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Abstract

& Studies in brain damaged patients conclude that the left
hemisphere is dominant for controlling heterogeneous sequen-
ces performed by either hand, presumably due to the cognitive
resources involved in planning complex sequential movements.
To determine if this lateralized effect is due to asymmetries in
primary sensorimotor or association cortex, whole-brain func-
tional magnetic resonance imaging was used to measure dif-
ferences in volume of activation while healthy right-handed
subjects performed repetitive (simple) or heterogeneous (com-
plex) finger sequences using the right or left hand. Advanced
planning, as evidenced by reaction time to the first key press,
was greater for the complex than simple sequences and for the
left than right hand. In addition to the expected greater
contralateral activation in the sensorimotor cortex (SMC),
greater left hemisphere activation was observed for left, relative
to right, hand movements in the ipsilateral left superior parietal
area and for complex, relative to simple, sequences in the left

premotor and parietal cortex, left thalamus, and bilateral
cerebellum. No such volumetric asymmetries were observed
in the SMC. Whereas the overall MR signal intensity was greater
in the left than right SMC, the extent of this asymmetry did not
vary with hand or complexity level. In contrast, signal intensity in
the parietal and premotor cortex was greater in the left than
right hemisphere and for the complex than simple sequences.
Signal intensity in the caudal anterior cerebellum was greater
bilaterally for the complex than simple sequences. These find-
ings suggest that activity in the SMC is associated with execution
requirements shared by the simple and complex sequences
independent of their differential cognitive requirements. In
contrast, consistent with data in brain damaged patients, the left
dorsal premotor and parietal areas are engaged when advanced
planning is required to perform complex motor sequences that
require selection of different effectors and abstract organization
of the sequence, regardless of the performing hand. &

INTRODUCTION

Studies with brain-damaged patients have shown that
motor skills are disrupted by left hemisphere lesions,
even when the left, ipsilesional hand is used (Haaland &
Harrington, 1996). In contrast, right hemisphere damage
produces minimal deficits in movements involving the
right, ipsilesional hand. Left hemisphere dominance is
most commonly reported for motor sequencing tasks
(Harrington & Haaland, 1991, 1992), especially after
damage to the left frontal or parietal lobes (Kimura,
1982; Kolb & Milner, 1981). Sequences that are more
complex and require advance planning are particularly
vulnerable to left hemisphere damage (Harrington &
Haaland, 1991, 1992; Kimura & Archibald, 1974). In one
study (Harrington & Haaland, 1991), performance of
heterogeneous sequences, which were composed of
three different hand postures in various orders, was
more impaired after left hemisphere damage than se-

quences composed of repetitions of single hand pos-
tures. In contrast, no such deficits were seen after right
hemisphere damage suggesting that the simultaneous
construction, storage, or selection of multiple motor
programs was dependent on the left hemisphere.
With only a few exceptions (Sabatini et al., 1993;

Halsey, Blauenstein, Wilson, & Wills, 1979), functional
imaging studies in healthy adults (Baraldi et al., 1999;
Mattay et al., 1998; Singh et al., 1998; Li, Yetkin, Cox, &
Haughton, 1996; Kawashima et al., 1993; Kim et al., 1993)
have also found evidence of left hemisphere dominance
when comparing right and left hand performance during
highly practiced, self-paced, finger–thumb opposition
sequences (see Table 1). However, only one functional
imaging study has addressed the influence of sequence
complexity (Dassonville et al., 1998). This study used a
serial reaction time (RT) paradigm to compare sequences
in which the order of different movements was predict-
able and highly familiar (i.e., index, middle, ring, little
finger, index, middle, ring, little finger) or unpredictable
(e.g., middle, little, ring, index finger, middle, index,
little, ring finger). While greater left sensorimotor cortex
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Table 1. Summary of Functional Imaging Studies Examining the Hemispheric Asymmetry of Motor Sequencing

Hemispheric Asymmetry

Citation, [Method] and
Behavioral Data Subjects and Task ROIs and Comparisons Left Hemisphere Right Hemisphere None

Halsey et al. (1979)
[PET]

No behavioral data
reported

Right handers

1. Self-paced sequential finger–
thumb oppositions

2. Control: rest (no specification)

Anterior, Rolandic,
posterior

Intensity 1 vs. 2

Rolandic
(C hand)

Anterior and posterior
(C and I hand);
Rolandic (I hand)

Kawashima et al. (1993)
[PET]

Right handers SMC, PMA, SMA,
PFC

SMC (I hand), PFA
(I and C hand)

SMC (C hand) PMA, SMA (C and I hand)

1. Self-paced sequential finger–
thumb oppositions

NSD R and L hands 2. Control: rest Intensity 1 vs. 2

Kim et al. (1993)
[fMRI, 4T]

Right and left handers SMC Right handers (I hand) Left handers (I hand)

No behavioral data
reported

1. Self-paced sequential finger–
thumb oppositions

2. Control: rest
Activation volume C and I
hand 1 vs. 2

Sabatini et al. (1993)
[SPECT]

Right handers SMC/S1, SMA, Cbl SMC, SMA (C hand); Cbl
(I hand)

1. Self-paced sequential finger–
thumb oppositions

NDS R and L hands 2. Control: rest Intensity 1 vs. 2

Li et al. (1996)
[fMRI, 1.5T]

Right and left handers Whole brain imaging Right handers
(I activation left
hand > I activation
right hand)

Left handers (I activation
left hand = I activation
right hand)

No behavioral data
reported

1. Self-paced sequential finger–
thumb oppositions

2. Control: rest

Activation volume
j(Lhem � Rhem)
/Lhem + Rhem)j
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(continued)

Mattay et al. (1998)
[fMRI, 1.5 T]

No behavioral data
reported

Right handers

1. Self-paced sequential finger–
thumb oppositions

2. Control: rest

Whole brain imaging

I activation volume
of L vs. R
hemisphere

Left SMC > right SMC
(I hand)

PMA, SMA, parietal, Cbl
(I and C hand); SMC
(C hand)

Dassonville et al. (1998)
[fMRI, 4T]

Response time:
unpredictable >
predictable; no hand
differences reported

Right and left handers, pooled for
most analyses

Serial RT

1. Cued predictable: repetition of
four predictable finger taps
(i.e., 1234, 1234)

2. Cued unpredictable: repetition
of four unpredictable finger taps
(e.g., 4231, 2143)

3. Control: visual cue only

SMC, PMA, SMA,
pre-SMA, CM,
superior parietal
(BA 7)

Number of active pixels
1 and 2 vs. 3; ANOVA

(Hemisphere � Hand �
Predictability)

Hemisphere: left
SMC > right
SMC for R
handers; left
SMA > right
SMA for R and L
handers
(no effect of
predictability)

PMA, pre-SMA, CM,
superior parietal (BA 7);
predictable >
unpredictable for
all areas except
SMC

Dassonville et al. (1997)
[fMRI, 4T]

NSD R and L hands

Right and left handers

Serial RT

1. Cued predictable and
unpredictable finger taps pooled
(see above)

2. Control: visual cue only

SMC, PMA, SMA,
pre-SMA, CM,
BA 7

Number of active
pixels 1 and 2

Contralateral
SMC activation
greater for right
handers

Contralateral
SMC
activation
greater for left
handers

Baraldi et al. (1999)
[fMRI, 1.5T]

No behavioral data
reported

Right handers

1. Self-paced, sequential
finger–thumb oppositions
2. Control: rest

SMC, S1, SMA

Activation volume for
both hands or C
hand only 1 vs. 2

SMC (Both hands) S1 and SMA
(both hands);
no significant I
activation only
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Table 1. Summary of Functional Imaging Studies Examining the Hemispheric Asymmetry of Motor Sequencing (continued)

Hemispheric Asymmetry

Citation, [Method]
and Behavioral Data Subjects and Task ROIs and Comparisons Left Hemisphere Right Hemisphere None

Moll et al. (2000)
[fMRI, 1.5T]

Hand differences not
reported

Right handers

1. Imagine tool use when
tool presented
2. Pantomime tool use when tool
presented
3. Imitate meaningless gestures
when nontool object presented

Anterior and posterior
quadrants R and L
hemisphere

Activation volume 1
and 2 vs. 3

Overall activation for
both hands for
1 and 2

Activation
clusters in left

IPS and MFG
(BA 9,6)

The table lists studies representative of the methods used in functional imaging experiments investigating hemispheric asymmetry. Studies were included only if they examined right and left
hand performance, but various analysis techniques were used (e.g., comparing activation in each location for the contralateral and ipsilateral hand; comparing activation in homologous regions
in the left and right hemisphere for ipsilateral hand movements). Only directly relevant portions of the tasks and results are described. Sequences were practiced to varying degrees prior to imaging, they
were usually self-paced except where specified, and they were performed from memory during imaging with two exceptions (Dassonville et al., 1998). Finger movements were paced (externally
or self-paced) at rates varying between 0.5 and 2.5 Hz, but verification of that rate was often not presented. Findings are presented from the descriptive comparisons between sequencing and rest,
but statistical tests were not always conducted to validate these observations. The numbers 1, 2, 3, and 4 refer to index, middle, ring, and little finger movements, respectively. NSD = no significant
differences; BA = Brodmann’s area; C = contralateral; I = ipsilateral; L = left; R = right; SMC = sensorimotor cortex; S1 = primary somatosensory cortex; PMA = premotor area;
PFC = prefrontal cortex, MFG = middle frontal gyrus; SMA = supplementary motor area; IPS = intraparietal sulcus; CM = cingulate motor area; Cbl = cerebellum.

6
2
4

Jo
u
rn

a
l
o
f
C
o
gn

itive
N
eu

ro
scien

ce
V
o
lu
m
e
1
6
,
N
u
m
b
er

4



(SMC) activation was reported, this asymmetry was inde-
pendent of sequence predictability suggesting that the
higher order cognitive mechanisms, which subserve
sequence predictability, were not asymmetrically con-
trolled. In contrast, sequencing studies in patients with
unilateral hemispheric damage report that the cognitive
mechanisms that control the ability to make rapid
changes from one movement to another are more
dependent on the left than the right hemisphere (Har-
rington & Haaland, 1991, 1992; Kolb & Milner, 1981;
Kimura & Archibald, 1974).

These same studies report the highest incidence of
sequencing deficits after damage to the left parietal
lobes and attribute this higher incidence to cognitive
deficits (Kimura, 1982; Kolb & Milner, 1981). In contrast,
most (Baraldi et al., 1999; Mattay et al., 1998; Li et al.,
1996; Kawashima et al., 1993; Kim et al., 1993), but not
all (Moll et al., 2000; Singh et al., 1998; Sabatini et al.,
1993), functional imaging studies of motor sequencing
in healthy individuals report a higher incidence of
hemispheric asymmetry in the SMC. These asymmetries
have usually been attributed to asymmetries in move-
ment execution rather than to higher order cognitive
factors. However, contrary to the view that the SMC is
solely involved in direct muscle activation only, findings
in animals show that cells in SMC code movement
direction independent of the pattern of muscle activity.
This conclusion was based upon recording comparable
activity in SMC cells while monkeys performed upward
movements of the wrist whether the palm was facing
up or down (Kakei, Hoffman, & Strick, 1999). In hu-
mans, repetitive transcranial magnetic stimulation
(rTMS) studies show that stimulation of the SMC pro-
duces greater deficits in complex than simple sequences
(Gerloff et al., 1998; Chen, Gerloff, Hallett, & Cohen,
1997) and impairs early motor consolidation (Muellbach-
er et al., 2002). However, rTMS studies cannot rule out
stimulation to secondary motor areas adjacent to the
SMC, highlighting the need to characterize the cognitive
operations differentially controlled by the SMC and
motor association cortices when planning and executing
motor sequences. As noted above, the functional imag-
ing studies summarized in Table 1 did not manipulate
sequence complexity in a manner that should require
motor association cortex, based on studies in brain-
damaged patients. Therefore, these studies have not
provided the strongest test of whether SMC asymmetry
is influenced by the specific cognitive requirements
necessary to perform a motor sequencing task.

To address these issues, we conducted a whole-brain
functional magnetic resonance imaging (fMRI) study in
healthy, right-handed participants as they performed
finger key presses involving simple or complex sequen-
ces with the right or left hand. Simple sequences were
composed of five repetitive movements of the index
(‘‘1’’), middle (‘‘2’’), or ring (‘‘3’’) finger and were
visually cued with number sequences (i.e., 11111,

22222, or 33333). Complex sequences were composed
of five key presses that used all three fingers with a
transition between fingers occurring with each key press
(i.e., 12131, 23231, or 32321). This design enabled a
direct comparison of behavioral (reaction [RT] and
movement time [MT]) and fMRI measures for four
conditions: right simple (RS), left simple (LS), right
complex (RC), and left complex (LC) movements. Based
upon the lesion literature (Kimura, 1982; Kolb & Milner,
1981) and a previous functional imaging study that used
similar sequences but did not test both hands (Harring-
ton et al., 2000), we predicted greater left hemisphere
activation in the frontal and parietal cortex for the
complex than the simple sequences due to differential
cognitive requirements. Alternatively, the existing func-
tional imaging literature using finger–thumb opposition
movements would predict greater asymmetrical activa-
tion within the left primary SMC. We predicted that if
such an SMC asymmetry were present, it would be
independent of the cognitive requirements of the motor
sequence.

RESULTS

Behavioral Findings

Accuracy (percent correct) performing the movement
sequences was greater for the right than the left hand,
F(1,13) = 5.8, p< .05 (Figure 1A), but was unaffected by
sequence complexity or the interaction of hand and
complexity. RT (Figure 1B), the time interval between
the visual stimulus and the first key press, was faster
for the right compared to the left hand, F(1,13) = 12.4,
p < .01, and for simple compared to complex sequen-
ces, F(1,13) = 100.0, p < .001. The interaction of hand
and complexity was not significant. For MT (Figure 1C),
the interval between the first and fifth key presses),
there were no statistically significant effects, but MT
was marginally faster for the right than the left hand,
F(1,13) = 3.8, p = .072, and for simple than complex
sequences, F(1,13) = 3.4, p = .088. These results
suggest that greater planning was required prior to
sequence initiation for the left hand and for complex
sequences, consistent with previous work (Harrington &
Haaland, 1987). In contrast, execution speed, as mea-
sured by MT, was only marginally affected by hand and
sequence complexity.

Voxel-Based Imaging Findings

Right versus Left Hand

Table 2 and the left panel of Figure 2A (cortical activa-
tions), Figure 2B (subcortical activations), and Figure 2C
(cerebellar activations) display areas that were differen-
tially activated by the right or the left hand, regardless of
complexity [main effect of hand based on voxelwise 2
(hand) � 2 (complexity) analyses of variance (AN-
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OVAs)]. As expected, greater activation for each hand
was observed in the contralateral SMC, thalamus (VPL
and VPM), striate/extrastriate cortex, and ipsilateral cer-
ebellum (Area IV). In all cases, the area of activation
within the SMC included the central sulcus (Figure 2A).

The volume of activation in the SMC was greater for
contralateral than ipsilateral movements, but the vol-
umes were comparable for the left and right SMCs (16.8
vs. 17.4 ml, Table 2).

A small area of ipsilateral activation (0.5 ml) was
observed in the left posterior superior parietal cortex
during left hand movements, whereas no ipsilateral right
hemisphere activation was observed for the right hand.
Movements of the left hand were also associated with
greater contralateral right hemisphere activation in pri-
mary visual cortex and inferotemporal cortex (Broca’s
area, BA 37), insula, anterior cingulate cortex (BA 24),
and cerebellar tonsil (Area IX, based on the atlas of
Schmahmann, Doyon, Toga, Petrides, & Evans, 2000)
compared to movements of the right hand. However,
whereas left hand movement resulted in activation of a
larger number of regions in the occipital lobe than right
hand movement, the total volume of activation in each
occipital lobe was comparable for both hands (right
hand = 1.8 ml; left hand = 2.3 ml).

Simple versus Complex Sequences

Brain regions showing greater activation for complex
than simple sequences, independent of side of move-
ment, are displayed in Table 3 and the right panel of
Figures 2A, B, and C [main effect of complexity, based
on a 2 (hand) � 2 (complexity) ANOVA]. The complex
sequences produced greater left than right hemisphere
activation in the dorsal premotor area (BA 6), the
parietal lobe (especially the inferior parietal, BA 40,
which is included in Region 17 in Table 3), posterior
cingulate (BA 23), and thalamus (pulvinar, VPM). Great-
er right than left hemisphere activation was restricted
to the occipital cortex (BA 18 and 19) and a small
region of the cerebellum (0.3 ml, Area IV). The complex
sequences also produced greater bilateral activation in
the superior parietal cortex (BA 7), although left supe-
rior parietal activation was greater, and the cerebel-
lum (Areas IV, V, and VI, including the dentate nuclei).
Only one small region in the left insula demonstrated
greater activation in the simple than complex sequence
conditions.

Importantly, no area showed a significant Hand X
Complexity interaction. This demonstrates that greater
left hemisphere activation during performance of com-
plex relative to simple sequences was observed inde-
pendent of the hand used to perform the sequences.

Regions of Interest-Based Imaging Findings

The above voxel-based analyses emphasized hemispher-
ic differences in the spatial extent of activation based on
comparisons of hand and complexity. We also examined
changes in MR signal intensity within regions of interest
(ROIs: SMC, parietal, premotor, and cerebellar regions)

Figure 1. Behavioral data. (A) Percent correct, (B) RT, and (C) MT for

the simple and complex sequencing conditions as a function of moving

hand. Error bars = SEM.
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as a function of hemisphere, hand, and complexity. The
ROIs were generated using a conjoined mask of func-
tional activation volumes (Figure 2) over all task con-
ditions (right vs. left hand, complex vs. simple
sequences) for each hemisphere. Because homologous
regions in the left and right hemispheres do not overlap
completely, ROIs in each hemisphere were mirror-im-
aged and reflected symmetrically across the midline. The
two mirror-imaged masks were summed to create the
conjoined mask (see brain images in upper and lower
panels of Figure 3). The mean change in MR signal

intensity for each ROI (see graphs in Figure 3) was
subjected to a 2 (hemisphere) � 2 (hand) � 2 (com-
plexity) ANOVA (see Table 4 for summary of ANOVA
results). For all ROI regions, none of the two- or three-
way interactions (Hemisphere � Hand � Complexity)
were significant.
For the SMC (green areas in Figure 3, upper panel),

greater signal intensity changes were observed in the left
than right hemisphere, F(1,13) = 62.0, p < .001, and
with the contralateral than ipsilateral hand, F(1,13) =
162.6, p < .001. Notably, the main effect of complexity

Table 2. Activation Foci for Comparison of Right and Left Hand Performance Collapsed over Sequence Complexity

Right > Left Hand Left > Right Hand

Left Hemisphere Right Hemisphere Left Hemisphere Right Hemisphere

Region (Brodmann’s Area) x y z
Volume
(ml) x y z

Volume
(ml) x y z

Volume
(ml) x y z

Volume
(ml)

Frontal Lobe

1. SMC (4, 3, 2) �31�27 51 16.8 36 �25 49 17.4

2. Orbito-frontal gyrus (11) �20 24�13 0.3

3. Anterior Cingulate sulcus (24) 9 �11 46 0.7

4. Insula 45 �20 15 0.6

Parietal Lobe

5. Caudal superior parietal (7) �30�76 45 0.5

Occipital Lobe

6. Dorsal extrastriate (18/19) �16�90 23 1.8 24 �85 24 0.4

7. Lingual gyrus (17) 10 �89 5 0.5

8. Fusiform gyrus (20) 41 �5 �24 0.3

9. Middle occipital gyrus (37) 47 �66 �3 0.6

10. Striate cortex (17) 16 �90 3 0.5

Subcortical Areas

11. Thalamus (VPL, VPM) �15�20 7 1.6 14 �18 4 1.4

12. Putamen �30�14 3 0.9 27 �10 0 2.3

Cerebellum

13. Anterior lobule (IV) 12 �45 �15 3.2 �10�49 �14 4.7

14. Tonsil (IX) 25 �55 �34 0.4

Region is defined as center of mass. Coordinates represent distance in millimeters from anterior commissure: x right (+)/left (�); y anterior (+)/
posterior (�); z superior (+)/inferior (�). Numbers in parentheses refer to Brodmann’s areas within the cluster regions according to the Talairach
and Tournoux (1998) coordinates. VPM = ventral posterior medial nucleus; VPL = ventral posterior lateral nucleus. Cerebellar regions were defined
according to Schmahmann et al. (2000) coordinates.
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was not significant for the SMC, and planned compar-
isons also showed that there were no significant differ-
ences in the effect of complexity in the left or right SMC.
In contrast, parietal (blue areas in Figure 3, upper panel)
and premotor (red areas in Figure 3, upper panel)
regions demonstrated greater signal intensity changes
in the left than right hemisphere [parietal: F(1,13) =
11.2, p < .001; premotor: F(1,13) = 7.3, p < .01] and for
complex than simple sequences [parietal: F(1,13) =
26.5, p < .001; premotor: F(1,13) = 11.8, p < .001].
No differences were observed as a function of performing
hand. Direct comparisons of the complexity effect for
each hemisphere showed greater activation intensity for
the complex than simple sequences in the left than right
premotor area, t(27) = �2.42, p < .025. Although the
parietal area showed no such statistical difference, exam-
ination of the volume of activation demonstrated that,
relative to the right parietal lobe, the left parietal lobe’s
greater volume of activation for the complex than the
simple sequences was very compelling (9.8 and 2.6 ml for
the left and right parietal region, respectively; also
see Figure 2).

The more rostral cerebellar ROI (red areas in Figure 3,
lower panel) demonstrated greater activation intensity
for ipsilateral than contralateral movements, F(1,13) =
46.4, p < .001, and for complex than simple sequences,
F(1,13) = 4.1, p < .05; no differences were observed in
the right versus left cerebellar hemispheres. In contrast,
the more caudal cerebellar ROI (blue areas in Figure 3,
which include the dentate nuclei) exhibited greater

activation as sequence complexity increased, F(1,13) =
8.7, p < .01, but was uninfluenced by performing hand
or by hemisphere.

DISCUSSION

Left hemisphere dominance for controlling motor se-
quences emerged when more advanced planning was
required, as evidenced by greater volumes of left hemi-
sphere activation for the complex sequences, which
were associated with longer RTs. Large hemispheric
asymmetries were seen in the volume of activation
particularly in parietal (9.8 and 2.6 ml for the left and
right hemispheres) and in dorsal premotor (2.6 and
0.0 ml for the left and right hemisphere) areas, but
not in the SMC. An ROI analysis revealed that both the
premotor and parietal regions showed greater signal
intensity in the left than the right hemisphere and for
the complex than the simple sequences in both hemi-
spheres. In addition, activation intensity was greater for
the complex than simple sequences in the left than the
right premotor area. Therefore, the bulk of the findings
are indicative of increased activation in the left dorsal
premotor and parietal regions during performance of
complex sequences with either hand, consistent with
reports in brain-damaged patients of greater ipsilateral
motor impairment after left than right hemisphere
damage (Haaland & Harrington, 1996). More specifically,
left hemisphere brain-damaged patients with limb aprax-

Figure 2. (A) Cortical activation. Cortical surface renderings demonstrating regions with significant differences in MR signal intensity (p < .005) for

subtractions of right versus left hand (left panel) and simple versus complex sequences (right panel). (B) Subcortical activation. Axial slices

demonstrating significant differences in MR signal intensity (p < .005) in the basal ganglia and thalamus for subtractions of right versus left hand

(left panel), and simple versus complex sequences (right panel). z = number of millimeters superior to the anterior commissure/posterior
commissure line. (C) Cerebellar activation. Coronal slices demonstrating significant differences in MR signal intensity (p < .005) in the cerebellum

for subtractions of right versus left hand (left panel), and simple versus complex sequences (right panel). Slice location is demarcated in sagittal slice

through cerebellum. Black numbers correspond to activated foci listed in Tables 2 and 3.
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ia demonstrated sequencing deficits characterized by
impaired planning and implementation of heteroge-
neous complex sequences, while impairment of simple
repetitive sequences was more subtle and only involved
the scheduling or timing of individual responses in the
sequence (Harrington & Haaland, 1992).

