L1) and children with spina
bifida myelomeningocele and upper spinal lesions (SB,$ T12)

Measurement and group
Trial 1

M (SEM)
Trial 10

M (SEM)
Trial 11

M (SEM)
Trial 20

M (SEM)

Time (s)
Control 111.2 (10.0) 38.8 (3.2) 42.0 (2.9) 28.3 (1.8)
SB,# L1 219.9 (18.9) 52.0 (2.7) 58.8 (3.1) 41.0 (2.1)
SB,$ T12 173.6 (30.9) 49.1 (3.8) 62.3 (5.3) 39.9 (3.0)

Cross error (no.)
Control 70.43 (6.49) 38.20 (2.78) 49.46 (4.53) 30.97 (2.30)
SB,# L1 91.36 (7.24) 43.01 (3.01) 56.32 (3.79) 38.70 (2.17)
SB,$ T12 82.53 (14.19) 46.95 (6.69) 73.00 (10.70) 43.53 (4.51)

Area error (cm2)
Control 2.2 (0.4) 0.6 (0.1) 0.7 (0.2) 0.5 (0.1)
SB,# L1 8.7 (1.4) 1.1 (0.2) 1.0 (0.2) 0.7 (0.1)
SB,$ T12 4.6 (1.3) 0.8 (0.1) 0.7 (0.1) 0.6 (0.1)

Fig. 3. Mid-sagittal view of the brain in representative control and spina bifida cases. Top left: representative control
(volume5 153.2 cm3); Top right: spina bifida myelomeningocele, smallest cerebellum (volume5 7.8 cm3); Bottom
left: spina bifida myelomeningocele, representative cerebellum (volume5 116.8 cm3); Bottom right: spina bifida
myelomeningocele, largest cerebellum (volume5 152.9 cm3).
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Distinguishing between learning and performance on tasks
such as mirror drawing requires measures that evaluate these
constructs separately. Level of performance may be evalu-
ated by measures of speed and0or accuracy on each trial,
with the speed–accuracy trade-off being considered to rep-
resent learning. To measure learning, increases in speed
must not be associated with corresponding decreases in accu-
racy. However, the speed–accuracy trade-off itself is a mea-
sure of performance efficiency, rather than learning. By
modeling individual change over time, the present study
allows us to compare learning, rate of learning, and perfor-
mance between groups.

On mirror draw tasks, both learning and performance
may be measured in a number of ways. Published studies of
mirror drawing operationally define performance accuracy
as the number of cross errors per trial. However, cross errors
are thought to be related to smoothness of movement tra-
jectories (Sanes et al., 1990), and may reflect the quick
continuous movements typically used in other studies.
Because we emphasized accuracy rather than speed on this
task, the measure of cross error may not be a sufficiently
sensitive index of accuracy. Number of cross errors may
reflect effortful tracing, and may not be related to an inabil-
ity to learn the appropriate direction to trace. In contrast,
the measure of the area traced outside the borders of the star
provides a measure of the adjustment of movement in
response to feedback from the reflection in the mirror, and
more clearly demonstrates the deficit in level of perfor-
mance in children with spina bifida myelomeningocele. Our
finding that area error has a larger impact on initial perfor-
mance in typically developing children supports the use of
both error measures in studies of mirror drawing.

Children with spina bifida myelomeningocele appear able
to learn tasks requiring the integration of proprioceptive
information and distorted visual input; for example, they
have no deficits relative to controls on two motor adapta-
tion tasks, weight biasing and prismatic distortion (Colvin
et al., 2003). The finding of intact learning on the mirror
draw task is in agreement with studies showing other forms
of motor learning to be appropriately developed in this pop-

ulation. The issue of why children with spina bifida myelo-
meningocele might be able to learn tasks such as prismatic
distortion and mirror drawing may be clarified by our data
on group differences by spinal lesion level. Within the spina
bifida myelomeningocele population, higher spinal lesions
are typically associated with more motor and cognitive def-
icits than are lower lesions (e.g., Wills, 1993); in addition,
children with upper lesions, including those in the present
study, have more extensive dysmorphologies of the mid-
brain and cerebellum than do those with lower lesions
(described in detail in Fletcher et al., in press). Despite this,
our children with upper spinal lesions performed the task
more quickly and made fewer cross errors than those with
lower spinal lesions. If the role of the cerebellum is to mon-
itor movement based on proprioceptive feedback (Jueptner
& Weiller, 1998), then an attenuated sensitivity to mirror-
reversed visual input may perhaps, paradoxically and
contrary to our initial hypothesis, result in better task per-
formance. In support of this idea, adult patients with more
severe cerebellar disease (olivopontocerebellar atrophy)
show smoother mirror drawing than do patients with less
severe disease (cerebellar atrophy), perhaps because they
have no conflict between proprioceptive input and mirror-
reversed visual information (Sanes et al., 1990). However,
it should also be noted that the number of participants with
upper level lesions was relatively small, and the selection
criteria for the study eliminated more children with upper
than lower level lesions reflecting the association of higher
lesions with poorer cognitive and motor development.