The current results extend previous functional imag-
ing studies of sequencing that examined the right hand
only and found evidence of bilateral superior parietal
lobe activation with increasing sequence complexity
(Harrington et al., 2000; Catalan, Honda, Weeks, Cohen,
& Hallett, 1998; Dassonville et al., 1998; Gordon, Lee,
Flament, & Ugurbil, 1998; Wexler et al., 1997). More
specifically, a previous functional imaging study that
examined motor sequencing with the right hand only
(Harrington et al., 2000) found greater activation for
complex than simple sequences in both superior parietal
lobes, left inferior parietal lobe, left premotor cortex,
and bilateral cerebellum. Because only right hand per-

formance was examined in that study, it was not possible
to determine if these asymmetries reflected contralateral
activation or hemispheric specialization.
The current study shows that left hemisphere activa-

tion reflected hemispheric dominance for the planning
and implementation of heterogeneous sequences for
both hands. Based on results of our previous fMRI study
(Harrington et al., 2000), we were able to specify the
neural systems involved in motor planning and execu-
tion. Superior parietal lobe activation was associated
with the selection of effectors, whereas the left inferior
parietal lobe activation was associated with the number
of transitions from one movement to another in the
sequence. The number and type of transitions affect the
abstract organization of the sequence, which may en-
hance performance efficiency (Collard & Povel, 1982;
Povel & Collard, 1982). Both of these features differen-
tiate the simple and complex sequences in the present
study. The pattern of our findings suggests that both

Table 3. Activation Foci for Comparison of Simple and Complex Movement Sequences Collapsed Over Movement Hand

Simple > Complex Complex > Simple

Left Hemisphere Right Hemisphere Left Hemisphere Right Hemisphere

Region (Brodmann’s Area) x y z
Volume
(ml) x y z

Volume
(ml) x y z

Volume
(ml) x y z

Volume
(ml)

Frontal Lobe

15. Dorsal premotor (6) �24 �7 47 2.0

16. Insula �42 �4 8 0.4

Parietal Lobe

17. Superior parietal (7)a �26 �56 43 9.8 26 �64 39 2.6

18. Posterior cingulate (23) �3 �52 8 0.4

Occipital Lobe

19. Extrastriate (18,19) 33 �80 �2 0.3

Subcortical Areas

20. Thalamus (pulvinar, VPM) �13 �24 7 .9

Cerebellum

21. Anterior lobule (IV, V, VI)b �9 �57 �27 3.3 9 �59 �21 4.9

22. Anterior lobule (IV) 17 �39 �23 0.3

Region is defined as center of mass. Coordinates represent distance in millimeters from anterior commissure: x right (+)/left (�); y anterior (+)/
posterior (�); z superior (+)/inferior (�). Numbers in brackets refer to significant clusters represented in Figure 2. Numbers in parentheses refer to
Brodmann’s areas within the cluster regions according to the Talairach and Tournoux’s (1998) coordinates. VPM = ventral posterior medial
nucleus. Cerebellar regions were defined according to Schmahmann et al. (2000) coordinates.
aArea of activation in the left hemisphere includes BA 40.
bIncludes dentate nucleus.
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superior parietal lobes are involved in specifying the
fingers that comprise the complex sequences, although
activation in the left superior parietal lobe is more
extensive. In contrast, the left inferior parietal lobe
appears to play a specialized role in organizing sequen-

tial responses for both hands, and an important part of
that control is likely associated with the need to activate
the correct motor program and inactivate the incorrect
motor program for a specific response within the se-
quence (Rushworth, Paus, & Sipila, 2001). Importantly,

Figure 3. Mean MR signal

intensity changes for cortical

(SMC, parietal, premotor) and

cerebellar ROIs as a function of
hemisphere (right, left), moving

hand (contralateral, ipsilateral),

and sequence complexity

(simple, complex). See text for
details regarding generation of

ROI masks. For the two

cerebellar ROIs (lower panel),
coronal slice location is

demarcated by a sagittal

localizer (1 = �40, 2 = �48,

3 = �56, and 4 = �64 mm
posterior to the anterior

commissure). Error bars = SEM.
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planning sequences that require multiple switches
among spatio-temporal motor representations is partic-
ularly impaired in left hemisphere damaged patients
with ideomotor apraxia (Harrington & Haaland, 1992).
Ideomotor apraxia is most common in patients with
damage to the left middle frontal gyrus (BA 46 or 6) or
the region around the intraparietal sulcus, including the
inferior portion of the superior parietal lobe (BA 7) and
the superior portion of the inferior parietal lobe (BA 39,
40) (Haaland, Harrington, & Knight, 2000).

Our finding of left hemisphere dominance of motor
association cortex is in agreement with studies that
report left hemisphere asymmetry for complex sequen-
ces depicting tool use (Moll et al., 2000); for choice, but
not simple, RT, which have greater response selection
requirements (Schluter, Rushworth, Passingham, &
Mills, 1998; Schluter, Krams, Rushworth, & Passingham,
2001); and for switching from one response to another
(Rushworth et al., 2001). The similarity in activation sites
among these studies supports the role of the left
premotor and parietal regions in response selection
(Schluter et al., 2001) and development of motor rep-
resentations that control the spatio-temporal character
of the movement (Haaland et al., 2000; Moll et al., 2000).
Reciprocal neuroanatomical connections between the
dorsal premotor and parietal regions (Cavada & Gold-
man-Rakic, 1989; Petrides & Pandya, 1984) likely sub-
serve the dorsal premotor area’s putative role in
selecting motor programs from parietal cortex (Schluter
et al., 2001; Shadmehr & Holcomb, 1997) and/or in
attending to the task (Boussaoud, 2001; Kettner, Mar-
cario, & Port, 1996). The importance of the dorsal
premotor area in affecting response preparation, atten-
tion, and selection is also supported by lesion and cell
recording studies in animals (Wise, di Pellegrino, &
Boussaoud, 1996; Kurata, 1994). The parietal lobe is
important for controlling visuomotor transformations
and specifying the spatio-temporal aspects of movement
in animals (Ashe & Georgopoulos, 1994; Gallese, Mur-

ata, Kasede, Niki, & Sakata, 1994) and in humans (Haa-
land et al., 2000; Goodale & Milner, 1992).
Our finding of a small area of left superior parietal

activation for left hand performance may also reflect
greater visuomotor transformation requirements for ex-
ecuting a motor sequence with the nondominant hand,
because the spatial relationship of the numbers that
were used to initiate the sequences were less compatible
for the left hand (i.e., the numbers designated the
fingers from left to right for the right hand but from
right to left for the left hand). However, the volume of
the left superior parietal lobe activation was very small
and this finding requires replication.
Unlike many previous studies of response sequencing

(Grafton, Hazeltine, & Ivry, 2002; Deiber, Honda, Ibanez,
Sadato, & Hallett, 1999; Boecker et al., 1998; Jueptner
et al., 1997; Shibasaki et al., 1993), the present study
did not find evidence of greater activation in the supple-
mentary motor area (SMA) or pre-SMA for complex than
simple sequences. However, previous studies have uti-
lized overlearned, predictable sequences that are inter-
nally generated, rather than externally cued. For
example, a recent serial RT study showed that SMA
activation increased over 420 learning trials (Grafton
et al., 2002). In contrast, the current study utilized novel
sequences that were not highly practiced or predictable
and were cued with a visual stimulus. Our previous work
has demonstrated that the SMA is influenced by com-
plexity only when sequences are performed from work-
ing memory (Rao et al., 1993) and not when visually cued
(Harrington et al., 2000). In a direct comparison of this
hypothesis (Elsinger et al., in preparation), we observed
that SMA activation was greater during performance of
complex than simple sequences only when the move-
ments were internally generated from working memory
than when externally cued, as in the present study.
In this study, the primary sensorimotor system, in-

cluding the SMC, thalamus, and basal ganglia showed
the predicted contralateral activation during perfor-
mance of both simple and complex motor sequences,
whereas the cerebellum demonstrated ipsilateral activa-
tion. In all but the cerebellum, contralateral activation
was greater than ipsilateral activation for the right and
left hands, regardless of sequence complexity, and the
activation volumes were comparable in the two hemi-
spheres. The finding of contralateral activation of these
sensorimotor areas is consistent with human imaging
(Boecker et al., 1994; Rao et al., 1993), rTMS (Ziemann
et al., 1999; Chen et al., 1997), and animal (Porter &
Lemon, 1993) studies. All support the strong contralat-
eral organization of the primary sensory and motor
cortex, especially when independent finger movements
are required.
In contrast to past studies that have emphasized the

role of the left SMC in controlling motor sequencing in
both hands, we found stronger evidence of bilateral
control for complex movement sequences in left hemi-

Table 4. Summary of ANOVA Main Effects by Brain Region1

Region Hemisphere Hand Complexity

SMC *** *** ns

Premotor ** ns ***

Parietal *** ns ***

Cerebellum

Rostral (IV) ns *** *

Caudal (IV, V, VI) ns ns **

1Graphs of magnetic resonance signal intensity changes displayed in
Figure 3. None of the two- or three-way interactions were significant.

*p < .05.

**p < .01.

***p < .001.
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sphere motor association cortex. However, while we
observed equivalent volumes of greater contralateral
than ipsilateral activation in the left and right SMC
(Area 1, Figure 2), an ROI analysis showed greater
overall MR signal intensity change in the left relative to
the right SMC. Most importantly, this activity was inde-
pendent of sequence complexity and performing hand.
That is, the left SMC showed a greater intensity of
activation relative to the right SMC whether comparing
activation for the contralateral or ipsilateral hand or for
the complex or simple sequences (see Figure 3 and
Table 4). The greater left SMC activation, regardless of
performing hand, is consistent with previous functional
imaging studies of sequencing comparing finger–thumb
opposition relative to rest in which left SMC activation
was always greater (Baraldi et al., 1999; Mattay et al.,
1998; Dassonville, Zhu, Ugurbil, Kim, & Ashe, 1997;
Dassonville et al., 1998; Kim et al., 1993).

The lack of evidence for hemispheric differences in
SMC when volume of activation was examined may be
due to differences between the present study and most
previous studies. First, as noted earlier, previous studies
examined activation patterns to sequential finger–thumb
oppositions (i.e., sequential contact between the thumb
and the index, middle, ring, and little fingers) with com-
parison to rest rather than to repetitive sequences. This
approach did not allow direct examination of the differ-
ential activation associated with selecting and retrieving
multiple motor programs, which has been shown to be
particularly dependent on the left frontal and parietal
lobes (Kimura, 1982; Kolb & Milner, 1981). We used this
latter approach, which would be expected to enhance
asymmetry in association rather than motor cortex.
Second, the highly practiced repetitive finger–thumb
opposition task has relatively minimal requirements to
switch among representations for various motor sequen-
ces compared to our use of three different sequences for
each sequence type, which were randomly cued and not
well practiced. Practice has been shown to increase the
volume of motor cortex activation (Karni et al., 1995)
and, if some learning-specific information is preferen-
tially stored in the left motor cortex (Muellbacher et al.,
2002), it may account for the greater activation volume
seen in previous studies but not in the present study.

Our results extend the previous findings by showing
that left SMC activation intensity was greater regardless
of sequence complexity, demonstrating that such acti-
vation was independent of the higher order processing
necessary to perform a novel sequence of different
responses. Our results are consistent with other work
(Dassonville et al., 1998) demonstrating that activation
was greater for unpredictable than predictable sequen-
ces in all left hemisphere regions except the SMC. Our
results argue that complex sequences, which have great-
er requirements for planning, visuomotor transforma-
tions, spatio-temporal coordination, and motor program
selection and retrieval than repetitive sequences, are not

asymmetrically controlled by the left SMC. Greater left
SMC activation appears to be more related to noncog-
nitive factors, such as hand preference (Kim et al., 1993)
and associated anatomical asymmetries (Amunts et al.,
1996), or to lower level cognitive or motor requirements
shared by both types of sequences.

Activation of cerebellar areas (IV, V, VI), including the
dentate nuclei, was also associated with sequence com-
plexity. These regions (Areas 21 and 22 in Table 3) were
bilateral, inferior, and extended more caudally than the
highly lateralized region identified by comparing right
and left hand movement (Area 13). Both the activation
volume and signal intensity data supported this differ-
entiation. Whereas more caudal regions showed a com-
plexity effect only, analysis of the more rostral regions
showed significant hand and complexity effects. Similar
more rostral regions were activated in the early stages of
a sequence learning task (Grafton et al., 2002; Penhune,
Zatorre, & Evans, 1998), suggesting that these structures
play a role in the adjustment of movement kinematics
based on sensory input to produce accurate fine motor
output (Doyon et al., 1998; Bower, 1997).

We cannot rule out the possibility that our use of
numeric cues produced greater left than right hemi-
sphere activation due to subvocalization of the numbers
while performing the sequences. However, two factors
argue against this interpretation. First, we would expect
vocalization for both simple and complex sequences, so
differential vocalization is unlikely to explain the activa-
tion differences between the two. Second, the patterns of
activation argue against this interpretation. Subvocaliza-
tion would be expected to activate the rehearsal compo-
nent of the articulation which has been associated with
activation of the left inferior frontal gyrus (BA 44) and
ventral premotor cortex (Smith & Jonides, 1999; Cohen
et al., 1997; Paulesu, Frith, & Frackowiak, 1993). Howev-
er, differential activation of BA 44 and ventral premotor
area was not observed in this study.

In summary, the present results provide converging
evidence to support the findings from lesion studies in
right-handers, which implicate the left hemisphere, es-
pecially the premotor and parietal cortex, in the higher
order aspects of motor planning. In contrast, the greater
activation intensity for left than right SMC reflects non-
cognitive execution factors, possibly associated with
right hand preference (Kim et al., 1993). Finally, the
complex sequences differentially activated the cerebel-
lum bilaterally, including the dentate nuclei, supporting
its possible role in sensorimotor integration or process-
ing higher level cognitive factors.

METHODS

Subjects

Fourteen healthy right-handed volunteers (42% women)
between the ages of 20 and 40 (mean age = 27.4) and

632 Journal of Cognitive Neuroscience Volume 16, Number 4



with mean education of 17.6 years participated in this
study. Handedness was evaluated with the Edinburgh
Handedness Inventory (Oldfield, 1971), which produces
a laterality quotient that varies from �100 (strongly left
handed) to 0 (no hand preference) to +100 (strongly
right handed). The group’s laterality quotient varied
from +33 to +100 with a mean and standard deviation
of +82.2 and 20.2. Subjects were excluded if they had
significant neurological, psychiatric, or other medical
history, were taking psychoactive medications, or if their
response accuracy fell below 70% correct on one or
more of the experimental conditions. Written informed
consent was obtained from each subject in accordance
with institutional guidelines approved by the Medical
College of Wisconsin and the University of New Mexico
School of Medicine.

Task Procedures

In the scanner, visual stimuli were computer-generated
and rear-projected onto an opaque screen located at the
subject’s feet. Subjects viewed the screen through prism
glasses and corrective lenses, if necessary. The viewing
distance was 230 cm. The sequencing task in the current
experiment replicated two of the eight conditions re-
ported in our previous study (Harrington et al., 2000),
but additionally required that subjects perform the task
separately with their left as well as their right hand.
Subjects performed finger key presses in response to
numeric sequences presented visually on the screen.
The index (1), middle (2), and ring (3) fingers of the
right or left hand were placed on response keys that
were arranged horizontally on a box, which was taped to
the subject’s right or left thigh and occluded from sight.
There was a one-to-one mapping between a digit and a
key. The digits 1, 2, and 3 corresponded to the left,
middle, and right keys for the right hand and the right,
middle, and left keys for the left hand. Subjects were
instructed not to move the opposite hand. Two se-
quence conditions were used. The simple condition
required repetition of one of three sequences (i.e.,
11111, 22222, or 33333) and the complex condition
consisted of heterogeneous sequences, which always
used three fingers and four transitions (i.e., 12131,
23231, or 32321). A trial consisted of the performance
of one sequence. Each condition was blocked, and,
within a block, 40 trials were randomly presented. Prior
to each trial, subjects looked at the center of a blank
screen. Each 3-sec trial began with the appearance of a
five-digit number sequence presented vertically on the
screen for 2.5 sec, cueing subjects to immediately per-
form the sequence as quickly and accurately as possible.
Order of the conditions was counterbalanced across
subjects, and subjects briefly practiced the sequencing
conditions prior to scanning.

The memory demands of this task were minimal as
the sequence remained on the screen for 2.5s, which

exceeded the total time required to execute the se-
quence. Specifically, the complex condition performed
with the left hand, which took the longest time
to execute, was completed on the average within
2010 ± 256 msec. Even if total execution time on a
particular trial was two standard deviations above the
mean, the display would have terminated while the
subject was initiating the last finger key press
(2521 msec). Hence, it is unlikely that stimulus dura-
tion covaried with sequence complexity in a way that
would have affected memory for the visual stimulus.
However, this procedure does not rule out the possibility
that subjects utilized working memory (e.g., phonologi-
cal loop) to sustain digit sequences while implementing
them.
The dependent behavioral measures were accuracy

(percent correct trials), RT, and MT. A correct trial was
defined as correct if all five key presses were executed in
the specified order. If subjects pressed the wrong key,
or pressed two or more keys simultaneously, the com-
puter program registered an error, and these trials were
excluded from the RT and MT data analyses. RT was
measured from the time of stimulus onset to the first
key press, and MT was the time from the end of the RT
interval to the last key press. RT reflects the amount of
time it takes to plan a sequence prior to movement,
although motor implementation time for the first key
press is also included in this interval. MT reflects
ongoing planning (Harrington & Haaland, 1992), motor
control, implementation processes, and the influence of
biomechanical factors associated with different effec-
tors. Separate repeated measures ANOVAs were used
to determine whether accuracy, RT, and MT were
affected by sequence complexity, performing hand, or
their interaction.

Functional Magnetic Resonance Imaging

Functional MRI was obtained on a 1.5-T General Electric
Signa scanner equipped with a prototype 30.5 cm i.d.
three-axis local gradient head coil and an elliptical
endcapped quadrature radiofrequency coil allowing
whole-brain functional imaging. Echo-planar (EP) images
were collected using a single-shot, blipped, gradient-
echo EP pulse sequence: echo time (TE) = 40 msec,
data acquisition time = 40 msec, field of view (FOV) =
24 cm, resolution = 64 � 64. Twenty-two contiguous
sagittal 6-mm thick slices provided coverage of the
entire brain (voxel size: 3.75 � 3.75 � 7 mm). Prior
to functional imaging, high-resolution 3-D spoiled gra-
dient-recalled at steady-state anatomic images were col-
lected: TE = 5 msec, repetition time (TR) = 24 msec,
408 flip angle, number of excitations = 1, slice thickness
= 1.2 mm, FOV = 24 cm, resolution = 256 � 128.
An imaging series consisted of 64 sequential EP im-

ages collected with an interscan interval of 4 sec (total
scanning duration = 256 sec). The first two images
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of each imaging series were removed from further
analysis to allow the MR signal to reach steady state.
Each series consisted of 10 blocks of a sequencing
condition (40 trials) alternating with rest. During rest
periods, subjects were instructed to remain still and
fixate on the blank screen. The sequencing condition
and rest periods were each 12 sec in duration and each
consisted of three images. Eight consecutive runs, two
for each of the sequence conditions (simple, complex)
and two for each hand (right, left), were administered
(RS, LS, RC, and LC), and condition order was counter-
balanced across subjects.

Image Analysis

Each image time series was spatially registered in-plane to
reduce the effects of headmotion using an iterative linear
least squares method (Keren, Peleg, & Brada, 1988).
Functional images were created by subtracting a local
baseline (fixation) image from an activation image on a
block-by-block basis. Specifically, each 24-sec block (i.e.,
12-sec rest followed by 12-sec activation) consisted of six
images. The second and third images (4 and 8 sec after
the rest condition begins, respectively) in each block
were averaged with the corresponding images in the next
block and referred to as the local baseline image. The fifth
and sixth images (16 and 20 sec poststimulus onset) were
averaged to represent the peak-evoked change in the
hemodynamic response and referred to as the activation
image. The first and fourth images (0 and 12 sec post-
stimulus onset) were not analyzed since they represent
the transitional rise and fall of the evoked hemodynamic
response (Bandettini, Wong, Hinks, Tikofsky, & Hyde,
1992). In the next stage, a difference image was created
for each block by subtracting the baseline image from the
activation image. Thus, a total of 20 difference images
were created for each of the four conditions (20 RS, 20 LS,
20 LC, and 20 RC) for each individual subject. An average
difference image (ADI) was created for each of the four
conditions by averaging all of the difference images for
each individual subject within a condition (Leveroni et al.,
2000). Thus, for each subject, four ADIs were generated
per slice.

Individual SPGR anatomical scans and ADIs were
linearly interpolated to volumes with 1-mm3 voxels,
coregistered, and transformed into standard stereotaxic
space (Talairach & Tournoux, 1988) using the AFNI
software package (Cox, 1996). Functional images were
blurred using a 4-mm Gaussian full width half maximum
filter to compensate for intersubject variability in ana-
tomic and functional anatomy.

Repeated measures ANOVAs were performed on a
voxelwise basis across the 14 subjects using the ADIs
as the dependent measures and hand and complexity as
the repeated factors. A statistical threshold of p < .005
and a minimum cluster size threshold of 0.25 ml was
applied to minimize false positive foci from the brain

maps. These two thresholds were established based on
10,000 Monte Carlo simulations demonstrating that the
chance probability of obtaining a significant activation
cluster for an entire volume (Type I error) was less than
10�6. When appropriate, ANOVAs were followed by
t tests to determine which areas were more active for
each hand or complexity condition.

Areas of activation, except those in the cerebellum,
were specified using the atlas of Talairach and Tournoux
(1988). Cerebellar activation sites were identified using
the atlas of Schmahmann et al. (2000).
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Mental status after acute West Nile virus infection has
not been examined objectively. We compared Telephone
Interview for Cognitive Status scores of 116 patients with
West Nile fever or West Nile neuroinvasive disease. Mental
status was poorer and cognitive complaints more frequent
with West Nile neuroinvasive disease (p = 0.005).

West Nile virus (WNV) outbreaks have been studied
in Africa since 1937 and in the United States since

the initial New York City outbreak in 1999 (1). Studies of
these outbreaks typically include only hospitalized
patients, use retrospective medical chart reviews, and do
not include follow-up after discharge (1–5). Therefore, the
long-term sequelae of WNV are largely unknown.

Mental status after West Nile virus infection is an
important public health issue because many studies of hos-
pitalized patients have reported continued complaints from
the time of discharge (2,4,5) through 18 months later (6).
A limitation of these studies is their reliance on self-report
of cognitive deficits rather than objective examination. No
study of WNV patients has used objective assessment of
mental status to determine the severity of cognitive deficits
after acute WNV infection in a large sample of WNV
patients, despite the fact that altered mental status is
reported in 46% (1,4) to 74% (3) of WNV patients at the
time of discharge from the hospital. In addition, no studies
have determined whether mental status changes are more
prevalent in patients who had West Nile neuroinvasive dis-
ease (WNND) than in patients who had West Nile fever
(WNF), which would be expected, given the diagnostic
criteria and the reports of less frequent and less severe cog-
nitive deficits from WNF patients (7).

The purpose of our study was to objectively compare
mental status of patients with a diagnosis of WNND or

WNF, 9 months after symptom onset. We used the
Telephone Interview for Cognitive Status (TICS) and sub-
jective cognitive complaints noted during interview. Of the
190 eligible patients, all were seropositive for WNV and
all had been reported to the New Mexico State Department
of Health in 2003 (8). We successfully contacted 129
(68%) of these patients by telephone and excluded 13 who
had received a diagnoses of a neurologic condition before
the diagnosis of WNV infection or who did not speak
English well. For the remaining 116 patients, diagnosis of
WNND or WNF was made without knowledge of TICS
score and was based on the reporting physician’s diagnosis
or medical record review for patients who were hospital-
ized for WNV infection or who had continuing neurologic
or cognitive symptoms at the time of interview. Patients
were evaluated with the TICS, which is highly correlated
with the Mini Mental Status Examination (9), is sensitive
to mental status deficits in the elderly (10,11), and is stan-
dardized for administration by telephone (12).

Table 1 shows that the WNF and WNND groups were
comparable in age, sex, and ethnicity (p>0.05). However,
because of a trend for lower education in the WNND group
(p = 0.05), education was a covariate in all analyses.
Analysis of covariance (ANCOVA) showed TICS total
score to be poorer for the WNND than the WNF group (p
= 0.005). Thus, a small, but consistent, effect suggests that
WNV infection severity affects mental status.

Participants were also asked questions about current
cognitive functioning (Table 2). Frequency of self-report
of cognitive problems varied from 6% to 42% across both
groups. Logistic regression, when controlled for education,
showed reports of concentration difficulty (p = 0.05) and
confusion (p = 0.02) to be significantly higher in the
WNND group. Overall, the WNND group reported more
cognitive problems than the WNF group (1.6 vs. 0.8,
respectively, p = 0.009), and the number of cognitive prob-
lems was correlated with the TICS total score (r = −0.21,
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p = 0.02). These findings indicate that self-reported cogni-
tive problems increased with severity of WNV infection.

To determine the better predictor of WNV diagnostic
category—TICS total score, rate of cognitive problems, or
a combination—we performed a logistic regression pre-
dicting WNV diagnostic category from TICS total and
rates of self-report of cognitive problems. Only the TICS
total score significantly predicted WNND group member-
ship (p = 0.01), but rate of report of cognitive problems
was a marginal predictor (p = 0.07).

This is the first study to objectively measure mental sta-
tus after WNV infection except for 1 review paper that
mentioned a study that performed neuropsychological
evaluation of WNV patients while they were hospitalized
with acute infection (13). We show that 9 months after
infection, WNND produces subtle but consistently greater
mental status deficits than WNF. These findings are con-
sistent with those of studies that identified a high incidence
of cognitive problems from WNV patients and lesser com-
plaints from WNF patients (7) from time of hospital dis-
charge through 18 months later (2,4,6,14). We found subtle
cognitive deficits in the WNND group that could not be
explained by demographic variables. Although these cog-
nitive differences are subtle, they suggest that WNND pro-
duces cognitive deficits after the acute symptoms have
largely dissipated. Our data may underestimate the inci-
dence of cognitive changes associated with WNND
because more sensitive comprehensive neuropsychologic
evaluations were not done.

Similar to previous studies (5,6,14) of chronic cogni-
tive complaints after WNV infection, our study showed a
high incidence of cognitive complaints, although subjec-
tive self-reports can be unreliable. Our data show that
although ≈24% of the WNV patients complained of cogni-
tive problems, complaints were somewhat greater for
patients in the WNND group than in the WNF group. In
addition, subjective reports of cognitive problems are only
marginally associated with poorer mental status. This find-
ing further supports the need to perform objective mental
status examinations, especially because normal variation

in cognitive performance can be misattributed to a medical
diagnosis (15).

We were not able to determine whether the WNF group
demonstrated cognitive deficits because we did not include
a healthy control group and because TICS does not have
normative data for respondents <60 years of age. However,
the published norms for TICS recommend a cutoff score of
>33 for classification as “normal” and <25 as clearly
“impaired”; only 53% of our total sample fell into the nor-
mal range, despite being younger than the age for which
norms are published (9). Furthermore, 33% of the WNF
group scored in the abnormal range, suggesting that WNF
may produce cognitive deficits relative to published
norms. Although the influence of demographic differences
(e.g., education) between the WNF and the normative
group cannot be ruled out, the high incidence of abnormal
scores in the WNF group may also reflect undiagnosed
neuroinvasion of WNV. However, without a demographi-
cally matched control group, this question cannot be
addressed definitively. In addition, 65% of the WNND
group scored in the abnormal range, consistent with our
other findings that WNND is associated with chronic men-
tal status changes.

Our study has several advantages, including objective
assessment of mental status, sampling from the entire
state’s reported cases of WNV infection in 1 year, direct
comparison between WNF and WNND groups, and inclu-
sion of patients of minority race and ethnicity. One poten-
tial limitation is the use of the reporting physician’s
diagnosis, but medical records were obtained for 78% of
those at greatest risk for WNND. In all instances in which
diagnosis was changed on the basis of medical records,
WNF diagnosis was changed to WNND. Therefore, if we
misclassified patients, we are more likely to have included
in the WNF group patients who should have been in the
WNND group; this potential bias would have decreased
group differences by lowering the WNF mental status
score.

These results emphasize that objective mental status
assessment is more sensitive than subjective report and
suggest that future studies should assess potential mental
status deficits to clarify the long-term public health conse-
quences of WNV.

Dr Haaland is a VA research career scientist at the New
Mexico VA Healthcare System and professor of psychiatry and
neurology at the University of New Mexico School of Medicine. 
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West Nile Virus Neuroinvasive Disease
Larry E. Davis, MD,1,2 Roberta DeBiasi, MD,3 Diane E. Goade, MD,4 Kathleen Y. Haaland, PhD,2,5,6
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Since 1999, there have been nearly 20,000 cases of confirmed symptomatic West Nile virus (WNV) infection in the United
States, and it is likely that more than 1 million people have been infected by the virus. WNV is now the most common cause
of epidemic viral encephalitis in the United States, and it will likely remain an important cause of neurological disease for the
foreseeable future. Clinical syndromes produced by WNV infection include asymptomatic infection, West Nile Fever, and West
Nile neuroinvasive disease (WNND). WNND includes syndromes of meningitis, encephalitis, and acute flaccid paralysis/polio-
myelitis. The clinical, laboratory, and diagnostic features of these syndromes are reviewed here. Many patients with WNND have
normal neuroimaging studies, but abnormalities may be present in areas including the basal ganglia, thalamus, cerebellum, and
brainstem. Cerebrospinal fluid invariably shows a pleocytosis, with a predominance of neutrophils in up to half the patients.
Diagnosis of WNND depends predominantly on demonstration of WNV-specific IgM antibodies in cerebrospinal fluid. Recent
studies suggest that some WNV-infected patients have persistent WNV IgM serum and/or cerebrospinal fluid antibody re-
sponses, and this may require revision of current serodiagnostic criteria. Although there is no proven therapy for WNND, several
vaccines and antiviral therapy with antibodies, antisense oligonucleotides, and interferon preparations are currently undergoing
human clinical trials. Recovery from neurological sequelae of WNV infection including cognitive deficits and weakness may be
prolonged and incomplete.

Ann Neurol 2006;60:286–300

West Nile Virus
West Nile virus (WNV) is an RNA virus belonging to
the Japanese encephalitis serocomplex of the genus
Flavivirus of the family Flaviviridae.1 WNV is an “ar-
bovirus” (arthropod-borne virus) that is transmitted
by a mosquito vector. WNV isolates are grouped into
lineages and clades based on unique amino acid poly-
morphisms or deletions in their envelope proteins.1,2

WNV isolates causing significant human disease be-
long to lineage 1, which is subdivided into four clades
(Indian, Kunjin, A, B). US WNV isolates belong to
clade B of lineage 1.2

WN virions are spherical, enveloped particles with a
50nm diameter, icosahedral symmetry, and a smooth
spikeless outer surface.3 The genome is contained
within a capsid composed of the viral C (capsid) pro-
tein. The capsid is surrounded by a 4nm-thick host-
derived lipid membrane into which 180 copies of the
virus-encoded E (envelope) and prM (membrane) gly-
coproteins are inserted. Homodimers of the E protein

lie in a herringbone-like arrangement that covers the
lipid bilayer.3 The E protein is responsible for receptor
binding and fusion with target cell membranes and
contains epitopes recognized by neutralizing antibod-
ies.1 The prM protein forms homotrimers that cap the
external tip of the E protein.

The WNV genome consists of approximately 10.8kb
single-stranded (�)-sense RNA. The genome serves as
messenger RNA with a single long open reading frame.
The resulting 3,433-amino acid polyprotein is cleaved
by both host and viral proteases to form the C, prM,
E, and 7 NS (nonstructural) proteins. NS proteins in-
clude enzymes involved in genome replication includ-
ing the RNA-dependent RNA polymerase.1 Virus rep-
lication occurs in the cytoplasm in close association
with rough endoplasmic reticulum. Virions are assem-
bled within the lumen of the endoplasmic reticulum,
and the nascent virions are transported within vesicles
to the cell surface and released by exocytosis.1
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History
WNV was first isolated in 1937 from the blood of a
woman with a febrile illness who lived in the West
Nile region of Uganda.4 Field studies along the upper
Nile River in the 1950s helped defined the basic ecol-
ogy and pathogenesis of WNV infection. WNV was
found to cycle between Culicine mosquitoes and native
birds. Birds served as the natural amplifying host, and
humans were accidental secondary hosts. Symptomatic
human infection resulted in a mild dengue-like illness
characterized by fever, malaise, lymphadenopathy, and
rash; infection resolved quickly without sequelae.5

In the early 1950s, patients with advanced cancers
were deliberately inoculated with WNV to test the po-
tential efficacy of the virus as an oncolytic agent.
Ninety-five patients with metastatic cancers were in-
jected intramuscularly or intraperitoneally (two cases)
with mouse brain or chick embryo suspensions of
WNV. Eleven percent of patients experienced “sugges-
tive clinical signs of diffuse encephalitis” including de-
pressed sensorium, involuntary muscle twitching, and
Parkinsonism. One patient experienced a transient
“complete flaccid paralysis of both lower extremities”
with preserved sensation and reflexes.6

WNV infection was subsequently recognized to be
endemic in Africa, Europe, and Asia.7 Fatal cases of
encephalitis were a significant feature of WNV epi-
demics in the 1990s in Romania, Russia, and Israel.
During these outbreaks, up to 60% of hospitalized pa-
tients had neuroinvasive disease with a 4 to 7% mor-
tality rate.8

Naturally occurring WNV infection first appeared in
North America in 1999, when an outbreak in New
York City resulted in 59 patients with encephalitis and
7 deaths.9 Comparison of the nucleotide sequence of
the envelope gene of the New York City virus (NY99)
indicated that it was most closely related (�99.8%
amino acid homology) to a virus that had been isolated
in 1998 from a goose in Israel,10 suggesting that NY99
originated from the Middle East or in Eastern Europe,
where a similar virus was also subsequently shown to
be circulating.

Infected migratory birds,11 or possibly illicitly im-
ported exotic birds, may have introduced WNV into
North America. Because humans are “dead-end hosts”
for WNV (except under special circumstances such as
organ transplantation or blood transfusion), an infected
person was not the source of the New York outbreak.
A less likely possibility is that virus was introduced via
infected mosquitoes inadvertently transported in an air-
plane or other carrier.

After its introduction to the United States in 1999,
WNV spread to produce human infection throughout
the continental United States. WNV has been respon-
sible for the largest outbreaks of arboviral encephalitis
in US history,12 and the US epidemic in 2003 was the

largest WNV encephalitis outbreak ever reported. In
2003, 9,862 cases of West Nile infection including
2,860 (29%) cases of meningitis or encephalitis were
reported to the Centers for Disease Control and Pre-
vention (CDC). These numbers declined to 2,539 total
cases and 1,142 cases (45%) of meningitis or enceph-
alitis in 2004, and 3,000 total cases and 1,294 cases of
meningitis or encephalitis (43%) in 2005.13 192 cases
of WNV infection from 20 states, including 84 pa-
tients with neurological disease, have already been re-
ported to the CDC in 2006 (as of August 8, 2006).

The current seroprevalence rate of WNV in the
United States is extremely low (�3%),14 although rates
as high as 9.5% were reported in Nebraska blood do-
nors and up to 20% in some Nebraska communities
after the 2003 epidemic.15

Ecology of West Nile Virus
WNV is maintained in nature by cycling between
more than 200 species of birds and many species of
mosquitoes.16 Mosquito species vary in their abun-
dance in different geographic regions, their propensity
to feed on mammals including humans, and the effi-
ciency with which they transmit infection (“vector
competence”). The species likely to be important in
human transmission of WNV in the United States are
Culex tarsalis and quinquefasciatus in the West, Culex
quinquefasciatus and nigripalpus in the Southeast, and
Culex pipiens and restuans in the Northeast.

WNV infection involves both bird-to-bird and bird-
to-human transmission, and the mosquito species re-
sponsible for these two cycles often differ. The likeli-
hood that a mosquito feeding on an infected host will
become infected and its subsequent capacity to trans-
mit infection increases dramatically as the level of vire-
mia increases in the host. WNV enters the mosquito in
infected blood, penetrates the gut, replicates in tissues
including the nervous system and salivary glands, and
produces a noncytopathic infection that persists for the
life of the insect.17 An infected Culex pipiens quinque-
fasciatus mosquito injects about 104 plaque-forming
units of virus into the host while feeding.18

WNV must survive through winter to initiate new
annual cycles of infection. Several species of WNV-
infected mosquitoes, including Culex pipiens, can sur-
vive dormant during winter.19 Female mosquitoes can
also transmit WNV to their eggs via transovarian trans-
mission.20 The infected eggs hatch in the spring into
pupa that mature into infected adults capable of trans-
mitting WNV.

Mosquitoes transmit infection to susceptible birds,
which serve as the major amplifying hosts for WNV.
Insectivorous birds can also acquire WNV after being
fed infected mosquitoes.16 Birds may have viremia that
lasts for more than 100 days,21 allowing for repeated
cycles of mosquito infection. The magnitude and du-
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ration of viremia varies in different bird species. The
highest titer viremias (�1010 plaque-forming units per
milliliter) have been reported in passeriforme birds (eg,
jays, grackles, finches, crows, sparrows).21 Viremia of
this magnitude leads to subsequent transmission to
more than 80% of biting mosquitoes.22 Infected birds
can also shed significant amounts of virus from the clo-
aca and nasopharynx, allowing viral spread between
birds independent of mosquitoes. The frequency of fa-
tal WNV infection varies between bird species and
generally parallels the magnitude of viremia.21 Interest-
ingly, significant bird deaths were not a feature of
WNV epidemics before the 1998 outbreak in Israel
and represent a change in the natural ecology and
pathogenesis of WNV.

In birds, WNV infection involves the heart, kidney,
spleen, gut, adrenal glands, liver, and brain.23 A sud-
den die-off of crows or other passerine species can serve
as a sentinel event presaging subsequent human epi-
demics.24 In parts of the Midwest, WNV decimated
native crow populations to 10% or less of preepidemic
levels. Massive deaths in susceptible bird populations
reduce the major natural amplifying reservoir of WNV
and may help to explain why human cases often de-
crease sharply in a particular year after a major WNV
outbreak. Conversely, infected migratory birds appear
to play a major role in the spread and introduction of
WNV into new geographic regions, and migration of
uninfected susceptible birds may facilitate continued
WNV transmission.11

Besides birds, many other vertebrates are susceptible
to WNV infection. Naturally occurring neurological
disease is rare in nonhuman mammals except for
horses, in which more than 15,000 cases of WNV in-
fection have been reported in North America alone.13

About 10% of infected horses develop encephalitis or
myelitis with a mortality rate of 28 to 45%.25 Equines
and vertebrates other than birds do not typically de-
velop high titer viremia and are unlikely to play a role
in viral maintenance or transmission.

West Nile Virus Human Pathogenesis
WNV is injected intradermally in the infected saliva of
a biting mosquito and initially replicates in Langerhans
dendritic cells.26 The infected Langerhans cells migrate
to draining lymph nodes from which the virus enters
the bloodstream (primary viremia).27 Primary viremia
disseminates the virus to the reticuloendothelial system,
where replication further augments viremia (secondary
viremia).26 Virus can be detected in blood within 1 to
2 days of a mosquito bite, and viremia typically persists
for up to a week. The termination of viremia coincides
with the appearance of serum IgM neutralizing anti-
bodies. Human viremia is of a low level, and although
viral nucleic acid can be detected using sensitive nu-
cleic acid amplification tests, the virus is only rarely

isolated from blood. Viremia is typically absent at the
time of onset of symptomatic illness (see later).

WNV central nervous system (CNS) disease occurs
with increased frequency in immunocompromised in-
dividuals and the elderly,28–30 likely reflecting a more
prolonged and higher titer viremia resulting, in part,
from delayed development of neutralizing antibodies.29

The precise mechanism by which WNV enters the
CNS is unknown, but experimental WNV infection
results in elevated levels of inflammatory cytokines in-
cluding tumor necrosis factor-� that can alter blood–
brain barrier permeability.31 WNV-infected mice that
lack Toll-like receptor 3 (Tlr 3�/�) have decreased lev-
els of circulating inflammatory cytokines, less perme-
ability of their blood–brain barrier, and reduced WNV
entry into the brain (neuroinvasion).31

Neurotropic flaviviruses may enter the CNS after di-
rect infection of endothelial cells in the cerebral micro-
vasculature or after viremic dissemination to the olfac-
tory bulb with subsequent transneuronal spread to the
CNS.26 Whether WNV also uses these pathways is un-
known. In WNV-infected mice that lack functional B
cells (�MT mice), passive transfer of WNV-specific
antibody prevents viremia but does not completely
block viral spread to the CNS, suggesting that nonhe-
matogenous pathways, such as retrograde axonal trans-
port from infected peripheral neurons, may contribute
to CNS entry.32

In the CNS, WNV infects neurons and, less com-
monly, glial cells in the cerebral cortex, basal ganglia,
brainstem, and spinal cord.33 Both cultured neurons
and astrocytes support WNV infection, although with
differing kinetics.34 Infection of microglial cells is abor-
tive but results in release of proinflammatory cytokines
(interleukin-6, tumor necrosis factor-�), and chemo-
kines (CXCL10, CCL2, CCL5). Infected neurons and
astrocytes also produce chemokines including CXCL10
and CCL5, which play a critical role in recruitment of
virus-specific T cells into the CNS34,35 (see later).

The integrin �v�3 has been identified as a putative
WNV receptor on nonneuronal cells.36,37 The WNV
neuronal receptor remains unknown. WNV attach-
ment results from interaction between the host cell re-
ceptor and the viral envelope glycoprotein.37 Monoclo-
nal antibodies specific for and peptide fragment
mimetics of a subregion (domain III) of the envelope
glycoprotein inhibit WNV infection of cultured
cells.38,39 WNV infection can also be inhibited by an-
tibodies against �v�3 and by adsorbing virus with sol-
uble �v�3.36,37

WNV entry follows clathrin-mediated endocytosis.40

Virus is then transported toward the endoplasmic re-
ticulum in lysosomal vesicles. As the pH inside the ves-
icle decreases, the viral envelope fuses with the lysoso-
mal membrane releasing viral RNA into the cytoplasm,
initiating genome and protein replication.
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WNV-mediated death of infected cells can occur
by either necrosis or apoptosis.41– 43 In cultured Vero
cells, high multiplicity infection is followed by necro-
sis, whereas low multiplicity infection results in
mitochondrial-dependent apoptosis.42 Apoptosis can
also be induced in a variety of cells by expression of
both WNV capsid proteins and the nonstructural pro-
tein NS3.42,44 In WNV-infected mice, apoptotic neu-
rons are prominent in the spinal cord but rare in the
brain, suggesting that the mechanisms of WNV-
induced cell death may differ within specific regions of
the CNS.41

The role of host immunity in clearance of WNV
from the CNS has been studied extensively in
mice.32,41,45 Passive transfer of WNV antibody before
footpad challenge with WNV protects immunocompe-
tent mice, but only delays disease onset and death in
mice that lack functional T and B cells (RAG1
mice).32 Delay in administration dramatically decreases
the protective efficacy of passively transferred WNV
antibody, although some protection is still observed
even when the virus has already reached the CNS. The
appearance of neutralizing IgM antibodies plays a crit-
ical role in terminating viremia and preventing dissem-
ination of virus to the CNS, because mice that lack
secreted IgM (sIgM�/�) show markedly enhanced vire-
mia and decreased survival compared with sIgM�/�

(wild-type) mice, despite normal capacity to secrete
other immunoglobulin isotypes.46

Clearance of WNV from the brain and other organs
appears to be primarily antibody-mediated, but CD8�

cytotoxic T cells directed against peptide determinants
derived from WNV proteins also participate.45,47 In
murine models of WNV infection, CD8� T cells traf-
fic into the brain after viral infection. Mice that lack
CD8� T cells or major histocompatibility complex
class Ia antigens have up to 1,000-fold higher titers of
WNV in the CNS and increased mortality after foot-
pad viral challenge compared with their immunocom-
petent counterparts.45,47 WNV-infected neurons se-
crete the chemokine CXCL10, which facilitates
recruitment of T cells bearing CXCR3 receptors into
the CNS.48 WNV-infected mice that lack CXCR3
show a phenotype similar to CD8-deficient mice, with
enhanced viral CNS titer and mortality.48 A similar
phenotype occurs in CCR5-deficient mice, which also
show defective T-cell recruitment into the CNS.35

About 1% of the human Caucasian population lacks
CCR5 due to the presence of a homozygous defective
CCR5 allele (CCR5�32). CCR5 is an human immu-
nodeficiency virus coreceptor, and humans homozy-
gous for CCR5�32 have decreased risk for human im-
munodeficiency virus infection after exposure, but
show an enhanced risk for development of fatal WNV
infection.49 The odds ratio (OR) for homozygosity of
CCR5�32 was 4.4 to 9.1 (4.2–8.3% prevalence) in

two cohorts of Caucasian WNV-infected patients with
symptomatic disease compared with uninfected ran-
dom blood donors. Homozygosity was also signifi-
cantly associated with fatal disease (OR, 13.2).49

Innate immunity also plays a role in controlling
WNV infection. Mice infected with WNV show in-
creased levels of serum interferon (IFN)-� and in-
creased levels of IFN-�� messenger RNA in the brain.
WNV lethality is dramatically enhanced in mice that
lack IFN-�� receptor, and these mice show enhanced
viremia and elevated viral titers in both the brain and
peripheral organs.50 Treatment of cells, including pri-
mary neurons, with IFN-�� before WNV infection re-
duces viral titer and inhibits cytopathicity,50,51 provid-
ing a rationale for clinical trials involving IFN-� in
humans (see later).

Human West Nile Virus Transmission
Most human WNV infections result from mosquito
bites. Infection also has resulted from transfusion of
WNV-infected blood products, although the risk re-
mains extremely low.52–54 Donors in the prodromal
phase of WNV infection may be asymptomatic despite
having high titers of infectious virus in their blood-
streams. In 2003, 877 units of WNV-infected blood
were identified among 2.5 million units screened (3.5/
10,000).53 Approximately two-thirds of nucleic acid
amplification test–positive blood units lack detectable
anti-WNV antibody and are likely infectious.54

WNV infection has resulted from transplacental fetal
infection,55 infected breast milk,56 infected organ
transplants,29 and laboratory exposure.57 A recent re-
view of WNV infection in pregnant woman reported a
5% incidence of spontaneous abortions and 6% inci-
dence of premature births58; 97% (70/72) of live births
were healthy. One infant whose mother developed
WNV 6 days before term developed meningitis at 10
days of age, and another infant whose mother was in-
fected 3 weeks prepartum developed fatal WNV en-
cephalitis.