The neural basis of motor learning in children with neuro-
developmental disorders has not been studied as exten-
sively as it has in adult patients with cerebellar lesions. In
adults, the cerebellum is reported to be involved in motor
learning and timing (Desmond & Fiez, 1998; Doyon et al.,
2003; Jueptner & Weiller, 1998; Laforce & Doyon, 2001,
2002; Pascual-Leone et al., 1993; Sanes et al., 1990). Adult
survivors of childhood cerebellar tumors have increased
psychophysical duration discrimination thresholds in short-
duration timing tasks similar to those reported in adults
with cerebellar lesions (Hetherington et al., 2000). We have

Table 2. Cerebellar volumes (cm3) by region and tissue type in children with spina bifida
myelomeningocele (n 5 43) and in typically developing controls (n 5 14)

Region and group
Total

M (SEM)
CSF

M (SEM)
Gray

M (SEM)
White

M (SEM)

Whole
Control 150.9 (3.7) 6.3 (0.4) 108.9 (2.9) 35.7 (1.2)
Spina bifida 113.0 (4.0)* 4.7 (0.3)* 80.2 (3.1)* 28.1 (1.0)*

Medial
Control 19.3 (8.3) 2.6 (0.3) 13.9 (0.5) 2.7 (0.2)
Spina bifida 18.7 (0.7) 1.3 (0.1)* 14.0 (0.6) 3.3 (0.2)

Lateral
Control 131.7 (3.0) 3.6 (0.3) 95.0 (2.4) 33.0 (1.1)
Spina bifida 94.3 (3.3) 3.4 (0.2) 66.1 (2.6)* 24.8 (0.9)*

*significant difference between groups,p , .05
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recently shown such impairments in children with spina
bifida myelomeningocele as well (Dennis et al., 2004). In
contrast, motor learning itself does not seem to be impaired,
either on our mirror draw task, or on weight biasing or
prism distortion (Colvin et al., 2003), two motor adaptation
tasks thought to involve the cerebellum (Weiner et al., 1983).
One possibility is that the cerebellar contribution to motor
learning differs in children and adults, although two pieces
of evidence temper this conclusion. Some reports suggest
little cerebellar contribution to motor learning in adults (e.g.,
Harris et al., 2001; Seidler et al., 2002; Timmann et al.,
1996). Perhaps more important, reports in adults have not
distinguished performance and learning with sufficient pre-
cision to delineate the separate cerebellar contributions to
each component. In the present study, this distinction was
significant: motor impairment affected level of perfor-
mance but did not affect learning.

Results of the present study are not consistent with the
idea of a simple linear relationship between cerebellar vol-
ume and motor learning. To be sure, our measures of the
cerebellum concern volumes (i.e.,structure) and the rela-
tionship between mirror drawing and cerebellarfunction
(e.g., fMRI) remain to be studied. While it is possible that
the cerebellum plays a role in the initial level of perfor-
mance of motor tasks, such as mirror drawing, improve-
ment with practice (i.e., learning) is likely mediated by other
brain regions such as the basal ganglia (Doyon et al., 2003;
Milner et al., 1998). It is unknown whether these effects on
motor learning are specific to mirror drawing and motor
adaptation, or can be generalized to other forms of proce-
dural learning. For example, the role of the cerebellum in
classical conditioning of the eyeblink reflex has been well-
established in both animal and human populations (Clark
et al., 2002; Ohyama et al., 2003). Because the cerebellum
is involved in perception of short-duration time intervals
around .5 s, one possibility is that the cerebellum is neces-
sary for learning tasks that involve coincident detection of
stimuli that occur within those time intervals, as is the case
with the conditioned eye-blink reflex, or other forms of
classical conditioning (Milner et al., 1998). The finding of
increased psychophysical duration discrimination thresh-
olds in children with spina bifida myelomeningocele (Den-
nis et al., 2004) and adult survivors of childhood cerebellar
tumors (Hetherington et al., 2000), raises the possibility
that deficits in learning associated with eye-blink condition-
ing are a consequence of the short time interval during
which conditioned and unconditioned stimuli are pre-
sented, and may not reflect a more general role for the
cerebellum in motor learning. Evidence of impaired eye-
blink conditioning in adolescent twins with ataxia telangi-
ectasia (Mostofsky et al., 1999), a neurodevelopmental
disorder that involves cerebellar degeneration, is consistent
with this idea.

Overall, the results of the present study show dissocia-
tions between motor performance and motor learning in
mirror drawing. Our data add to the information about motor
function in children with spina bifida myelomeningocele,

who show poorer levels of performance, but intact learning
on the mirror drawing task. Furthermore, mirror drawing
performance was related to the level of spinal cord lesion,
which adds to the emerging information showing that
genetic–embryological heterogeneity within the spina bifida
myelomeningocele condition is one determinant of neuro-
behavioral function.
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