Clinical Features
The basic clinical features of West Nile neuroinvas-
ive disease (WNND) have been characterized exten-
sively.8,9,28,33,59 – 69 CDC reports separate symptom-
atic infection into West Nile fever (WNF) and
WNND.13 Approximately 80% of WNV-infected pa-
tients are asymptomatic, 20% develop WNF, and less
than 1% develop WNND.

Common clinical features of WNF include the
abrupt onset of fever, headache, and fatigue, with vari-
able malaise, anorexia, nausea, myalgia, lymphadenop-
athy, and a nonpruritic generalized maculopapular
rash.59,60,70 When present, the rash typically begins
about 5 days after illness onset and lasts for a week. In
one retrospective case series,60 the incidence and mean
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duration of commonly reported symptoms included fa-
tigue (96%, 36 days), fever (81%, 5 days), headache
71% (10 days), muscle weakness (61%, 28 days), and
cognitive impairment (53%, 14 days).

West Nile Neuroinvasive Disease
WNND includes meningitis, encephalitis, and acute
flaccid paralysis (AFP)/poliomyelitis. The distinctions
are at times arbitrary, and mixed patterns of disease are
common. Although the CDC does not subcategorize
WNND, approximately 40% of patients with WNND
have meningitis and about 60% encephalitis,9,62,63,71

with a subgroup in both categories having AFP/polio-
myelitis (see later). Patients with fever, stiff neck, head-
ache, photophobia, and cerebrospinal fluid (CSF) pleo-
cytosis, but without altered mental status or focal
weakness, are classified as having meningitis; patients
showing signs, symptoms, or laboratory evidence of
brain parenchymal involvement are classified as having
encephalitis.9,33,61

WNND occurs in approximately 1% of infected pa-
tients, although this frequency is significantly higher in
the elderly and immunocompromised individuals.9,71

In one series of 221 hospitalized WNV patients, 32%
of those with encephalitis and 16% with meningitis
were immunosuppressed, organ transplant recipients,
or had autoimmune disease.71 Age 50 years or older

(OR, 2.7; range, 1.2–6.5), alcohol abuse (OR, 3.4;
range, 0.9–12.9), diabetes (OR, 3.1; range, 1.1–9.2),
and immunosuppression (OR, 2.2; range, 0.7–7.6)
were all more commonly associated with development
of encephalitis compared with WNF (risk ratio and
95% confidence interval from univariate analysis).71

WNND is rarely reported in children or individuals
younger than 30 years.72 However, from 2002 to
2004, more than 1,000 cases of WNV infection were
reported nationwide in children younger than 19 years,
and 30% of the cases (n 	 317) were categorized as
WNND. The impact of childhood WNV infection on
growth, development, and cognition remains un-
known.

Acute West Nile Encephalitis
WNV encephalitis is more common in the elderly.9,71

In the original New York City outbreak in 1999, 88%
of those affected were older than 50 years and 51%
were older than 70.9 In a small series of WNND from
Louisiana, the median age was 70 years for patients
with encephalitis, 56 for those with AFP, and 35 for
those with meningitis.61

The most commonly reported signs and symptoms in
patients with WNV encephalitis8,61–63,65–67,71 include:
fever (85–100%), diffuse weakness/fatigue (42–85%),
headache (47–90%), and confusion/altered mental status

Table 1. Clinical Features Seen in West Nile Neuroinvasive Disease

Signs and Symptoms

Common (�50%) Fever (�38°C) Generalized nonfocal weakness
Anorexia Trouble walking
Nausea/vomiting Numbness in limb or body
Fatigue Tremors
Headache Myalgias
Trouble concentrating Blurry vision
Memory problems Myoclonic jerks
Confusion, delirium, lethargy Marked sleepiness
Stiff neck or neck pains

Less common (5–50%) Chills Focal sensory loss
Dizziness Sensitivity to light
Imbalance Nonpruritic maculopapular rash
Back pains Dysphagia
Somnolence Nystagmus
Slurred speech Babinski sign
Diarrhea Stupor
Arthralgias Uncoordinated gait/ataxia
Focal arm or leg weakness Joint pains
Paresthesias in limbs

Uncommon (1–4%) Seizure/status epilepticus Paraplegia or quadriplegia
Lymphadenopathy Urinary/fecal incontinence
Pharyngitis Parkinsonism
Conjunctivitis Monocular visual loss
Coma Diplopia
Facial palsy Marked chorioretinitis

Data are from References 8, 9, 61, 63–66, and 103.
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(46–74%) (Table 1). Systemic signs and symptoms are
common and can include gastrointestinal complaints
(nausea, vomiting: 31–74%; diarrhea and abdominal
pain: 7–21%),8,9,61,62,66,67 rash (19–57%),8,9,63,65,67,71

and arthralgia and myalgia (15–61%).9,62,66,71 Less
commonly reported are pharyngitis (5%),9 lymphade-
nopathy (2–4%),9,66 and conjunctivitis (3%).9 The
frequency of tremor has varied remarkably from as low
as 12%9 to as high as 80 to 100%.61 Tremor may be
present at rest or kinetic and typically is asymmetric
and predominates in the upper extremities. Myoclonus
was reported to occur in one-third of cases in one se-
ries,61 and when present, it is a clue to the diagnosis of
WNND because it is distinctly unusual in nonflavivi-
rus encephalitis. Parkinsonian features (rigidity, brady-
kinesia, postural instability) have been reported in up
to two-thirds of WNND cases.61 Meningeal signs oc-
cur in a variable percentage (19–57%). Seizures are
unusual (1–16%). The frequency of cerebellar abnor-
malities (eg, incoordination, gait ataxia) varies greatly
in different series from 11%62 to 57%.65

Cranial nerve palsies are common in WNND, al-
though their exact frequency is difficult to ascertain
from published case series. Reports of cranial nerve in-
volvement in 11%62 of cases are likely an underesti-
mate. The seventh cranial nerve is most frequently in-
volved, producing unilateral or bilateral facial
weakness, which when bilateral may be synchronous or
sequential. Involvement of the eighth cranial nerve or
inner ear may account for frequent reports of dizziness,
vertigo, or the presence of nystagmus.61,63 Signs or
symptoms of brainstem or cranial nerve involvement,
or both, can include dysarthria9,65 and dysphagia.6 Un-
usual syndromes associated with WNV infection have
included opsoclonus-myoclonus65 and stiff-person syn-
drome.73

Abnormalities on the neurological examination par-
allel the symptoms described earlier. Patients frequently
have an altered mental status, cranial nerve abnormal-
ities as noted, and generalized weakness. Asymmetric
lower motor neuron weakness with preserved sensation
may occur in patients with AFP/poliomyelitis (see
later). Movement disorders can be either hyperkinetic
(eg, tremor, myoclonus) or hypokinetic (Parkinsonian
bradykinesia and rigidity). The tendon reflexes may be
reduced or hyperactive. Decreased or absent deep-
tendon reflexes have been reported in 3 to 94% of
cases.9,63 Conversely, hyperreflexia or extensor plantar
responses have been reported in 6 to 38% of cases.9,61

Incoordination suggestive of cerebellar involvement oc-
curs variably.

Despite the frequency of cognitive deficits in pa-
tients with WNND, mental status abnormalities have
not been comprehensively characterized. Some studies
emphasize the presence of either confusion8,63,64,66 or
change in level of consciousness.61,63,66 No studies of

acute infection have provided formal assessment of
mental status, and only one study reported Glasgow
Coma Scores.61

Among patients admitted to an acute rehabilitation
facility after WNV encephalitis who underwent neuro-
psychological testing,74 persisting cognitive deficits still
present at discharge included language/social commu-
nication deficits, memory impairment, executive dys-
function, and defects in attention and concentration
(all present in �65%). Approximately 25% of patients
had slowed processing speed. The pattern of cognitive
impairment resembled that seen in frontal subcortical
dementias, and deficits were significantly greater on the
frontal assessment battery than the MMSE. Neuropsy-
chiatric symptoms were found in greater than 75% and
included emotional dysregulation (depression, anxiety,
irritability) and psychomotor abnormalities (apathy, ag-
itation) resembling those seen in subcortical dementias
or human immunodeficiency virus encephalopathy.

In addition to cognitive impairment, patients with
encephalitis have a wide range of additional clinical
signs and symptoms that reflect the propensity of
WNV to involve areas as diverse as the cerebral cortex,
basal ganglia, brainstem, and spinal cord (see Table 1).
Visual problems in patients with WNND have become
increasingly recognized. Patients often describe blurry
vision, trouble seeing, and photophobia. Clinically re-
duced vision, active nongranulomatous uveitis, vitritis
multifocal chorioretinitis, and optic neuritis have all
been described.75,76 In one study of 29 consecutive pa-
tients with symptomatic WNV infection who under-
went complete funduscopic examinations and fluores-
cein angiography, 69% had abnormalities, including
intraretinal hemorrhages, focal retinal vascular sheath-
ing, retinal vascular leakage, and optic disc swelling.76

Acute Flaccid Paralysis/Poliomyelitis
WNV can infect neurons in the spinal cord, producing
true poliomyelitis77–80 (Fig 1). Patients experience de-
velopment of an AFP that may appear abruptly and
progress rapidly to result in asymmetric weakness that
involves one or more limbs, especially the legs.61,67,78–80

The weakness may develop concomitant with signs of
meningitis or encephalitis or develop several days after
their onset. Patients may report back or muscle pains
at or just before the onset of weakness. Areflexia or
hyporeflexia is common, and loss of bladder and bowel
function may develop. Some patients will develop re-
spiratory distress requiring intubation and mechanical
ventilation.78,79 Patients may experience subjective par-
esthesias in limbs, but objective sensory loss is rare.

WNV AFP results from viral infection and injury to
motor neurons in the anterior horns of the spinal cord.
Electrophysiological studies are consistent with injury
to anterior horn cells or anterior roots with absent or
minimal sensory abnormalities. After a few weeks,
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some patients note fasciculations in involved muscles
with later atrophy of involved muscles. Patients who
experience development of AFP are often considerably
younger than those who develop encephalitis.61,65,80

Overall, the incidence of flaccid limb weakness with
atrophy has been difficult to estimate, but is likely to
be at least 5 to 10% of patients developing neuroinva-
sive disease80 with an incidence of about 4 cases/
100,000 population during a WNV epidemic.80

West Nile–associated AFP must be distinguished
from reversible muscle weakness. The muscle weakness
may be initially severe and involves one or more limbs,
but it is typically transient and completely reversible
and not associated with fasciculations, muscle atrophy,
or electromyographic (EMG) changes suggesting de-
nervation.79 The cause of this transient weakness re-
mains unknown but may reflect mild myelitis with spi-
nal cord edema and transient anterior horn cell
dysfunction. WNV is also associated with a Guillain–
Barré–like involvement of peripheral nerves, although
true cases of Guillain–Barré–like syndrome appear to
be rare in comparison with cases of poliomyelitis.79,80

Laboratory Findings
CHEMISTRY AND HEMATOLOGY. Elevated white blood
cell counts (WBCs; �10,800/mm3) were reported in
about 40% of cases in a recent Israeli outbreak, and
several US series have reported mild elevations in mean
WBC (10,400–10,800/mm3).8,62 In one small series,
patients with meningitis had a higher mean WBC
(13,900/mm3) compared with those with AFP
(11,800/mm3) and encephalitis (7,600/mm3).61 WBCs
greater than 20,000/mm3 are not usually seen.61,62

Prolonged lymphocytopenia has been described,81 and
thrombocytopenia (�135,000/mm3) occurs in 15%.66

Mild depression of hemoglobin (Male � 13.5gm/dl;
Female � 12gm/dl) was reported in 41% of cases in
an Israeli outbreak.66 Hyponatremia (�135mM/L) is
seen in 33 to 50% of patients.62,64,66 Abnormal liver
function tests (aspartate aminotransferase, alanine ami-
notransferase, alkaline phosphatase, bilirubin) occur in
up to 21 to 24% of patients.62,66 Elevated creatine ki-
nase levels also can occur.67,82 In one small series, 65%
of patients were reported to have transiently elevated
serum lipase levels, with 24% having levels more than
two times normal. None of the patients had signs or
symptoms of pancreatitis.83

CEREBROSPINAL FLUID. CSF findings in a large series
(250 cases) of serologically confirmed WNND recently
have been described.84 Ninety-seven percent of patients
with meningitis had a CSF pleocytosis (�5 cells/mm3)
with a mean cell count of 226/mm3. Results were
nearly identical in patients with encephalitis, with 95%
having a pleocytosis with a mean cell count of 227/
mm3. Forty-eight percent of meningitis and 41% of
encephalitis cases had a neutrophil predominance on
their initial CSF examination. Among all patients, the
mean percentage of neutrophils was 45% for meningi-
tis and 41% for encephalitis cases. A glucose level less
than 40mg/dl was seen in only 1 of 238 cases. Ninety
percent of meningitis and 99% of encephalitis patients
had elevated protein levels (�40mg/dl), with a mean
value of 76mg/dl in meningitis and 101mg/dl in en-
cephalitis cases. In smaller series, the mean cell count has
ranged between 24 and 566 cells/mm3 and mean pro-
tein concentration between 57 and 126mg/dl.8,9,61–63,67

Cells resembling plasma85 and Mollaret cells67,86 have
been found in CSF (Fig 2).

Virological and Serological Tests for Diagnosis
WNV infection can be diagnosed by virus isolation, by
detection of viral nucleic acid or antigens, or by serol-
ogy (Table 2, Fig 3). Virus isolation is rarely performed
due to biosafety issues. Detection of viral nucleic acid
has been extremely useful in screening donated blood
products for potential WNV infection (see earlier). Se-
rum nucleic acid amplification tests are of only limited
utility in diagnosis of WNND, because viremia is typ-
ically over at the onset of symptomatic CNS disease.
Less than 15% of blood samples from patients with
WNND are polymerase chain reaction–positive.87 In
patients with WNND, CSF polymerase chain reaction
is 100% specific but relatively insensitive (57–70%)
compared with detection of WNV IgM in CSF.87

Diagnosis of WNND typically is based on detection
of WNV-specific antibodies in serum, CSF, or both
using commercially available enzyme-linked immu-
nosorbent assays88 (see Table 2, Fig 3). WNV enzyme-
linked immunosorbent assays can detect heterologous
cross-reacting antibodies resulting from infection with

Fig 1. Anterior horn of the spinal cord (Luxol fast blue–peri-
odic acid–Schiff stain) showing virtually complete destruction
of the anterior horn in a patient with West Nile virus acute
flaccid paralysis. Original magnification 
40.

292 Annals of Neurology Vol 60 No 3 September 2006



other flaviviruses, including St Louis encephalitis, Jap-
anese encephalitis, dengue 2, yellow fever, and Powas-
san viruses.88 In addition, individuals recently vacci-
nated with yellow fever or Japanese encephalitis
vaccines may develop WNV cross-reacting antibodies.
It may be necessary to confirm positive enzyme-linked
immunosorbent assay tests by plaque reduction neu-
tralization
assays (performed by many state public health labora-
tories and the CDC) for definitive diagnosis to exclude
cross-reactions.

The kinetics of CSF WNV IgM and IgG responses
have not been completely characterized. Immunosup-
pressed patients may exhibit delayed serum or CSF se-
roconversion, or both.30 False-positive serum WNV
IgM antibody tests can occur in patients with rheuma-
toid factor or other inflammatory processes.88 WNV
IgM may occasionally appear in CSF before serum in
patients with WNND.89,90 The cumulative percentage
of patients who are seropositive increases by approxi-
mately 10% per day during the first week of illness,90

and specimens obtained early after onset may need to
be repeated to avoid misdiagnosis. In one study,90 the
relative frequency of IgG and IgM antibodies was ex-
amined as a function of time after illness onset. Fifty-
eight percent of seropositive CSF specimens and 51%
of seropositive serum specimens obtained at days 2 to 7
of illness had WNV IgM but not IgG (the remainder
were IgG� and IgM�). During days 8 to 20 of illness,
98% of seropositive serum specimens have both WNV
IgG and IgM. Fifty-one percent of seropositive speci-
mens obtained at days 21 to 98 of illness were IgG-

positive and IgM-positive, 41% were IgG-positive but
IgM-negative, and only about 1% were IgM-positive
but IgG-negative.90

Serum WNV IgM may persist for more than 2
months in more than 50% of patients, although titers
decline over time.90 In one small study, 7 of 12 pa-
tients with WNV encephalitis still had IgM antibody
detectable at more than 500 days after onset of ill-
ness.91 Because of persistence of IgM antibody even in
asymptomatic individuals, it may be necessary to dem-
onstrate an increase in IgG antibodies between acute
and convalescent sera or obtain sequential paired IgG
and IgM serum and/or CSF serology to unequivocally
establish acute infection.

Electrodiagnosis
Seizures, including rare cases of status epilepticus, are
reported in less than 10% of cases of WNND.8,9,63,67

Despite the rarity of clinical seizures, electroencephalo-
graphic abnormalities have been reported in 57 to 86%
of cases.9,61–63,65,92 In one selected series of 13 hospi-
talized patients with WNND, the electroencephalo-
gram was abnormal in 85% (11/13), with the most
common abnormalities being generalized slowing with
anterior (n 	 8) or temporal (n 	 2) prominence and
intermittent temporal slowing (n 	 1).92 In another
small series, electroencephalographic abnormalities
were found in 57% of cases (4/7), with the most com-
mon patterns being generalized slowing with anterior
or temporal predominance.8 In a third small series of
seven patients with encephalitis, diffuse, irregular slow
waves were noted in 86%, and one patient each had
electrographic seizures and focal sharp waves.61

EMG and nerve conduction velocity studies are ab-

Fig 2. Cerebrospinal fluid cytospin preparation (Wright–Gi-
emsa stain) from a patient with West Nile virus meningoen-
cephalitis showing the wide variety of cells that can be seen,
including neutrophils, lymphocytes, small mononuclear cells
with a plasmacytoid appearance, and larger mononuclear cells.

Fig 3. Schematic of typical time course for development of
West Nile virus (WNV) IgG and IgM antibodies in humans
after WNV infection. (Courtesy CDC’s Arbovirus Disease
Branch, Diagnostic and Reference Laboratory, Fort Collins,
CO).
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normal in patients with myelitis. During the first 2
weeks after onset, patients may have normal studies;
subsequently, signs of denervation including fibrilla-
tions and positive sharp waves are found that predom-
inate in the weakest muscles.79,93–95 Compound mus-
cle action potential amplitudes are decreased and
parallel the location and severity of weakness. There is

no motor nerve conduction block, although motor
conduction velocities may be slowed in patients with
significant reduction in compound muscle action po-
tential amplitudes. Sensory nerve action potentials are
normal. EMG results show reduced recruitment in in-
volved muscles, as well as signs of denervation (fibril-
lation potentials, positive sharp waves). Studies months

Table 2. Criteria for Clinical and Definite Diagnoses of West Nile Neuroinvasive Disease

Possible Clinical Diagnosis of West Nile Neuroinvasive Disease (before serology results available)
Requirements: 1, 2, 3 (A, B, or C), 5 with 4 supportive

New onset of:
1. Fever �38°C or subjective fever by patient when temperature never taken
2. Acute systemic symptoms (�1 lasting � 48 hours)

Headache
Nausea or vomiting
Myalgias
Transient erythematosus maculopapular rash

3. Acute neurological signs and symptoms (A, B, or C required)
A. Altered mental status for �48 hours (�1 below are required)

Marked lethargy that often incapacitates the individual
Delirium or agitation
Marked disorientation or confusion that often incapacitates the individual
Profound sleepiness (sleeping all day for �2 days)
Stupor or coma

B. Brainstem or spinal cord signs that persist �48 hours (�1 below are required)
Cranial nerve palsies
Myelitis

i. New focal weakness in one or more limbs that is not due to arthritis or limb pains lasting � 48 hours
ii. Respiratory failure requiring intubation that is not solely due to pneumonia

iii. Electromyographic evidence of recent denervation in more than one nerve root
C. Cerebrospinal fluid (CSF) (all required if examined)

Pleocytosis (rarely may be absent if lumbar puncture performed within first 2 days of central nervous system symptoms)
Cerebrospinal fluid IgM antibody for West Nile virus
Negative cultures for bacteria and negative Gram stain (if mycobacterial, fungal, or viral cultures were done, they

should be negative)
4. Supportive criteria

A. Focal neurological signs of acute onset (�1 desired but not required)
Hemiparesis
Visual field loss or chorioretinitis
Hyperactive deep-tendon reflexes or Babinski sign
Seizure
Tremor or myoclonus
Bradykinesia, spasticity, or rigidity
Photophobia
Severe generalized weakness and fatigue that keeps patient in bed

B. Mosquitoes as vector (1 desired unless patient received transfusion or transplant organ)
Positive West Nile virus (WNV) mosquito pools or infected horses in region within past 3 weeks or
Recent cases of acute WNV infection in region or
Travel within past 3 weeks to regions with positive WNV mosquito pools or cases of WNV infection

5. Exclusion criteria (required)
Underlying dementia, congestive heart failure, or chronic obstructive pulmonary disease that could cause altered mental

status and no known other neurological disease that could cause the neurological signs
Definite or Confirmed Diagnosis of West Nile Neuroinvasive Disease

Above criteria plus WNV serology/virology (A and B plus/or C or D)
A. Demonstration of WNV IgM antibody in serum without vaccination with yellow fever or Japanese B viral vaccines in

past 5 years or recent infection with other flavivirus, such as St Louis encephalitis virus. Note: If WNV has occurred
in region in prior years, criterion B is needed because previously infected individuals may have prolonged persistence of
IgM in serum.

B. Fourfold or greater increase in serum WNV IgG or IgM antibody titer between acute and convalescent samples taken
10 to 28 days apart.

C. Demonstration of WNV IgM antibody in CSF
D. Identification of WNV in CSF by viral culture or of WNV nucleic acid by polymerase chain reaction
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to years after illness show evidence of collateral sprout-
ing with reduced numbers of large-amplitude, long-
duration polyphasic motor unit action potentials.94

Neuroimaging
Neuroimaging studies are frequently normal in patients
with WNND. Cranial computed tomography abnor-
malities are not seen in patients with WNND.9,61,63,67

Surprisingly, magnetic resonance imaging (MRI) is also
relatively insensitive, and abnormalities are reported in
only 20 to 70% of patients with acute WNND, the
variability depending, in part, on the timing and na-
ture of the imaging sequences used.61,63,67,96,97 In one
recent series, 29% (5/17) of patients had completely
normal studies and an additional 24% (4/17) had ab-
normalities seen only on diffusion-weighted imaging.97

Although not studied systematically, the frequency of
lesions identified by MRI appears to increase over the
first week of illness, and late studies may show abnor-
malities not identified acutely. Lesions, when present,
typically are hyperintense on T2-weighted and fluid-
attenuated inversion recovery images and of normal in-
tensity and nonenhancing on T1-weighted images67,96

(Fig 4). Restricted water diffusion may be seen on
diffusion-weighted images in up to 50% of patients97

and can assist in confirmation of subtle abnormalities
seen on T2- or fluid-attenuated inversion recovery se-
quences.67,96,97 When present, lesions have a predilec-
tion for deep gray matter structures including the basal
ganglia and thalami, as well as the brainstem and cer-
ebellum.61,96,97 Some patients with parkinsonism have
had striking abnormalities in the substantia nigra.
Periventricular hyperintensity also has been reported in
6 to 14% of cases.62,63 In one retrospective review of
17 WNV cases, 5 of 8 cases with MRI abnormalities
had involvement of the mesial temporal lobes(s), and
in 3 cases, it was an isolated abnormality.96 Cerebral
leptomeningeal enhancement on MRI has been re-
ported in 6 to 31% of cases.9,62,63,96,97

MRI abnormalities involving the anterior horns and
anterior roots have been reported in some patients with
WNV-associated AFP, although neuroimaging studies
are commonly normal.65,67,78,96–98 In some patients,
there is gadolinium enhancement of the conus med-
ullaris, cauda equine, or both.61,67,78,96,97

Neuropathology
The gross appearance of the brain is normal in patients
with WNND. Microscopically, almost all patients with
encephalitis are found to have glial nodules, perivascu-
lar cuffing with mononuclear cells, and a variable de-
gree of neuronal loss.33 Neuronophagia and, rarely, fo-
cal areas of brain necrosis occasionally can be
seen.33,99,100 In a review of 23 autopsy cases, inflam-
mation was noted in the brainstem in 100% (20/20),
in the cortex in 69% (11/16), and in the cerebellum in

60% (6/10). The severity of inflammation was also
typically greater in brainstem compared with cortex or
cerebellum.33 Inflammatory changes were also found in
all (17/17) spinal cords examined.33 Within the spinal
cord, inflammatory changes were more prominent in
the anterior horn in 53% and equal in anterior and
posterior horns in 47%.33 Twenty-two percent of pa-
tients had lymphocytic infiltrates involving cranial or
spinal nerves.33 CD8� T cells predominated in the pa-
renchymal and glial nodules and CD20� B cells in
perivascular cuffs.64,101

WNV antigen was detected by immunohistochemis-
try in only 60% of brainstem, 12.5% of cortex, and
41% of spinal cords examined,33 and was often focal
and sparse when found. The intensity of antigen stain-
ing was maximal in patients dying during the first
week of encephalitis, but positive staining was seen as
late as 3 weeks after onset in two patients who were
immunosuppressed.33 In contrast with neurons, glial

Fig 4. Magnetic resonance images at day 6 of illness from a
patient with West Nile virus (WNV) encephalitis showing
increased signal (representing restricted diffusion confirmed by
apparent diffusion coefficient maps) in the thalamus (A) and
substantia nigra (B).
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cells only rarely contain detectable WNV antigen, and
endothelial and meningeal cells are antigen-negative.

Prognosis and Outcome
Patients with WNND often experience prolonged re-
covery times from both constitutional and neurological
symptoms. In one study, patients were interviewed 5 to
6 months after symptoms, and they reported it took 60
days (median) to return to normal.102 Fifty-three per-
cent of those surveyed reported difficulty concentrating
for 2 weeks post-infection (median). Telephone inter-
views of patients infected during the New York City
outbreak in 1999 indicated that only 37% had
achieved a full recovery at 1 year after illness.103

Younger patients tended to make better recoveries than
older ones.103 Physical sequelae found to be signifi-
cantly more prevalent at 1 year after infection com-
pared with before infection baseline included: fatigue
(64%), muscle weakness (56%), insomnia (47%), dif-
ficulty walking (42%), muscle pain (39%), and head-
ache (36%). Cognitive sequelae at 1 year included:
memory loss (44%), depression (44%), irritability
(39%), lightheadedness (37%), loss of concentration
(33%), and confusion (31%). These physical and cog-
nitive signs and symptoms impacted on activities of
daily living. About 30 to 56% of patients reported im-
pairments in ability to shop, prepare meals, do laundry
and housekeeping, and use transportation.103

In the study of 15 surviving patients with
WNND,61 at 8 months after infection, 73% (11/15)
were home and functioning independently, 20%
(3/15) were home but dependent on assistance, and
7% (1/15) remained in rehabilitation. Surprisingly, the
severity of initial illness did not correlate well with out-
come, and five of seven cases with severe encephalitis
(Glasgow Coma Score � 12) returned to their premor-
bid functional level. In general, recovery occurred
within 4 months of illness. Persistent symptoms were
common among the WNND patients and included fa-
tigue (67%), cognitive difficulties (27%), myalgia
(13%), and headache (13%). Neurological examination
was normal at 8 months in all five patients with men-
ingitis. The three patients with AFP showed no im-
provement in limb weakness and remained wheelchair
dependent for ambulation. Parkinsonism was still
present at 8 months in 45% (5/11) and tremor in 33%
(5/15) of patients in whom it was initially noted. Two
of five patients had persisting myoclonus.

In a large series of 221 hospitalized patients from
Colorado in 2003, 18% of encephalitis patients died,
46% were discharged to rehabilitation or long-term
care facilities, 15% returned home with assistance, and
20% returned home with no assistance.71 Results were
significantly better in the meningitis group, in which
there were no deaths, 9% of patients were discharged
to rehabilitation or long-term care facilities, 11% re-

turned home with assistance, and 80% returned home
with no assistance.71 Risk factors for fatal outcome in
patients with encephalitis included intubation (OR,
12.7; range, 1.2–139), previous stroke (OR, 42.7;
range, 2.4–756), immunosuppression (OR, 26.5;
range, 3–234), and age 50 years or older (OR of 1.14
for each year over age 50; range, 1.02–1.29).71

One recent series reviewed outcome in 11 patients
with AFP.104 The degree of motor recovery at 18
months after illness was quite variable. Improvement
correlated with motor unit number estimation
(MUNE), as determined on initial EMG study. Pa-
tients with more than 50% of normal MUNE made
better recoveries than those with less than 50%. Inter-
estingly, MUNE did not always correlate with degree
of acute clinical weakness, and patients with severe
weakness but preserved MUNE had a generally good
prognosis for recovery.104

The severity of MRI abnormalities may also predict
outcome. Patients with normal studies or lesions seen
only on diffusion-weighted imaging sequences appear
to have a higher likelihood of full recovery than those
with abnormalities seen on T1- and T2-weighted and
fluid-attenuated inversion recovery sequences.97

Treatment
Currently, there is no treatment of proven efficacy for
WNV infection. In murine models of WNV, IFN
treatment reduced mortality when administered before
viral challenge, but not when given 2 days after infec-
tion.105 Human studies with IFN treatment of WNV
infection are limited. Two patients with chronic hepa-
titis C infection developed WNF despite receiving
IFN-�2b and ribavirin for treatment of their chronic
hepatitis C.106 Noncontrolled and nonblinded anec-
dotal reports of treatment65,66,107 include examples of
both improvement and no benefit in patients receiving
IFN-�2b. A randomized, double-blind, clinical trial of
IFN-�-n3 (alferon; 3 million units administered intra-
venously once, then subcutaneously every day for 7
days) for treatment of WNV meningoencephalitis has
been initiated,108 although accrual has been limited.

Ribavirin, a guanosine analogue, inhibits WNV rep-
lication and cytopathic effect in tissue culture.51,109

However, WNV infection has developed in patients
being treated with ribavirin for hepatitis C.106 In a
noncontrolled, nonrandomized trial during an out-
break of WNV infection in Israel in 2000,66 mortality
was 41% (15/37) in patients receiving ribavirin com-
pared with 10% (18/178) among those not receiving
ribavirin (OR of 6.7 for death; p � 0.0001), although
this negative result may have been biased by selection
of more seriously ill patients for treatment.

Both polyclonal antisera and monoclonal antibodies
directed against the WNV envelope glycoprotein can
protect mice against WNV encephalitis.32,39,46,110–112
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Protection also occurs in mice after passive transfer of
human intravenous immunoglobulin containing high
titers of anti-WNV antibody.111 In murine models of
WNV infection, protection depends on the dose, fre-
quency of administration, and timing of antibody
treatment. Protection is maximal when antibody is
given before virus has reached the CNS, although some
protection still occurs even after the virus has entered
the CNS.112 An intravenous immunoglobulin from Is-
rael (Omr-IgG-am) contains high titers of anti-WNV
IgG and has been reported to be of benefit in treat-
ment of WNV encephalitis in some,112–114 but not
all,115 noncontrolled, nonblinded case reports. These
studies prompted the National Institutes of Health/
Collaborative Antiviral Study Group (CASG) to insti-
tute a phase I/II multicenter, randomized, double-
blind, placebo-controlled trial (CASG 210) of the
safety and efficacy of Omr-IgG-am in treatment of
WNV encephalitis and myelitis. Enrollment in the trial
began in September 2003 and will be finished in 2006.

The role, if any, for steroid treatment in patients
with WNV infection is unknown. There is one case
report of a patient with AFP who improved after treat-
ment with intravenous methylprednisolone (500mg qd
for 4 days).116

Antisense oligomers that bind to WNV RNA can
inhibit the translation of viral proteins and viral RNA
replication. Small, interfering RNA directed against
WNV envelope protein sequences afforded partial pro-
tection to mice when injected intravenously 24 hours
before viral challenge, but not when injected 24 hours
after viral challenge.117 A proprietary WNV antisense
oligomer (AVI-4020; AVI BioPharma, Portland, OR;
see the AVI BioPharma Web site for more informa-
tion: http://www.avibio.com)118 has undergone phase I
safety evaluation in a group of nine WNV-infected pa-
tients, with no reports of significant toxicity and effi-
cacy (phase II) trials planned.

Prevention of West Nile Virus Infection
Prevention of WNV infection involves reduction in
risk for exposure to infected mosquitoes both through
personal protection and community-wide mosquito
eradication measures. Personal protection includes re-
ducing outdoor exposure time during peak mosquito
biting periods at dusk and dawn, using mosquito re-
pellent when outdoors for more than 30 minutes, and
covering exposed skin. Personal protective measures
can reduce the risk for WNV infection during an epi-
demic by 50%.119 N,N-diethyl-m-toluamide (DEET)
and picaridin applied to exposed skin are effective and
relatively nontoxic mosquito deterrents. Unfortunately,
utilization of personal protection is suboptimal despite
intensive publicity during WNV outbreaks.119

Two WNV vaccines have been approved for equine
use.120,121 Vaccines under development and testing in

humans include inactivated subunit vaccines; attenu-
ated WNV vaccines; chimeric vaccines based on vac-
cine strains of YFV, dengue, measles, or canarypoxvi-
rus; and naked DNA vaccines.122–126 Chimeric
vaccines typically contain the WNV genes encoding
the E and PrM/M proteins inserted into a vaccine virus
genome. A chimeric WNV/dengue vaccine was shown
to protect rhesus monkeys against WNV challenge.125

A randomized, double-blind, placebo-controlled phase
II trial in 200 subjects of a chimeric vaccine
(ChimeriVax-West Nile) constructed from the YFV
17D vaccine strain and containing WNV prM/E genes
was recently initiated after phase I safety and immuno-
genicity studies found the vaccine to be safe and to
generate detectable WNV antibody titers in greater
than 96% of immunized subjects by 28 days after im-
munization.127 A phase I trial of a chimeric dengue
4-WNV vaccine also has been initiated.128

Chronic/Persistent and Postinfectious Immune-
Mediated West Nile Virus Central Nervous
System Disease
WNV can persist in the brains of infected monkeys
who recovered from encephalitis for 5 to 6 months af-
ter peripheral inoculation, even in the absence of clin-
ically overt illness.129 Brain tissue and CSF from fatal
WNV cases has contained virus even 3 weeks after
acute infection,33 and in one immunocompromised pa-
tient, virus RNA and antigens were detectable at au-
topsy 99 days after illness onset.130 To date, there are
no proven cases of chronic or relapsing WNV CNS
disease in immunocompetent individuals, nor are there
definitive cases of WNV-associated postinfectious
immune-mediated encephalomyelitis.
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Recent reports of functional impairment in the ‘unaffected’ limb of stroke patients have suggested that these
deficits vary with the side of lesion.This not only supports the idea that the ipsilateral hemisphere contributes to
arm movements, but also implies that such contributions are lateralized. We have previously suggested that
the left and right hemispheres are specialized for controlling different features of movement. In reaching
movements, the non-dominant arm appears better adapted for achieving accurate final positions and the
dominant arm for specifying initial trajectory features, such as movement direction and peak acceleration.
The purpose of this study was to determine whether different features of control could characterize ipsilesional
motor deficits following stroke. Healthy control subjects and patients with either left- or right-hemisphere
damage performed targeted single-joint elbow movements of different amplitudes in their ipsilateral hemi-
space. We predicted that left-hemisphere damage would produce deficits in specification of initial trajectory
features, while right-hemisphere damage would produce deficits in final position accuracy. Consistent with our
predictions, patients with left, but not right, hemisphere damage showed reduced modulation of acceleration
amplitude. However, patients with right, but not left, hemisphere damage showed significantly larger errors
in final position, which corresponded to reduced modulation of acceleration duration. Neither patient group
differed from controls in terms of movement speed. Instead, the mechanisms by which speed was specified,
through modulation of acceleration amplitude and modulation of acceleration duration, appeared to be differ-
entially affected by left- and right-hemisphere damage. These findings support the idea that each hemisphere
contributes differentially to the control of initial trajectory and final position, and that ipsilesional deficits
following stroke reflect this lateralization in control.
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Introduction
While contralateral motor deficits are common following
stroke, a number of studies have also revealed more subtle
ipsilateral motor deficits that emerge acutely (Jones et al.,
1989; Yelnik et al., 1996; Sunderland et al., 1999) and
persist chronically (Winstein and Pohl, 1995; Carey et al.,
1998; Sunderland, 2000; Haaland et al., 2004; Yarosh et al.,
2004; Wetter et al., 2005). These deficits likely reflect the
fact that both hemispheres contribute to unilateral
limb movements, an interpretation supported by neural
activation studies in humans (Kawashima et al., 1994;
Dassonville et al., 1997; Kawashima et al., 1998) and by
electrophysiology in other animals (Tanji et al., 1988;

Donchin et al., 2002; Cisek et al., 2003). It should be noted
that the contribution of ipsilateral cortex to unilateral
movement does not appear to be symmetric (Kawashima
et al., 1993; Kim et al., 1993; Verstynen et al., 2005), which
suggests that ipsilesional deficits following unilateral brain
damage might also vary with lesion side.

Some previous studies have shown that damage to the
left hemisphere selectively impairs the acceleration phase of

motion, while right hemisphere damage might selectively

impair the deceleration phase (Fisk and Goodale, 1988;

Haaland and Harrington, 1989a; Winstein and Pohl, 1995).

This has led to the idea that the left and right hemispheres

may be differentially specialized for ‘open- and closed-loop
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processing,’ respectively. However, Haaland et al. (2004)
recently challenged this notion by failing to show deficits in
visual-based movement corrections in patients with right-
hemisphere damage. In addition, studies using clinical
measures of motor performance, such as the Jebsen–Taylor
Hand Function Test, have reported that functional ipsile-
sional deficits do not vary with the side of lesion
(Desrosiers et al., 1996; Wetter et al., 2005). It may be
that describing hemispheric specialization as lateralization
of open- and closed-loop sensorimotor processes may be
too general of an approach to effectively characterize
ipsilesional motor deficits following stroke.
We have recently reported systematic interlimb differ-

ences in specific trajectory features, as well as in the final
position accuracies of reaching movements made by healthy
young right-handers. These studies showed differences
between the dominant and non-dominant arms in the
coordination of intersegmental dynamics, adaptation to
novel inertial configurations, and achieving stable final
positions, even in the presence of unexpected perturbations
(Sainburg and Kalakanis, 2000; Bagesteiro and Sainburg,
2002; Sainburg and Wang, 2002; Bagesteiro and Sainburg,
2003). Our findings have led to the proposal that each
hemisphere might be specialized for controlling different
features of movement (Sainburg, 2002, 2005). More specif-
ically, we hypothesize that the left (dominant) hemisphere
has become better adapted for anticipating aspects of limb
and task dynamics that are required for efficient coordina-
tion. We also propose that the right (non-dominant)
hemisphere may be better adapted for specifying and
achieving steady-state positions through impedance control
mechanisms (Gribble and Ostry, 2000).
We have previously reported advantages in dominant arm

performance for some tasks and advantages in non-dominant
arm performance for different tasks. However, more recently
we have reported single tasks for which each limb displays
advantages for different aspects of performance. For example,
during adaptation to novel inertial conditions, the dominant
arm shows faster improvements in initial trajectory direction,
while the non-dominant arm shows faster improvements
in final position accuracy (Duff and Sainburg, 2006).
In addition, we recently reported distinct differences in the
mechanisms by which each limb achieves different amplitude
movements during a targeted single-joint task (Sainburg and
Schaefer, 2004). While both arms moved with similar speeds
and accuracies, the acceleration profiles, which vary directly
with joint torque profiles, were different between the arms.
The dominant arm varied initial torque amplitude with
movement distance, while the non-dominant arm primarily
varied torque duration. Peak torque, which occurred within
the first 50 ms of movement, has been shown to reflect the
amplitude of initial agonist electromyography (EMG), and is
specified prior to movement (Lestienne, 1979; Cooke and
Brown, 1990). In contrast, torque duration has been shown to
reflect the shift from agonist to antagonist muscle activities
(Lestienne, 1979; Cooke and Brown, 1990) and can be

substantially modified by sensory events occurring early
in movement (Brown and Cooke, 1981b). Our interpre-
tation of these results was that each arm relied differently
on each of these processes in order to control movement
distance.

These separate features of control have previously been
attributed to distinct mechanisms. In an isometric elbow
joint task, Gordon and Ghez reported that peak rate of
force production and the amplitude of initial agonist EMG
varied systematically with the amplitude of force targets
(Gordon and Ghez, 1987a). However, force rise-time,
which corresponded to the onset of antagonist EMG,
varied inversely with peak rate of force production within
a given target amplitude (Gordon and Ghez, 1987b). This
suggested that force rise-time (duration) compensated for
incorrect scaling of peak force rate, in order to achieve
accurate steady-state force levels. The authors speculated
that initial rate of force was preprogrammed, while
compensatory adjustments in force rise-time depended on
information about the initial force profile. Thus, during
single-joint movements, modulation of torque duration
appears to be essential for achieving accuracy relative to
a target. Likewise, Brown and Cooke (1981a) used targeted
elbow joint movements to demonstrate that the amplitude
of initial agonist EMG scales with movement distance,
but is resistant to peripheral sensory input, such as
unexpected forces prior to movement. In contrast, the
duration of agonist EMG is extensively modified by
peripheral sensory influences, such as mechanical perturba-
tions (Brown and Cooke, 1981b). This suggests that the
amplitude and timing of muscle activities reflect indepen-
dent control mechanisms (Cooke and Brown, 1990).

Our previous findings in healthy young subjects suggest
that the mechanisms that underlie control of movement
distance during targeted elbow joint movements are
lateralized (Sainburg and Schaefer, 2004). Whereas the
dominant arm specifies movement distance primarily by
varying the amplitude of initial torque, the non-dominant
arm does so primarily by varying torque duration. In both
cases, movement velocity and distance were similar between
the limbs, indicating that both control strategies were
equally effective in achieving the performance criterion
of the experimental task. We now employ this task to
examine whether sensorimotor stroke will differentially
affect specification of torque amplitude or of torque
duration in the ipsilesional arm, depending on the hemi-
sphere that is damaged. We will test two hypotheses:
(i) Anticipatory modulation of torque amplitude reflects
a dominant hemisphere specialization for controlling limb
dynamics, while modulation of torque duration reflects
non-dominant hemisphere advantages in controlling final
limb position; (ii) Each hemisphere contributes to the
control of the ipsilateral limb, and therefore sensorimotor
stroke results in predictable deficits in the ipsilesional arms.
Because tangential hand acceleration is linearly related to
joint torque during single-joint movements, this task allows
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us to quantify tangential acceleration in order to examine
control strategy. We predict that left-hemisphere damage
will produce reductions in modulation of initial accelera-
tion amplitude, relative to age-matched controls, while
right-hemisphere damage will produce reductions in modu-
lation of acceleration duration. Because acceleration
duration has been shown to reflect compensations for
errors in acceleration amplitude, we expect that right-
hemisphere damage will also result in greater errors in final
position.

Materials and methods
Participants
Ten male right-handed hemiparetic stroke patients and 16 male
right-handed healthy control subjects were examined after
obtaining approval from the Human Research and Review
Committee of the University of New Mexico School of Medicine
and informed consent from each participant, according to the
Declaration of Helsinki. All subjects were screened and excluded
based on history of (i) substance abuse and/or psychiatric
diagnosis; (ii) non-stroke neurological diseases for the stroke
patients and all neurological diagnoses for the control subjects;
and (iii) peripheral movement restrictions, such as neuropathy or
orthopaedic disorders. Five stroke patients had left-hemisphere
damage, and five patients had right-hemisphere damage. All stroke
patients completed the experiment with their ipsilesional arm.
All stroke patients were hemiparetic in the contralesional arm,
as defined by a contralesional grip strength 1.5 standard deviations
below normal and at least 1.5 SDs less than ipsilesional grip
strength using a hand dynamometer. Additional measures of
hemiparesis (Fugl-Meyer et al., 1975), language comprehension
(Kertesz, 1982) and limb apraxia (Haaland and Flaherty, 1984)
were also used. Sixteen age- and education-matched healthy
control subjects completed the experiment with their left arm
(n¼ 8) or right arm (n¼ 8).

MRIs (Phillips Edge 1.5 tesla scanner) were obtained in 9 of the

10 stroke patients with slice thickness of 5mm and a slice gap

of 1mm. One patient had a CT scan (Phillips PQ 6000 scanner)

with slice thickness of 8mm and no gaps between slices. A board-

certified neurologist, who was blinded to the behavioural

characteristics of the patients, outlined the area of damage for

each patient on 11 standardized horizontal sections derived from

the DeArmond atlas (DeArmond et al., 1989) using T1-weighted

MRI images for anatomical detail and T2-weighted images to

specify borders of the damaged tissue (Fig. 1). These tracings were

retraced on a digitizing tablet for input into a computer program

that used an algorithm to calculate lesion volume and location

within each hemisphere (Frey et al., 1987). This information was

used to ensure comparable lesion size and intrahemispheric

location between the two stroke groups.
Table 1 summarizes the characteristics of each subject group.

Age and education were similar across groups (age: P¼ 0.11;

education: P¼ 0.26). Patients with left or right-hemisphere damage

did not significantly differ in number of years post stroke (P¼ 0.61),

lesion volume (P¼ 0.41), limb apraxia (P¼ 0.53), auditory

comprehension (P¼ 0.17) or degree of hemiparesis based on

contralesional grip strength (P¼ 0.52) or Fugl–Meyer score

(P¼ 0.33). All patients had strokes in the middle cerebral artery

distribution. Figure 1 shows that there was cortical and/or

subcortical damage to the motor system. All patients with left

hemisphere damage had damage in the internal capsule, basal

ganglia, and some part of the insula (yellow), while 3 of these

5 patients had damage in Brodmann areas 6, 4, 3, 1, and 2 (red).

The two patients who did not have damage in areas 4 and 6

had damage in the internal capsule. Four of the five right-

hemisphere-damaged patients had damage in the insula and the

same Brodmann areas as the left-hemisphere-damaged group.

The one right-hemisphere-damaged patient who did not have

damage in these regions had damage in the internal capsule.

Four of the five patients in both left- and right-hemisphere-damaged

groups also had damage in the supramarginal gyrus (area 40)

inferior to the intraparietal sulcus.

Fig. 1 Lesion locations based on tracing lesions from MRI or CT scans were superimposed on axial slices, separately for left-hemisphere-
(displayed on left) and right-hemisphere-damaged (displayed on right) patients. Colors of shaded regions denote percentage (20, 40, 60, 80
or 100%) of left- and right-hemisphere-damaged patients with lesion in the corresponding area.
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Experimental setup
Figure 2A illustrates the experimental setup. Participants sat facing

a projection screen with either their left or right arm supported

over a horizontal surface by an air-jet system to reduce the effects

of friction and gravity. The arm was positioned just below

shoulder height. The start circle, a target, and a cursor that

represented finger position were projected on a horizontal back-

projection screen positioned above the arm, with a horizontal

mirror positioned below this screen. The mirror reflected the

visual display to give the illusion that the display was in the same

horizontal plane as the fingertip. Calibration of the display assured

that this projection was veridical.
All joints distal to the elbow were immobilized using an

adjustable brace. Position and orientation of the segments

proximal and distal to the elbow joint were sampled using

a Flock of Birds (FoB)� (Ascension-Technology) magnetic six-

degree-of-freedom (6-DOF) movement recording system. A single

sensor was attached to the upper-arm segment via an adjustable

plastic cuff, while another sensor was fixed to the air sled where

the forearm was fitted. The sensors were positioned approximately

at the centre of each arm segment. The 3-D positions of the

following three bony landmarks were digitized using a stylus that

was rigidly attached to a FoB sensor: (i) index finger tip; (ii) the

lateral epicondyle of the humerus; (iii) the acromion, directly

posterior to the acromio-clavicular joint. The 3-D position of the

finger tip was projected into the plane of the display in order to

drive the cursor position. Screen redrawing occurred fast enough

to maintain the cursor on the fingertip throughout the sampled

arm movements. Digital data were collected at 103Hz using

a Macintosh computer, which controlled the sensors through

separated serial ports, and stored on disk for further analysis. The

data were digitally resampled at 100 Hz for analysis. Custom

computer algorithms for experiment control and data analysis

were written in REAL BASICTM (REAL Software, Inc.), C and

IgorProTM (Wavemetric, Inc.).

Experimental task
All targets were 2.5 cm in diameter, and the target locations were

determined according to subjects’ shoulder and elbow angles, and

were unique for each subject. For all subjects, the upper arm was

positioned at 20�, and stabilized by a brace attached to

the table (Fig. 2B). The starting elbow angle was 80�, while the

targets were placed at the fingertip locations that corresponded to

elbow angles of 95 and 125�, respectively. Therefore, the targets

required 15 and 45� of elbow extension, respectively. Although

target positions were individually set for each subject according to

elbow angles, the average Euclidean distances were 7 and 30 cm,

respectively. These target distances were similar to those in our

previous study in young healthy subjects (Sainburg and Schaefer,

2004) in order to systematically vary velocity and distance of the

hand in the mid-range of elbow joint motion. We used an

intermediate target (25�) in order to randomize target amplitude

during the session.
The cursor, which corresponded to the real-time position of the

index finger tip, the start circle and the target were displayed on

the screen prior to each trial. Subjects were to hold the cursor

within the starting circle for 200ms to trigger the audiovisual ‘go’

signal, which initiated each trial. They were instructed to move

their finger (cursor) to ‘the centre of the target and stop, using a

single, uncorrected motion.’ Feedback regarding the fingertip

position (cursor display) was given to allow subjects to position

the hand in the start circle, and was then removed at the ‘go’

signal. No visual feedback was given during the movement, nor

was explicit knowledge of results provided at the end of the

movement. However, for motivational purposes, subjects received

a numerical score at the end of each trial, which was based on

final position accuracy. Final position errors of 51.25 cm from

the centre of the target (i.e. within the target circle) were awarded

10 points, while errors between 1.25 and 2.5 cm were

awarded 3 points, and errors between 2.5 cm and 3.75 cm were

awarded 1 point. The purpose of awarding points to each trial was

Table 1 Summary of participant information

Variable (mean� SD) Healthy control Hemisphere damaged

Left Right Left Right

n 8 8 5 5
Age (years) 59.6�9.0 67.6�9.2 53.6�9.6 59.8�13.2
Education (years) 15.0�1.2 15.8� 2.4 15.4�1.9 13.6�1.7
Years post-strokea 9.8� 5.6 7.8� 6.3
Lesion volume (cm3)b 99.3� 61.4 148.0�108.2
Total upper-extremity Fugl^Meyer scorec 86.2� 24.6 61.0�32.4
Language comprehensiond 79� 2.8 80� 0 68.6�14.0 80� 0
Apraxiae 13.0�1.5 13.0�1.5 11.0� 2.7 11.4� 2.6
Grip strength rightf 47.9�5.0 48.8�14.8 10.4�12.6 43.4�12.2
Grip strength leftf 47.8� 6.2 50.3�7.0 48.8� 4.7 5.8� 8.6

Note: Values are means� SD.
aYears post-stroke are calculated as time elapsed between incidence of stroke and day of data collection.
bLesion volume is computed from MRI or CT scans using a computer algorithm.
cMaximum score on the total upper-extremity Fugl^Meyer score is 126.
dLanguage comprehension was assess using the Western Aphasia Battery.
eApraxia is designated as mean number correct out of 15 items using a validated apraxia battery.
fGrip strength from dynamometer are expressed as standardized t scores.
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merely to motivate our subjects; these points were not analysed

as dependent variables, and all trials were recorded and saved.

Following the display of the numerical score after each trial, the

cursor was redisplayed for accurate positioning of the fingertip

back at the start circle for the next trial. Targets were presented in

a pseudorandom order, such that no single target was presented

consecutively. The first 45 trials of each session allowed for task

familiarity, while kinematic and statistical analyses were conducted

on the following 50 trials to each target.

Kinematic data
The 3D position of the index finger, elbow point and shoulder

point were calculated from sensor position and orientation data.

Then, joint angles were calculated from these data. All kinematic

data were low-pass filtered at 8Hz (3rd order, dual-pass

Butterworth), and differentiated to yield tangential velocity

and acceleration values. Movement start was determined by

identifying the time of peak velocity and searching backward in

time for the first minimum below 6% of peak tangential velocity,

or for zero velocity, whichever was identified first. Movement

end was similarly determined by searching forward in time

from peak velocity to find the first minimum below 6% of peak

tangential velocity, thereby excluding any small, corrective

submovements.

Dependent measures
The following measures were calculated for each trial: Absolute

and variable final position error, movement time, velocity,

acceleration, acceleration duration, deceleration and deceleration

duration. Absolute final position error, a measure of accuracy, was

calculated as the absolute value of the distance from the finger tip

at movement end to the centre of the target. Variable error,

Fig. 2 (A) Lateral and top view of experimental apparatus are shown. (B) Experimental task required movement of cursor from start
circle to 1 of 2 target circles, with upper arm restrained.
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a measure of consistency, was calculated as the distance from the
finger tip at movement end to the mean final position for each
target. Movement time was defined as the elapsed time from
movement start to movement end. Peak velocity was defined as
the maximum tangential velocity. Peak acceleration was defined as
the maximum tangential acceleration, and then normalized for
each subject. Similarly, peak deceleration was defined as the
minimum tangential acceleration, and then normalized for each
subject. Acceleration duration was defined as the elapsed time
from movement start to time of peak velocity. Deceleration
duration was defined as the elapsed time from time of peak
velocity to movement end. In order to focus our analysis on
within-subject variations in acceleration measures, we normalized
peak acceleration to the maximum acceleration recorded within
the experimental session (see Hu et al., 2006). A similar algorithm
was employed for quantification of peak deceleration, normalizing
to minimum acceleration.

accnorm ¼
acci

accmax
� 100

where accmax¼ largest peak acceleration produced by that subject
during session acci¼ peak acceleration of trial i

Statistical analysis
Our task was designed to vary the required amplitude of movements
between the shortest (15�) and longest (45�) target distance, which
served as our independent variable for this study. We interposed an
intermediate length target (25�) in order to randomize target
amplitudes. However, the actual movement displacements for the
intermediate target extensively overlapped the distributions of the
15 and 45� targets (Ranges: 15�: 3.6–13.8 cm; 25�: 7.2–25.9 cm;
45�: 14.6–39.7 cm). Thus, we limited our statistical analysis to the
short and long target distances, which corresponded to substantial
changes in our independent variables.
The individual dependent measures were analysed using 3-way

repeated-measure ANOVA, with arm (left or right) and group
(healthy control or hemisphere-damaged) as between-subject
factors and target (15 or 45�) as the within-subject factor. Based
upon our hypothesis, we predicted significant 3-way interactions
for acceleration and final position parameters, which should reflect
changes in acceleration amplitude, acceleration duration and
movement error as a function of target and hemisphere of
damage. Mean data were subjected to 3-way, repeated measures
ANOVA in JMP� statistical software (SAS�). When warranted by
significant interaction, post hoc analyses were performed using
student’s t-tests.

Results
Task performance
Figure 3A shows the distributions of final position from
representative subjects, relative to each target. Final
positions of the left-hemisphere-damaged patient’s left
(ipsilesional) arm were more accurate than the left arm of
the control subject for both targets. However, the right arm
of the right-hemisphere-damaged patient was substantially
less accurate, and more variable, in final position as
compared to the control subject’s right arm. Thus,

there were significant interactions between arm (left or
right) and group (healthy control or hemisphere-damaged)
for both constant final position error [F(1,22)¼ 4.36,
P50.05] and variable error [F(1,22)¼ 4.33, P50.05]
(Fig. 3B). Further analyses revealed that the ipsilesional
arm of right-hemisphere-damaged patients was significantly
less accurate than the right arm of control subjects
(constant error: P50.05; variable error: P50.05). In
contrast, left-hemisphere-damaged patients were just as
accurate as control subjects (constant error: P¼ 0.20;
variable error: P¼ 0.50). In other words, damage to the
right, but not left, hemisphere produced specific deficits in
final position accuracy of the ipsilesional arm, relative to
performance in age- and arm-matched controls.

Movement time was systematically longer for patients
than for control subjects, irrespective of arm
[F(1,22)¼ 5.63, P50.05] (Fig. 3B). Thus, regardless of the
side of the lesion, the stroke patients showed prolonged
movement durations as compared to the control subjects.

Velocity and acceleration
Previous studies have consistently reported a strong
tendency for subjects to scale movement speed with
movement distance when reaching to different target
distances (Bouisset and Lestienne, 1974; Ghez, 1979;
Brown and Cooke, 1981a, 1990; Cooke and Brown,
1990). This relationship appears to be maintained in our
hemisphere-damaged patients, as well as in our age-
matched control subjects (Fig. 4A). For all subjects, velocity
profiles tended to be unimodal, skewed to the left and
scaled in magnitude with target [F(1,22)¼ 419.9,
P50.0001] (Fig. 4B). However, this scaling did not
depend on arm or on side of lesion, indicating that
the differences in final error between left- and right-
hemisphere-damaged patients could not be accounted
for by speed-accuracy tradeoffs.

There were, however, mechanistic differences in how
each group effectively scaled velocity with target distance.
Peak velocity is determined by both the amplitude
and duration of acceleration, which have been shown
to reflect different aspects of movement control (Ghez,
1979; Brown and Cooke, 1981b, 1984, 1990; Cooke
and Brown, 1990). As shown in Fig. 5A, the amplitude of
acceleration increased substantially with target distance
for all subjects, except for the left-hemisphere-damaged
patient. Instead, this patient increased the duration
of acceleration (acceleration cross-zero) with target dis-
tance, resulting in effective scaling of peak tangential
velocity with intended movement distance. In contrast,
the right-hemisphere-damaged patient showed extensive
change in acceleration amplitude between targets with
minimal adjustment of acceleration duration.

These differences in acceleration were consistent across
subjects, as shown in Fig. 5B (left). The left (ipsilesional)
arm of left-hemisphere-damaged patients showed less
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change in acceleration amplitude across targets as compared
to that of control subjects, whereas the right arm of
right-hemisphere-damaged patients showed greater change
in acceleration amplitude relative to control subjects, as
reflected by a significant 3-way interaction of arm, group
and target [F(1,22)¼ 4.45, P50.05]. Figure 5B (right)
shows a reverse pattern of results for acceleration duration:
Greater target-dependent change in acceleration duration
was present in the left-hemisphere-damaged patients as
compared to their control group, while less change
was present in the right-hemisphere-damaged patients,
as reflected by a significant 3-way interaction of
arm, group and target [F(1,22)¼ 14.56, P50.001]. Thus,
left-hemisphere-damaged patients showed restrictions
in scaling of acceleration amplitude across targets, while
right-hemisphere-damaged patients showed restricted scal-
ing of acceleration duration. Interestingly, these two
features of acceleration modulation have previously been
hypothesized to reflect independent feedforward and feed-
back control processes (Brown and Cooke, 1981b; Gordon
and Ghez, 1987a, b; Bermejo and Zeigler, 1989).

Previous studies have characterized the relationship
between acceleration duration and onset of antagonist
EMG during single joint movement. The function of
antagonist muscle activity is to decelerate the limb and to
achieve a stable final position (Brown and Cooke, 1986;
Cooke and Brown, 1990; Berardelli et al., 1996). Therefore,
we examined the amplitude and duration of the
deceleration phase to determine whether variations in
deceleration could have contributed to the observed
differences in error at final position. Changes in peak
deceleration across targets did not depend on arm or on
side of lesion [F(1,22)¼ 2.58, P¼ 0.12] (Fig. 6, left). Thus,
the amplitude of deceleration did not appear to be
differentially affected by left or right-hemisphere damage,
nor did the duration of deceleration. As shown in
Fig. 6 (right), the stroke patients had longer deceleration
durations than did the control subjects, regardless of side
of lesion [F(1,22)¼ 5.47, P50.05]. Thus, neither the
amplitude nor duration of deceleration could account
for the arm- and lesion-dependent differences in final
position errors.

Fig. 3 (A) Final positions at movement end for each trial (dot) are displayed relative to gray targets for a representative subject from
each experimental group. (B) Mean absolute final position error, mean variable final position error and movement time for each target
is displayed for the left and right arms of control subjects and the ipsilesional arms of left- and right-hemisphere-damaged patients.
Bars indicate standard error of mean.
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Fig. 4 (A) Average tangential velocity profiles for each target for representative control subjects and hemisphere-damaged patients.
(B) Mean peak velocity for each target is displayed for the left and right arms of control subjects and the ipsilesional arms of left- and
right-hemisphere-damaged patients. Bars indicate standard error of mean.

Fig. 5 (A) Average tangential acceleration profiles for each target for representative control subjects and hemisphere-damaged
patients. (B) Mean peak acceleration (normalized to% max) and acceleration duration for each target is displayed for the left
and right arms of control subjects and the ipsilesional arms of left- and right-hemisphere-damaged patients. Bars indicate
standard error of mean.
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Error as a function of timing modulation
Previous work has described changes in acceleration
amplitude and duration relative to changes in velocity,
torque and distance (Ghez and Vicario, 1978; Ghez, 1979;
Brown and Cooke, 1984, 1986; Gordon and Ghez, 1987a, b;
Gottlieb et al., 1989, 1990; Brown and Cooke, 1990; Cooke
and Brown, 1990). Acceleration amplitude corresponds to
initial agonist EMG amplitude, whereas acceleration dura-
tion corresponds to the duration of agonist activity and
onset of antagonist activity. It has been suggested that
such temporal adjustments of muscle activity, in part,
compensate for errors in initial specification of agonist
amplitude (Brown and Cooke, 1981b; Gordon and Ghez,
1987b); thus, we expected that larger errors in final position
might be more dependent on a reduced ability to modulate
acceleration duration throughout the task, rather than
acceleration amplitude. As reported earlier, patients with
left-hemisphere damage demonstrated the largest change in
acceleration duration with movement distance (Fig. 5B)
and also the smallest errors (Fig. 3B). In contrast, patients
with right-hemisphere damage had the smallest change in
acceleration duration (Fig. 5B) and the largest errors

(Fig. 3B). Figure 7 depicts the relationship between constant
final position error and acceleration duration within
individual trials for representative subjects from each
group. In this figure, final position error is signed, with
positive values indicating target overshoot, and negative
values indicating target undershoot. The left and right
arms of the control subjects produced similar ranges of
acceleration duration and similar distributions of final
position error, as reflected by the similar size and
orientation of their density ellipses (CI¼ 0.99). However,
the distribution for the left-hemisphere-damage patient was
such that large modulation of acceleration duration
was associated with greater accuracy, as reflected by the
horizontal orientation of the final position density ellipse.
The vertically elongated ellipse for the right-hemisphere-
damaged patient indicates that the larger error range
was associated with a restricted modulation of acceleration
duration. This striking spatial-temporal relationship
supports our hypothesis of right hemisphere specializa-
tion for the control of final steady-state position, given
that the intact right hemisphere appears to effectively
maintain movement accuracy, as in the case of our

Fig. 6 Mean peak deceleration (normalized to% min) and deceleration duration for each target is displayed for the left and right arms of
control subjects and the ipsilesional arms of left- and right-hemisphere-damaged patients. Bars indicate standard error of mean.

Fig. 7 Constant final position error (y axis) and acceleration duration (x axis) of each trial (dot) are displayed for representative
control subjects and hemisphere-damaged patients. Final position error is signed, such that positive values indicate overshoot of target,
and negative values indicate undershoot of target. Ellipses represent the 99% confidence interval of the data from each subject.
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left-hemisphere-damaged patients. This is especially com-
pelling, given that (i) the large extent of damage within
the dominant (left) hemisphere of these patients does not
appear to selectively impair final accuracy; and (ii) when
the dominant (left) hemisphere is intact, as in our right-
hemisphere-damaged patients, it does not appear to be
advantageous for achieving accurate final positions.

Discussion
This study confirmed that ipsilesional motor deficits in
patients with left or right-hemisphere damage vary as
a function of lesion side. Based on our previous findings
of interlimb differences in healthy young right-handers
(Sainburg, 2002, 2004), we hypothesized that ipsilesional
motor deficits following stroke should reflect hemispheric
specializations for controlling different aspects of move-
ment. We confirmed that during targeted single-joint
reaching, left-hemisphere-damaged patients showed reduc-
tions only in the modulation of acceleration amplitude with
target distance, while right-hemisphere-damaged patients
showed reductions only in the modulation of acceleration
duration. We also found that deficits in final position
accuracy were specific to right-hemisphere-damaged
patients, and we speculated that these larger errors in
final position could be related to the restricted ability of
these patients to modulate acceleration duration. Together,
these findings support the idea that asymmetric ipsilesional
deficits following stroke could be attributed to the
differential contribution of the left and right hemispheres
to the control of a single limb. This interpretation is
consistent with recent functional imaging reports of asym-
metric hemispheric activation during unimanual tasks
(Kawashima et al., 1993; Kim et al., 1993; Dassonville
et al., 1997; Verstynen et al., 2005). Our current results also
support previous findings from our laboratory, which
demonstrated dominant arm advantages for anticipating
aspects of limb and task dynamics, and non-dominant arm
advantages for achieving steady-state position in healthy
subjects (Sainburg and Kalakanis, 2000; Bagesteiro and
Sainburg, 2002; Sainburg, 2002; Bagesteiro and Sainburg,
2003). These results substantially extend our hypothesis of
hemispheric specialization by demonstrating differential
effects of left and right hemisphere stroke on modulation
of acceleration amplitude and duration, respectively.
Right-hemisphere-damaged patients showed errors in

final position that were associated with restricted modula-
tion of acceleration duration. The idea that modulation of
acceleration duration might be causally related to move-
ment accuracy is consistent with a number of previous
studies. For a single joint movement, the termination of
joint acceleration corresponds to the onset of antagonist
muscle activity, which serves to decelerate the limb as it
approaches the target (Brown and Cooke, 1986; Cooke and
Brown, 1990; Berardelli et al., 1996). More importantly,

a number of studies have indicated that variations in the
duration of acceleration, torque or force are inversely
related to the initial magnitude of these variables, and thus
appear to compensate for inaccuracies in planning (Brown
and Cooke, 1981b; Gordon and Ghez, 1987a, b; Bermejo
and Zeigler, 1989). Our current study extends these findings
to show that right hemisphere damage resulted in restricted
modulation of acceleration duration, and was associated
with substantial final position errors. In contrast, left-
hemisphere-damaged patients had preserved modulation
of acceleration duration, and smaller final position errors.

It is plausible that the final position errors of right-
hemisphere-damaged patients resulted from inaccurate
targeting of the movements due to perceptual deficits.
In fact, previous studies have attributed spatial errors in
right-hemisphere-damaged patients to perceptual deficits
(Heilman et al., 1986; Benton and Tranel, 1993). However,
these patients preserved the scaling of acceleration ampli-
tude with target distance, which clearly reflects the ability to
modulate torque amplitude with target distance. We thus
conclude that the current deficits in movement accuracy,
associated with both reduced modulation of acceleration
duration and intact modulation of acceleration amplitude,
result from deficits in regulating the timing of muscle
actions in order to compensate variations in initial torque,
rather than from deficits in perceived target location.

Our findings indicate reduced modulation of peak
acceleration across movement directions in left-hemi-
sphere-damaged patients. Because apraxias are commonly
associated with left-hemisphere damage (Koski et al., 2002),
the question of whether this finding might be related
to apraxia should be addressed. Ideomotor limb apraxia
has been characterized as kinematic impairment during
gesture imitation, reflecting spatial and temporal deficits in
multijoint coordination (Poizner et al., 1995), and has
been previously attributed to deficits in motor planning
(Harrington and Haaland, 1992). In the current study, our
finding of reduced modulation of acceleration amplitude in
our left-hemisphere-damaged patients does associate defi-
cits in motor planning with damage in the left hemisphere.
However, limb apraxia is characterized by disorganization
of complex movements, while the movements in the
current study should not elicit the same organizational
requirements as gestures that are typically associated with
apraxic symptoms. It is, however, plausible that funda-
mental deficits in specifying joint torques could result in
deficits in intersegmental coordination (Sainburg et al.,
1993, 1995; Bastian et al., 1996, 2000). Thus, it remains
possible that the deficits in torque specification revealed
by the current study could contribute to, or interact with,
the more complex coordination deficits associated with
limb apraxia. Further research would be necessary to
distinguish the interaction between such deficits. It should
be noted that only 3 of our 5 left-hemisphere-damaged
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patients were clinically diagnosed with ideomotor limb
apraxia.
Our current findings may, however, provide a context for

understanding the functional motor deficits that result from
unilateral stroke. Many previous studies have reported
ipsilateral motor impairment in patients with unilateral
brain damage (Wyke, 1967; Haaland et al., 1977; Haaland
and Delaney, 1981; Haaland and Harrington, 1989a, b;
Winstein and Pohl, 1995; Haaland and Harrington, 1996;
Carey et al., 1998; Haaland et al., 2004), as well as in
animals with ipsilateral lesions (Grabowski et al., 1993;
Gonzalez et al., 2004). While these deficits are substantially
less severe than contralateral deficits, they have been shown
to produce significant functional impairments, including
problems performing activities of daily living (Desrosiers
et al., 1996; Sunderland, 2000; Wetter et al., 2005; Sainburg
and Duff, 2006). The association of ipsilesional deficits
with functional impairment may seem counter-intuitive,
but longitudinal studies have shown that only a minority
of hemiplegic stroke patients demonstrates full functional
recovery in the contralesional limbs (Wade et al., 1983;
Parry et al., 1999; Kwakkel et al., 2003; Gillen and
Burkhardt, 2004). Thus, when stroke patients have
moderate to severe hemiplegia, the ipsilesional limb usually
serves as the lead controller for bilateral activities such as
unscrewing a jar lid, fastening buttons, slicing food or
as the only controller in unilateral activities, such
as transporting a cup of coffee to the mouth. In fact,
Bonifer et al. (2005) reported that the ipsilesional arm of
moderately impaired patients continued to be used as the
lead controller in unimanual and bimanual tasks, even after
an effective constraint-induced therapy trial. Moreover,
Vega-Gonzalez and Granat (2005) continuously monitored
spontaneous use of both arms of chronic stroke patients
and found that hemiplegic patients used the ipsilesional
limb 3–6 times more frequently than the impaired
contralesional limb. Thus, for many hemiplegic patients,
functional recovery relies heavily on ipsilesional limb
function. Our current findings reveal systematic differences
in the ipsilesional deficits that result from left and right-
hemisphere damage that may reflect specialization for
controlling different features of movement. Further research
is necessary to determine how these different deficits might
affect functional performance, and what intervention
strategies could ameliorate such dysfunction.
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63IPSILESIONAL DEFICITS AFTER STROKE, Chestnut
imb apraxia show greater deficits than those who are not
praxic when lesion volume is controlled. Importantly, lesion
ocation is also measured to ensure that performance differ-
nces between the left- and right-hemisphere–damage stroke
roups cannot be attributed to intrahemispheric lesion location
ifferences.

METHODS

articipants
We examined 114 right-handed subjects, 31 patients with

eft-hemisphere damage caused by stroke, 21 patients with
ight-hemisphere damage caused by stroke, and 62 able-bodied
ontrol subjects (38 who performed with their left hand, 24
ho performed with their right hand). The control subjects
ere volunteers recruited by advertisement, and their medical
istory and demographic measures were obtained from self-
eport. Patients were included in the study if they had a radio-
ogically confirmed stroke that damaged either the right or left
erebral cortex. Exclusion criteria included (1) neurologic di-
gnosis other than stroke; (2) neuroradiologic evidence of
amage to the brainstem, cerebellum, or both hemispheres; (3)
ajor psychiatric diagnosis; (4) hospitalization for substance

buse or dependence; or (5) peripheral neurologic disorders
ffecting sensation or movement of upper extremities. Control
articipants were excluded for the same reasons as well as any
vidence of stroke. Informed consent was obtained from all
tudy participants according to the Declaration of Helsinki, and
he study was approved by the local institutional review board.
n the group of patients with left-hemisphere damage, 11 were
lassified as apraxic and 20 as nonapraxic based on a well-
alidated battery.24 Demographic and descriptive features of
he groups are presented in tables 1 and 2.

easures
The neuropsychologic data obtained for all groups included

deomotor limb apraxia,24 aphasia (Western Aphasia Battery
WAB]25), spatial ability,26,27 and right and left motor ability

Table 1: Demographic, Neurologic, and Neuropsychologic
Variables for All Groups

Characteristics
Control
(n�62)

Left-Hemisphere
Damage (n�31)

Right-Hemisphere
Damage (n�21)

Age (y) 64.6�12.0 60.6�12.4 66.6�11.9
Female sex, n (%) 27 (44) 6 (19) 9 (43)
Education (y) 14.5�2.4 13.7�3.5 13.6�2.8
Years poststroke NA 5.1�6.6 4.2�3.9
Lesion volume (mL) NA 77.1�78.3 98.2�127.3
Limb apraxia errors� 1.4�1.1 3.0�2.5†¶ 1.5�1.5
Aphasia quotient� 98.9�1.0§ 76.1�29.6†¶ 97.3�2.8
Spatial index� 49.9�7.6 45.2�10.5*¶ 36.3�13.8*‡¶

Right motor index� 46.6�6.7 28.0�16.8†¶ 42.4�8.9¶

Left motor index� 46.7�7.0 45.7�7.5 31.4�19.3‡¶

OTE. Values are mean � standard deviation (SD) or as indicated.
patial and motor indices are expressed as T scores with mean of 50
nd an SD of 10 relative to the normative sample.
bbreviation: NA, not applicable.
One patient had missing data.
Left-hemisphere damage impaired relative to right-hemisphere
amage (P�.05).
Right-hemisphere damage impaired relative to left-hemisphere
amage (P�.05).
Two subjects had missing data.
Significant group difference across 3 groups using ANOVA
o
P�.001).
Impaired relative to control group.
composite scores based on the mean standard score by using
ublished normative data) for grip strength and finger tapping.28

The WAB25 is a well-known test of language (including
anguage expression, auditory comprehension, confrontation
aming). The spatial composite was comprised of the mean of
tandard T scores (based on the control group) for 3 tests: the
lock design subtest from the Wechsler Adult Intelligence
cale–Revised,26 which requires the construction of designs
ith blocks, and 2 tests of visual perception (facial recognition

nd judgment of line orientation tests),27 which require match-
ng faces or the orientation of lines. The motor indices were
ased on the mean T score (derived from published normative
ata29) of finger tapping and grip strength for each arm. Grip
trength was the maximum grip across 2 trials measured with
Smedley hand dynamometer, and the finger tapping score
as based on the mean tapping rate of a telegraph key across
ve 10-second trials.
Ideomotor limb apraxia was assessed by a published test

ith demonstrated interrater reliability30,31 that assesses the
mitation of 15 gestures (5 meaningless, 5 intransitive move-
ents [eg, gesture for “okay”], 5 transitive movements [eg,

rush teeth]). When errors in internal hand position (eg, fist vs
alm flat), hand orientation (eg, vertical vs horizontal), target
eg, brush nose, not teeth), and/or body part as object (eg,
xtend index finger to brush teeth) occurred, the item was
cored as incorrect. Thus, more than 1 type of error could be
ade on a single gesture, but only 1 error per gesture was

cored. Patients were considered apraxic if they made such
rrors on 4 or more of the 15 movements (2 standard deviations
SDs] greater than the healthy control group). The task was
ideotaped for later consensus scoring by 2 raters.
Lesion size and location. Either magnetic resonance im-

ging (MRI) (Siemensa or Pickerb 1.5-T machines) or com-
uted tomography (CT) scans (Siemens or Picker machines)
ere obtained at least 3 months poststroke. MRIs were ob-

ained in 48 of the stroke patients, and CT scans were obtained
n 4 of the stroke patients who had medical contraindications
or MRI. CT slice thickness was 10mm without gaps between
lices. MRI slice thickness was 10mm with a slice gap of 1.5

Table 2: Demographic, Neurologic, and Neuropsychologic
Variables for Able-Bodied Control and Left-Hemisphere–Damage

Apraxic and Nonapraxic Groups

Characteristics
Control
(n�62)

Apraxic
(n�11)

Nonapraxic
(n�20)

Age (y) 64.6�12.0 65.0�7.9 58.2�14.0
Female sex, n (%) 27 (44) 2 (18) 4 (20)
Education (y) 14.5�2.4 13.5�3.6 13.9�3.5
Years poststroke NA 5.2�5.8 5.0�7.2
Lesion volume (mL3) NA 112.6�99.4 57.6�57.9
Limb apraxia errors§ 1.4�1.1 5.7�1.8†� 1.5�1.1
Aphasia quotient§ 98.9�1.0‡ 58.2�31.6†� 85.9�23.9�

Spatial index§ 49.9�7.6 41.9�11.3� 47.0�9.9*
Right motor index§� 46.6�6.7 25.3�17.0� 29.5�16.9�

Left motor index§ 46.7�7.0 41.7�5.7 47.8�7.6

OTE. Values are mean � SD or as indicated. Spatial and motor
ndices are expressed as T scores with mean of 50 and an SD of 10
elative to the normative sample.
One patient had missing data.
Apraxic group impaired relative to nonapraxic group (P�.05).
Two subjects had missing data.
Significant group difference across 3 groups using ANOVA
P�.002).
Impaired relative to control group.
r 2mm. The lesion location was determined by a blinded

Arch Phys Med Rehabil Vol 89, January 2008
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A

oard-certified neurologist from T1-weighted MRI images for
natomic detail and T2-weighted images to specify lesion
orders. These tracings were performed on 11 standardized
RI or CT horizontal sections based on the DeArmond atlas.32

racings were retraced and loaded into a computer program
hat used an algorithm to calculate lesion volume and location
ithin each hemisphere.33

Williams doors test. The apparatus for this test is displayed
n figure 1. The dependent measure is the total time to open and
lose 9 doors with various latches and handles with the ipsile-
ional limb only. This differs from previous studies, which
easured the time for opening and closing each door separately

nd then summed those times or measured the repeated open-
ng and closing of 1 door only.19 In addition, in some previous
tudies, subjects were allowed to perform the door task with 1
r both hands whichever way the subject believed would be
ost efficient,22,23,34 and in some only the dominant hand was

sed.35 Sequencing ability is emphasized in our modification
y measuring the total time to open and close all 9 doors
ithout stopping. All participants were asked to open and close

ll 9 doors in sequence as rapidly as possible. No practice was
llowed. In the stroke patients, the speed of the ipsilesional
imb was measured, and in the control group the left hand was
ssessed in 38 subjects and the right hand was assessed in 24.
ime was measured by the examiner with a stopwatch begin-

Fig 1. Williams doors test.
rch Phys Med Rehabil Vol 89, January 2008
ing when the examiner said “go” and stopping when the last
oor was closed.
Timed manual performance test. This measure includes

he Williams doors test and 5 items from the JTHFT.36 Subjects
ere timed as they (1) wrote a short sentence; (2) turned over
ve 3�5 cards; (3) picked up 2 paper clips, pennies, and bottle
aps and placed them in an empty can; (4) stacked 4 checkers;
nd (5) transferred 5 kidney beans from the tabletop to a coffee
an by using a spoon to simulate eating. The entire JTHFT data
ave been published previously.7

ata Analysis
First, demographic and clinical characteristics of the groups

ere examined by using analyses of variance (ANOVAs) or
tests for continuous variables and chi-square tests for nominal
ariables. We used t tests to show that there were no significant
ifferences in the door scores between the 2 control groups
ho used their left or right hand. We then pooled the data from

he 2 for comparison with the left- and right-hemisphere–
amage stroke groups. To determine if there were group differ-
nces on the Williams test and the TMPT, we used 4 separate
nivariate ANOVAs to compare (1) the performance of the con-
rol and left- and right-hemisphere–damage groups and (2) the
erformance of the left-hemisphere–damage apraxic and non-
praxic groups and the control group for each measure. The Tukey
east significant difference method was used for post hoc com-
arisons. When there were significant differences between the
ight- and left-hemisphere–damage groups or between the
praxic and nonapraxic groups, we performed analyses of
ovariance (ANCOVAs) controlling for lesion volume. In
ome cases, we also compared the incidence of deficits across
roups using the chi-square test.

RESULTS

emispheric Differences
Participant characteristics. There were no significant dif-

erences in age or education among the 3 groups (see table 1).
here was a marginal sex difference across the groups with

ewer women in the left-hemisphere–damage group relative to
he right-hemisphere–damage and control groups with border-
ine significance (�2 test�5.6, P�.06). However, performance
n the door task did not differ significantly between the men
nd women in the control group, suggesting that sex should not
xplain any group differences in these measures. Lesion vol-

Fig 2. The overlap of lesions in
stroke patients who have left-
hemisphere damage (left side
of sections) or right-hemi-
sphere damage (right side of
sections). Eight axial sections
from the DeArmond atlas are
displayed. Percentage of over-

lap is designated by colored bar
to the right.
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Treatment of Limb Apraxia
Moving Forward to Improved Action

ABSTRACT
Buxbaum LJ, Haal KY, Hallett M, Wheaton L, Heilman KM, Rodriguez A,
Gonzalez Rothi LJ: Treatment of limb apraxia: moving forward to improved
action. Am J Phys Med Rehabil 2008;87:149–161.

Limb apraxia is a common disorder of skilled, purposive movement that is
frequently associated with stroke and degenerative diseases such as Alzheimer
disease. Despite evidence that several types of limb apraxia significantly impact
functional abilities, surprisingly few studies have focused on development of
treatment paradigms. Additionally, although the most disabling types of apraxia
reflect damage to gesture and/or object memory systems, existing treatments
have not fully taken advantage of principles of experience known to affect learning
and neural plasticity. We review the current state of the art in the rehabilitation of
limb apraxia, indicate possible points of contact with the learning literature, and
generate suggestions for how translational principles might be applied to the
development of future research on treatment of this disabling disorder.

Key Words: Apraxia, Ideomotor Apraxia, Treatment, Rehabilitation

Apraxia is a common disorder of skilled, purposive movements. Praxis is
mediated by a complex system that stores components of skilled movements,
thus providing them a processing advantage (i.e., in terms of accuracy and
response time) compared with less-practiced movements. Although several
types of apraxia have clear impact on functional abilities and are common
consequences of stroke, Alzheimer disease, and corticobasal degeneration, fun-
damental knowledge in a number of areas necessary to guide informed treat-
ment is surprisingly lacking. There remains confusion about the definitions,
distinctiveness, and mechanisms of various types of apraxia and, indeed,
whether any have critical functional significance. In addition, although the most
disabling types of apraxia reflect damage to systems involved in movement and
gesture representation (i.e., memory), the nascent apraxia-treatment literature
has not taken advantage of principles of experience known to affect skill
learning. The aim of this article is to review the current state of the rehabili-
tation of limb apraxia and, on the basis of the learning and plasticity literature,
generate suggestions for how translational principles might be applied to guide
future treatment research.

DEFINITIONS OF APRAXIA
The term apraxia was introduced by Steinthal.1 Whereas this word is

derived from Greek and literally means without action, the term apraxia is used
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to describe a decrease or disorder in the ability to
perform purposeful, skilled movements. The great-
est advance in the description and understanding
of these disorders is contained in a series of papers
written between 1900 and 1920 by Hugo Liep-
mann.2–4 Liepmann described three forms of
apraxia and, by virtue of his careful evaluations and
discussions, brought about a paradigmatic shift in
our understanding of motor control. These three
types were limb kinetic apraxia (also called melo-
kinetic apraxia or innervatory apraxia), ideomotor
apraxia, and ideational apraxia. To this triad,
Hanna-Pladdy and Rothi5 and Ochipa et al.6–7

added another type, termed conceptual apraxia,
and DeRenzi et al.8 as well as Heilman et al.9

described a fifth type, now called dissociation
apraxia.

In this manuscript, we will focus on ideomotor
apraxia (hereafter, IMA), for two reasons. First, as
will be discussed, it is extremely common in stroke
and degenerative disease (Alzheimer disease and
corticobasal degeneration). Second, it is increas-
ingly recognized that IMA has important functional
consequences, and the disorder is, thus, in need of
continued critical investigation, particularly in the
area of treatment.

IMA is usually diagnosed on the basis of spa-
tiotemporal errors in the production of transitive
(object-related) gesture pantomime to sight of ob-
jects, to command, and on imitation of others.10–14

Kinematic analyses have revealed that IMA patients
pantomime skilled tool-use movements with ab-
normal joint angles and limb trajectories, and with
uncoupling of the spatial and temporal aspects of
movement.13 Spatiotemporal errors persist to a
lesser degree with actual tool use.15,16 The deficit is
not restricted to meaningful movements, and it has
also been observed in meaningless postures17–19

and sequences.20,21 IMA is also associated with cog-
nitive deficits in declarative knowledge of the ac-
tion appropriate to objects,22 impairments in me-
chanical problem solving,23 deficits in motor
planning,21,24–26 and difficulty learning new ges-
tures.27,28 Testing for IMA frequently includes pan-
tomiming to command of transitive (familiar ac-
tions with objects, such as brushing teeth) and
intransitive (symbolic movements without objects,
such as the sign for “crazy”) movements, imitation
of the examiner performing transitive, intransitive,
and novel meaningless movements, and gesture in
response to seeing and holding actual tools, as well
as the objects on which tools act.

Several investigators have distinguished be-
tween IMA with impaired gesture recognition (rep-
resentational IMA) and IMA with intact recognition
(dynamic IMA).11,29,30 In representational IMA, an
inability to discriminate correctly from incorrectly
performed meaningful object-related hand move-

ments correlates strongly with an ability to pro-
duce the same movements, suggesting that the
same representations are likely to underlie both.31

Additionally, representational (but not dynamic)
IMA patients are significantly more impaired when
producing object-related than symbolic, non–ob-
ject-related movements.32 This, in turn, suggests
that the damaged system underlying representa-
tional IMA is specialized for movements related to
skilled object use.

THE FUNCTIONAL IMPLICATIONS OF
LIMB APRAXIA: DOES LIMB APRAXIA
MATTER IN THE REAL WORLD?

Historically, most clinicians and researchers
believed that limb apraxia had little or no real-
world implications.4,10,33–35 This is emphasized by
DeRenzi,35a who wrote that “apraxia rarely appears in
everyday situations and spontaneous motor behav-
ior, predominantly emerging when gestures are
produced out of context as a purposeful response to
an artificial request.” Although not specified, it
seems that this view was particular to IMA and
stemmed from the notion that apraxia was present
when pantomimes to command and imitation were
tested but improved when the use of actual objects
were examined.

It is now widely believed that IMA impairs
real-world functioning, but there are still remark-
ably few studies demonstrating such a relationship.
In addition, most studies to date have been fraught
with problems. First, these studies usually have not
ruled out the influence of all other factors, such as
hemiparesis. They commonly have compared the
performance of apraxic and nonapraxic patients
with left-hemisphere damage,36–41 but, relative to
nonapraxics, apraxics are often more impaired in
other domains, such as language, sensory, and mo-
tor skills. Therefore, it is difficult to know whether
limb apraxia is the best predictor of functional
skills. Second, apraxics typically have larger lesions
than do patients without apraxia, and those lesions
more frequently damage the left-parietal and fron-
tal regions,42 which are also important for many
other cognitive functions that could, again, con-
found the findings. Regression approaches have
been used to evaluate the unique impact of various
factors, including limb apraxia, on activities of
daily living (ADLs),41,43–45 in some cases after con-
trolling statistically for factors such as lesion size,
primary motor deficits, and/or other cognitive def-
icits. However, these studies usually have suffered
from statistical problems related to a small number
of subjects relative to the number of predictors
examined.

Another problem in efforts to understand the
influence of apraxia on disability concerns the
use of a wide variety of functional measures,
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including object use,46,47 performance-based
measures of ADLs,36,37,39,41,43,48,49 and caregiver
or patient report of daily functioning.39,44,45,50

These outcome measures vary in complexity from
isolated object use, such as brushing teeth,51 to sim-
ulated ADLs, such as picking up a bean with a
spoon,38,39,41 to instrumental ADLs, such as eating a
meal,36 dressing,49,52 preparing food,43,48,53–55 or
changing batteries in a recorder.37 It is common in
performance-based studies to use instruments that
do not have demonstrated reliability; thus, validity is
frequently demonstrated only in the context of the
specific study. In addition, there are significant prob-
lems with obtaining reliable measures of these skills
because the tasks are usually quite complex and the
number of possible errors is large. Furthermore, be-
cause performance-based tasks are dependent on a
great number of cognitive abilities, patients may be
impaired for different reasons.56,57

Taken together, these problems in the litera-
ture suggest that future studies must (1) examine
the relationship of different types of limb apraxia to
real-world functioning (ADLs and instrumental ac-
tivities) of various kinds, and (2) use sufficiently
large groups of patients to provide sufficient power
for analysis. It is also reasonable to consider at least
two different approaches for subject recruitment.
The first approach examines well-characterized pa-
tients with unilateral focal lesions; the second ap-
proach examines a broader range of patients with
and without limb apraxia, without regard to lesion
location. The latter approach may yield patients
more broadly representative of the patients typi-
cally seen in the clinic.

Finally, some of the most innovative work in
this area attempts to identify cognitive mecha-
nisms that are associated with ideomotor limb
apraxia and potentially with the resulting deficits
in real-world functioning (see Sunderland and
Shinner58 for a review). These cognitive processes
include mechanical problem solving,46 sequence
planning and organization,21 the ability to develop
and/or retrieve optimal motor programs,13 knowl-
edge of how to manipulate an object,22,25,59 and
knowledge of optimal hand position when real-
world objects provide minimal cues.25,39

TREATMENT OF LIMB APRAXIA
A recent review of the literature on the treat-

ment of limb apraxia yielded reports of ten treat-
ment approaches, many of which were single-case
studies. Methods reported were varied and can be
summarized as follows.

Multiple Cues
The multiple-cues treatment method was de-

veloped in 1991 by Maher et al.60 for a 55-yr-old
male with chronic ideomotor apraxia and intact

gesture recognition. It focused on treatment of
gestures, using presentation of multiple cues, in-
cluding tools, objects, visual models, and feedback.
Errors were corrected using imitation and physical
manipulation. As performance improved, cues were
systematically withdrawn. The individual partici-
pated in daily, 1-hr sessions for 2 wks. The multi-
ple-cues method resulted in positive effects, with
treated gestures showing some lasting improve-
ment. Generalization to untreated gestures was not
assessed.

Error Reduction
In an attempt to define the active components

of the multiple-cues method, Ochipa and col-
leagues61,62 conducted a treatment study aimed at
treating specific error types. Two males (44 and 66
yrs old) with chronic Broca aphasia and ideomotor
apraxia, but preserved gestural recognition, partic-
ipated in the treatment. Treatment duration and
intensity varied, with the 44-yr-old receiving treat-
ment four times per week (n � 44 sessions) and the
66-yr-old receiving treatment two times a day,
twice a week (n � 24 sessions). The goals of treat-
ment consisted of reduction of external configura-
tion, movement, and internal configuration errors,
depending on the error types exhibited by the in-
dividual. Reduction of external configuration er-
rors involved training the individual to correctly
orient his hand to objects, whereas reduction of
internal configuration errors involved positioning
of the hand and fingers to accommodate a tool.
Movement errors were reduced through verbal de-
scriptions to guide joint movement while gestur-
ing. Only one error type was addressed at a time,
and feedback was only provided about the error
type being trained. Error-reduction treatment re-
sulted in a significant and lasting improvement on
treated gestures for both individuals. However, no
generalization to untreated error types or gestures
was noted. Improvements were noted to continue
at the 2-wk posttreatment follow-up, but later fol-
low-ups were not performed.

Six-Stage Task Hierarchy
The task hierarchy method was developed by

Code and Gaunt,63 who studied an individual with
severe chronic aphasia, ideomotor apraxia, and ide-
ational apraxia. This six-stage task hierarchical
treatment for limb apraxia was a modification of an
eight-step continuum used to treat apraxia of
speech.64 The Code–Gaunt method requires the
patient to produce target words and signs in vari-
ous combinations and in concert with the therapist
in response to a therapist model or picture elicita-
tion. The patient participated in 45-min sessions
once weekly for 8 mos. The six-stage task hierarchy
method resulted in acquisition of trained signs and
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a nonsignificant trend toward improvement in un-
trained signs during treatment. Maintenance of
effects was not formally tested, but the authors
provide anecdotal reports of the patient’s contin-
ued use of signs in group treatment sessions. Treat-
ment did not impact limb apraxia.

Conductive Education
The conductive education method was devel-

oped by Pilgrim and Humphreys65 for a patient
with head injury and chronic unimanual apraxia of
the nondominant limb. Treatment focused on a
task analysis of the movements and articulation of
goal-directed tasks. The treatment began with
physical manipulation plus verbalization of task
elements (e.g., “reach the beaker, clasp the beaker,
carry to my lips, drink, stop”), and those cues were
systematically withdrawn as performance im-
proved. There were daily 15-min sessions for 3 wks.
The conductive education method improved this
patient’s performance on treated items compared
with untreated items. There was no generalization
to untreated objects. Maintenance of effects was
not assessed.

Strategy Training
The strategy training method was developed as

a compensatory technique for individuals with ADL
impairment secondary to apraxia. This method was
first described in the literature in a study of 33
individuals with apraxia secondary to left-hemi-
sphere stroke.66 The patients were trained on three
ADLs, and the specific method of treatment was
chosen according to each individual’s performance
in baseline testing of those tasks. A similar strategy
training method using five ADLs was studied in
another group of 56 individuals with left-hemi-
sphere stroke and subsequent apraxia. Both strat-
egy training approaches focused on the use of inter-
nal compensatory strategies (i.e., self-verbalization)
and external compensatory strategies (i.e., use of pic-
tures) to maximize independence. The duration and
intensity of treatments varied among individuals in
both studies. Strategy training resulted in positive
outcomes across all domains measured (effect sizes
were 0.37 for the ADL tasks and 0.47 for the Barthel
ADL index; both were significantly greater than for
patients receiving usual occupational therapy treat-
ment), but the improvements were not lasting.67,68 In
the final study in this series, there was an additional
finding of interest—namely, maintenance of gains in
trained tasks at 5-mo follow-up.

Transitive/Intransitive Gesture Training
The transitive/intransitive gesture training

method was investigated by Smania and colleagues69

in 22 individuals at least 2 mos after onset of a
left-hemisphere stroke with subsequent ideomotor

limb apraxia. Treatment focused on the training of
transitive and intransitive gestures. Transitive ges-
ture training consisted of three phases in which the
individual was (1) shown use of common tools, (2)
shown a static picture of a portion of the transitive
gesture and asked to produce the pantomime, and (3)
shown a picture of a common tool and asked to
produce the associated gesture. The intransitive ges-
ture training also consisted of three phases in which
the individual was (1) shown two pictures, one illus-
trating a context and the other showing a related
symbolic gesture, and asked to reproduce the gesture;
(2) shown the context picture alone and asked to
reproduce the gesture; and (3) shown a picture of a
different but related contextual situation and asked to
reproduce the gesture. Fifty-minute treatment ses-
sions were administered three times per week for
approximately 10 wks, with the number of total treat-
ment sessions ranging from 30 to 35. A control group
was administered aphasia treatment only for a similar
intensity and duration. Results indicated a difference
between the two groups after treatment, with the
gesture training method resulting in improved per-
formance on an IMA test (U � 69.00, P � 0.016), a
gesture comprehension test (U � 64.00, P � 0.018),
and an ADL questionnaire (U � 53.50, P � 0.01).
Importantly, patients and caregivers reported more
independence in ADLs after treatment. Nine patients
showed maintenance of gains at 2 mos after treat-
ment.

“Rehabilitative Treatment”
Smania and colleagues70 (p2052) reported a pos-

itive outcome with a so-called rehabilitative treat-
ment. It was noted that the treatment was “devised
to treat a wide range of gestures and to reduce
several types of praxic errors” and that it “used
different contextual cues to teach patients how to
produce the same gesture under different contex-
tual situations.” Thus, although details were not
provided, the treatment seems substantially similar
to the one previously reported by this group.69

Forty-one postacute left-hemisphere stroke pa-
tients with limb apraxia (either ideational or IMA—
not defined) were assigned randomly to treatment
or no-treatment groups. The no-treatment group
received aphasia therapy. Patients attended 30 �
50-min sessions during the course of 10 wks. Al-
though the groups were equivalent in ADL perfor-
mance, apraxia scores, and ADL questionnaire
scores before treatment, they differed significantly
on these measures after treatment, both immedi-
ately and after a 2-wk delay.

Errorless Completion � Exploration
Training

The errorless completion/exploration training
method was developed by Goldenberg and Hag-
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mann51 for 15 individuals with IMA (impairment
on gesture imitation and gesture to sight of ob-
jects) who were, on average, 6.1 wks since onset of
a left-hemisphere stroke with subsequent aphasia
and severe limb apraxia. The errorless completion
method used physical manipulation during ADLs,
simultaneous demonstration of ADL by the exam-
iner and imitation by the patient, and copy by the
patient after demonstration during performance of
three ADLs. The exploration training method di-
rected attention to functional significance of de-
tails and critical features of action but did not
incorporate direct practice of actions with actual
objects. These two methods were combined and
treatment was applied to one ADL at a time daily
for 20–40 mins for 2–5 wks. Combined errorless
completion/exploration training resulted in posi-
tive effects that were lasting for individuals who
remained active in ADLs at home. A subsequent
study was conducted by Goldenberg et al.37 com-
paring these two methods in six individuals with
left-hemisphere stroke and subsequent chronic
aphasia and limb apraxia. Each treatment type was
applied on a different pair of ADLs. The exploration
training method had no effect. The errorless com-
pletion method yielded a positive and lasting effect.
When different objects were used to test ADL, how-
ever, the rate of errors increased, and were com-
parable with untrained gestures. Therefore, there
was no evidence of generalization.

SUMMARY OF TREATMENT
LITERATURE

Table 1 provides a summary of the ten apraxia
treatment approaches discussed in the literature to
date. Several trends are worth noting. First, apraxia
type is frequently poorly characterized. For exam-
ple, although gesture recognition is clearly an im-
portant index of the integrity of gesture represen-
tations (which, in turn, may have important
implications for rehabilitation strategies), recogni-
tion testing is usually not performed. Second,
whereas some studies provide data on treatment
effects and generalization to untreated items, they
are more sparse with regard to treatment effects on
degree or nature of limb apraxia, maintenance of
treatment effect, and impact of treatment on ADLs.
Third, the duration and intensity of treatment dif-
fers within and across studies, making it difficult to
determine the active components of the treatment.
Fourth, the length of time between termination of
treatment and follow-up differs across studies,
which renders it difficult to compare the lasting
effects of treatment on limb apraxia or ADLs. Fi-
nally, methods such as the nature of the feedback
or correction are commonly underspecified in
these reports if described at all, making replication
in additional subjects nearly impossible. Despite

these issues, the data consistently suggest that
intervention yields a treatment effect. Further-
more, in the cases where it is reported, there is
indication of maintenance of treatment effects, and
impact on nature/degree of limb apraxia as well as
on ADL facility. Thus, it seems that the evidence
based on these ten Phase I studies suggests that
limb apraxia is amenable to treatment. However,
according to Robey and Schultz,71 the purpose of
Phase I research is to develop hypotheses, proto-
cols, and methods; establish safety and activity;
determine the best outcome measures; identify re-
sponders vs. nonresponders; determine optimal in-
tensity and duration; and determine why the treat-
ment is producing an effect.71 Little of this
information is found in these ten reports, and,
thus, we must continue to promote systematic
inquiry until the objectives of Phase I research are
satisfied for limb apraxia.

Evidence suggests that nine of the ten treat-
ments reported in the literature yielded a treatment
effect. However, only four of these nine treatments
resulted in generalization. Because the ultimate goal
of rehabilitation is the use of acquired skill in the
individual’s natural environment, it is important to
consider why certain treatments resulted in gener-
alization, whereas others did not.

Nadeau et al.72 recently have identified seven
treatment attributes that may contribute to gener-
alization in language rehabilitation: (1) intrinsic:
application of knowledge acquired in therapy; (2)
cross function: development of knowledge that can
be applied to multiple tasks; (3) extrinsic: acquisi-
tion of a technique that can be applied outside of
treatment to rebuild function (requires motiva-
tion); (4) mechanistic: training of key brain re-
sources (i.e., working memory capacity, distributed
concept representations, intentional bias); (5) sub-
strate mediated: development of a critical mass of
skill needed to further the therapeutic process—
necessary for intrinsic/extrinsic mechanisms to op-
erate; (6) contextual: learning environment resem-
bles retrieval environment; and (7) socially
mediated: restoration of social context and change
in perception regarding roles to promote activity in
the environment.

Unfortunately, in the realm of apraxia rehabil-
itation, there is no clear relationship between these
putatively critical mechanisms and treatment gen-
eralization. All four treatments that generalized
included cross function and extrinsic mechanisms,
but some treatments that did not generalize in-
cluded these mechanisms as well. Similarly, some
treatments that were mechanistic generalized,
whereas others did not. Of the three treatments
that incorporated home practice (contextual mech-
anism), none resulted in generalization. In addi-
tion, on the basis of the available information,
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there seems to be no consistent relationship be-
tween duration/intensity/type of items trained and
generalization of results. These equivocal results
suggest that whereas limb apraxia may be amena-
ble to treatment, systematic investigation of factors
promoting generalization is still essential.

MOTOR LEARNING AND MOTOR
PLASTICITY: AN OVERVIEW

The learning of skilled movements is called
procedural learning, and its underlying mecha-
nisms and neuroanatomical correlates differ from
declarative learning.73 In the following sections,
we will provide a brief introduction to the litera-
ture on motor learning and plasticity, with an eye
toward applying this literature to the study of IMA.

Some of the actions typically assessed in motor
learning studies differ in complexity and/or mean-
ingfulness from the skilled actions that comprise
praxis. A number of motor learning studies, how-
ever, have used complex, learned actions that are
arguably akin to what we commonly term praxis
movements. Other motor learning studies have
examined complex spatiomotor transformations
that may have relevance to spatial coding of com-
plex action. Thus, it is important to carefully ex-
amine the motor learning literature for points of
possible convergence with the study of learning in
apraxia.

Neuroanatomical Considerations
The primary motor cortex in particular exhib-

its a great deal of plasticity as a function of motor
learning. Using transcranial magnetic stimulation,
a number of investigations have mapped the degree
and extent of excitability of individual muscles on
the scalp surface. Body parts that are used more
have a larger representation, and this representa-
tion shrinks if the body part is not used (see the
study by Pascual-Leone et al.74). On the basis of
neuroimaging paradigms, a variety of brain regions
have been demonstrated to be active depending on
the task and the stage of motor learning; in nearly
all cases, however, there is activation of the pri-
mary motor cortex.75

In most neuroimaging studies, cerebellar acti-
vation is evident in the learning phase and declines
when the movement is learned. This certainly in-
dicates a role in learning and, in particular, sug-
gests that the cerebellum may critical for develop-
ing the movement representation but not storing
it. The frontal and parietal lobes are also clearly
involved in motor learning, but the precise struc-
tures involved in early vs. later stages of learning
are unclear. For example, a frontal-to-parietal shift
in activation has been observed as a sequence task
is learned,76 and a prefrontal-to-premotor, poste-
rior parietal, and cerebellar shift in activation has

been observed in force adaptation learning.77 On
the other hand, several studies using motor se-
quence tasks and at least one using a rotational
learning task have demonstrated that parietal acti-
vation is associated with early stages of learning,
with greater cerebellar and/or premotor involve-
ment in later stages.78–81 At this juncture, we may
conclude that the parietal regions so frequently
lesioned in apraxic patients are clearly important in
aspects of skill learning.

There is evidence that perilesional plasticity
may play a role in recovery of function after stroke.
It has been shown, for example, that after finger
tracking movements, paretic stroke patients im-
proved in finger pointing accuracy and grasp and
release capabilities.82 These functional gains were ac-
companied by increased functional magnetic reso-
nance imaging activations in sensorimotor areas of
the lesioned hemisphere and diminished activations
in the intact hemisphere (see also Fridman et al.83).

At least one previous account has attributed
preserved function in apraxia to preservation of
nondominant (right)-hemisphere frontoparietal re-
gions involved in praxis function.84 On the other
hand, nondominant-hemisphere plasticity changes
have been demonstrated to be maladaptive in re-
covery from aphasia,85 and they may plausibly be
similarly counterproductive in apraxia recovery.
Additional investigations are required to shed light
on this question.

Implicit and Explicit Skill Learning
A considerable literature attests to important

differences between skill learning that is unavail-
able to conscious experience (implicit learning)
and that which is cognitively accessible. Ideally, the
study of learning in apraxia could tap into this
large body of evidence to support the framing of
hypotheses and predictions. However, one critical
concern is that it is not clear whether to align
praxis learning with explicit or implicit knowledge,
or both. The types of complex skills that fall under
the rubric of praxis are not typically verbalized, yet
they can be made explicit under certain circum-
stances. It is, perhaps, most reasonable to begin
with the hypothesis that praxis learning is more
similar to implicit procedural learning than to
learning of declarative information. Specific inves-
tigations that test predicted patterns of results ac-
cording to this hypothesis need to be performed.

A typical exploration of skill learning entails
the use of serial reaction-time tasks. Participants
are usually faster at performing sequences of key
presses that are repeated throughout an experi-
ment, even though they are unaware of the repe-
tition. This is an example of implicit learning. With
additional practice, the sequence can frequently be
specified; in this case, the learned information has
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become declarative as well as procedural. Perfor-
mance gets even better at this stage, but the sub-
ject’s strategy can change because the stimuli can
be consciously anticipated.

Honda et al.86 examined the dynamic involve-
ment of different brain regions in implicit and
explicit motor sequence learning using a serial
reaction-time task and positron emission tomogra-
phy. During the implicit learning phase, when the
subjects were not aware of the sequence, improve-
ment of the reaction time was associated with
increased activity in the contralateral primary sen-
sorimotor cortex. Explicit learning, reflected by a
positive correlation with correct recall of the se-
quence, was associated with increased activity in
the posterior parietal, precuneus, and premotor
cortices bilaterally; in the supplementary motor
area, predominantly in the left-anterior part; in the
left thalamus; and in the right-dorsolateral pre-
frontal cortex. In a study by Grafton et al.,87 there
was activation of the contralateral primary motor
cortex, supplementary motor area, and putamen in
an implicit learning task, and activation of ipsilat-
eral dorsolateral prefrontal cortex and premotor
cortex as well as bilateral parietal cortex during
explicit learning.

In summary of the studies of motor learning in
healthy subjects, it seems that multiple structures
in the brain are involved, and differential involve-
ment arises at different stages. The primary motor
cortex and cerebellum (and, sometimes, the pari-
etal cortex) are active early, and at least the former
seems to play a role in implicit learning. Premotor
and parietal cortical areas are active later and seem
to play a role in explicit learning, perhaps in part by
storage of the sequence. This concept is supported
by the observation that the premotor and parietal
areas increase their activation in proportion to the
length of a sequence performed from memory.88

The relation is obvious to regions that, when dam-
aged, cause apraxia.

PRINCIPLES OF MOTOR LEARNING AS
THEY MAY BE RELEVANT TO APRAXIA
REHABILITATION

Several basic principles of motor learning have
been explored in other aspects of motor control
rehabilitation, but they have received relatively lit-
tle attention in the study of IMA.

Internal Models of Movement
The motor system in healthy participants is

adept at developing internal models that represent
the kinematics (geometry and speed) and dynamics
(forces) of a motor task. Forward models calculate
the movements resulting from a given pattern of
force (dynamics) or the limb positions resulting
from a given pattern of joint rotation (kinematics).

Inverse models compute the muscle forces or
movements needed to reach a visual goal or goal
posture.89 The learning (i.e., practice-dependent
reduction of error) of kinematic and dynamic in-
ternal models seems to be separable, and it may be
disrupted by different brain lesions.90

Several models of motor performance distin-
guish a mode of action concerned with planning,
learning, and motor prediction, and another spe-
cialized for motor execution and control (see
Keele91). One influential account distinguishes se-
mantic representations necessary for motor learn-
ing and planning from pragmatic representations
subserving the control and execution of action.92

The planning mode has been proposed to generate
movement parameters by way of internal models.
The execution mode, in contrast, emphasizes on-
line control that is sensitive to current environ-
mental conditions.

Recent investigations provide indirect evi-
dence that patients with IMA may be impaired in
learning and/or accessing internal models of move-
ment. Motor imagery has been proposed by several
investigators to serve as a proxy for motor planning
in the absence of execution.93–97 Sirigu et al.98 and
Buxbaum et al.25 have demonstrated that partici-
pants with left-parietal lesions and IMA were im-
paired in motor imagery. In contrast, these pa-
tients perform well on tasks more reliant on online
control, such as reaching and grasping with visual
feedback.13,26 The nature and extent of putative
deficiencies in generating and accessing internal
models are being explored in several of the authors’
laboratories, using visuomotor and force-field ad-
aptation paradigms borrowed from the motor con-
trol literature. Such studies are an important step
in developing rehabilitation paradigms targeted at
the relearning of appropriate internal models.

Practice Schedules
It is clear that practice benefits motor learn-

ing, but optimal types and schedules of training
remain unclear and may vary across tasks. In most
motor tasks, practice that is distributed over
(rather than massed in) time seems to result in
optimized learning and retention.99 In learning
new sensorimotor transformations, rest breaks be-
tween sessions are of benefit and may allow for the
consolidation of newly acquired internal models.100

It is also frequently beneficial to train a variety of
similar movements to encourage so-called contex-
tual interference. Shea and Kohl,101 for example,
found in a force-learning task that filling the in-
tertest-trial interval with related motor tasks sig-
nificantly improved retention. Ollis et al.102 have
demonstrated that learning a variety of knot-tying
movements enhances learning, even for novices
practicing complex knots. It has been suggested,
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however, that the benefit of contextual interference
may be task specific.103 Additionally, a contextual
interference manipulation in patients with Parkin-
son disease did not enhance learning, suggesting
that successful learning strategies in healthy con-
trols may not generalize to brain-damaged pa-
tients.104 It is also of interest to note that the
training of items that share many features with
other items is disruptive and is not beneficial in the
lexical–semantic domain.105,106 Because object-re-
lated praxis movements are complex skills with
close ties to semantic knowledge,22 it remains un-
clear whether training on shared or distinctive
motor features, semantic features, or both will be
optimal in praxis rehabilitation.

The Role of Feedback and Error
Correction

Feedback and knowledge of results frequently
facilitate motor skill acquisition. Recent investiga-
tions have probed the types of feedback that may be
most optimal, and here, as in other areas of motor
learning, the answer is unclear. For example, vary-
ing the movement component about which feed-
back is provided may benefit simple skill learning,
but it may also disrupt more complex motor skill
learning.107

In the domain of cognitive implicit learning,
error may be disruptive. As a result, rehabilitation
paradigms have evolved that emphasize errorless
learning. Performance may be “shaped” by mini-
mizing opportunities to make errors and by re-
warding successful performance. In contrast, in the
domain of simple movements, such as reaching
under visual guidance, performance seems to be
“tuned” by the opportunity to correct error (e.g.,
Rossetti et al.108). The role of error in these differ-
ent types of learning remains poorly understood;
moreover, it is not clear whether and where praxis
movements may fall on this continuum.

Hemiparetic stroke patients without IMA are
able to adapt to forces applied perpendicularly to
the moving hemiparetic arm109 as well as to
springlike forces that act against movement110

when they receive feedback about error. This sug-
gests that hemiparetic patients can use error to
adjust internal models of movement to achieve an
intended goal.109,111 It has also been suggested that
perception of gross errors may enhance the recov-
ery process in stroke.112

Unfortunately, patients with apraxia frequently
exhibit some degree of anosognosia, or unaware-
ness of deficit. They may recognize that they are
unable to move correctly, but they fail to recognize
the extent of deficit, or they may attribute it to
clumsiness, memory loss, or intellectual de-
cline.113 It may be necessary to provide augmented
feedback about error. Fortunately, a number of

virtual-reality paradigms under recent develop-
ment present promising opportunities to do just
this (see Holden114).

Paradigms using robot-assisted devices115,116

can launch correct actions based on electromyo-
graphic activity that is associated with the inten-
tion to act. Thus, preparatory activity is linked to a
correct response, and errors are prevented. This
would seem to be an extremely useful feature.
However, given that IMA patients may fail at the
level of planning and intention, it is not obvious
that robot-assisted therapies will be helpful in the
rehabilitation of IMA, unless the correct perfor-
mance of an act can feed back to augment the
putatively deficient internal model.

SUMMARY AND RECOMMENDATIONS
There are several different subtypes of apraxia,

resulting in some cases from damage to differing
underlying neural systems. Ideomotor, ideational,
and conceptual apraxia all seem to impact real-
world functioning. Development of appropriate
treatment paradigms is clearly needed. A review of
the apraxia treatment literature to date reveals that
the field is in the early stages of efforts to develop
effective treatments and that most studies have
relied on individual-case, experimental designs. Ad-
ditional problems include poor specification of pa-
tient characteristics, including incidence of apha-
sia; variable criteria for diagnosing apraxia; vague
description of treatments applied; unequal applica-
tion of treatment, even within a given study; and
absence of information about treatment generali-
zation. Most central to the aims of this review,
principles from the existing motor learning litera-
ture have not yet informed the development of
treatment studies.

The motor learning literature identifies several
principles that may benefit the rehabilitation of
apraxia, if appropriately applied. For example, dis-
tributed practice of the target task seems to im-
prove learning and retention. Creating contextual
interference by interleaving the target task with
other similar tasks may aid117 or disrupt (c.f. Plaut
et al.106) generalization. Feedback of results should
be provided. Intensity of practice is also clearly
important.

One potential strategy in the development of
apraxia treatment studies is to systematically vary
one treatment feature at a time (e.g., massed vs.
distributed practice schedule; similarity or distinc-
tiveness of items; presence or absence of feedback;
shaping of easier to harder items to maximize
success, as opposed to allowing errors) while sys-
tematically holding the others constant. This is
clearly preferable, from the perspective of clarify-
ing the features of the training that are critical. On
the other hand, there is, unfortunately, very little

February 2008 Treatment of Limb Apraxia 157



to suggest how these motor learning principles are
best parameterized (e.g., in terms of strength, du-
ration, or intensity) or applied to the treatment of
IMA. Another strategy, then, is to attempt to obtain
a beneficial effect by “loading” the treatment on all
of the motor learning features that may plausibly
be beneficial, and, if an effect is obtained, follow up
with studies designed to disentangle the critical vs.
noncritical factors. Of course, if no training benefit
is observed, then it would be unclear which fea-
tures were applied incorrectly, and this, in turn,
would necessitate a return to the “one feature at a
time” strategy.

As an exercise, at least, we can imagine a
treatment study based on the strategy of loading
the treatment with principles derived from the
motor learning literature. One might predict, for
example, that deficits in naturalistic action may be
most successfully treated by providing an intense
but distributed schedule of practice on a variety of
targeted naturalistic tasks, interleaved with other
similar tasks. Principles of shaping might be pre-
dicted to be beneficial, such that easy tasks are used
early in training and harder tasks later in training,
such that performance is successful. On the other
hand, opportunities to correct errors should be
provided, should they arise.

The apraxia literature also provides some hints
about other factors that may impact rehabilitation.
A recent learning study from the lab of one of the
authors118 has assessed the role of the affordances
of unfamiliar objects—in this case, the degree to
which the unfamiliar objects signal the actions asso-
ciated with them by virtue of their shape—in learn-
ing new, object-related gestures. Patients with IMA,
but not age- and education-matched nonapraxic left-
hemisphere stroke patients, were significantly better
at learning new gestures when the gestures were
highly afforded by their associated objects. This affor-
dance benefit could clearly be exploited in the design
of future treatment studies by focusing early treat-
ment on high-affordance objects.

Tasks trained early in a shaping procedure may
be designed to be “easy” in a number of other
critical ways. Clearly, these early tasks should have
few steps. Arrays should be simple, with few visual
elements, and no distracting (task-irrelevant) ob-
jects. Spatial consistency of object placement from
trial to trial is also critical.119 These task and object
features may all be titrated gradually, such that
tasks higher up in the shaping hierarchy are in-
creasingly complex with respect to these features.

Treatments must be applied identically across
all treated subjects. Treated and untreated patients
must either be matched across a large number of
putatively important variables—including lesion
size, severity of cognitive and language deficits,
apraxia type (and subtype) and severity, and motor

impairment—or sample sizes must be large and
patients randomly assigned to treated and un-
treated groups. Efficacy of treatment should be
assessed by applying pre- and posttreatment mea-
sures of caregiver burden, performance of ADLs,
and/or functional independence that are different
from the trained tasks.
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Additional Description of my Research: 

My research has focused upon the neuroanatomical and cognitive correlates of complex 
movement through the study of limb apraxia, response sequencing, procedural learning, and 
kinematics of arm reaching.  I have primarily studied brain damaged patients to delineate the 
neural correlates of various aspects of movement including advance planning (Harrington & 
Haaland, Brain, 115: 857-874, 1992) and the effect of context on the neural correlates of 
procedural learning (Haaland, Harrington, & O’Brien, Neuropsychology, 11:180-186, 1997), but 
functional MRI has also been used in collaboration with scientists at the Medical College of 
Wisconsin to determine if the same areas that are involved with advance planning in brain 
damaged patients are activated while performing similar tasks during functional imaging 
(Haaland, K.Y., Elsinger, C., Mayer, A., Durgerian, S., Rao, S., Journal of Cognitive 
Neuroscience, 16, 621-636, 2004).    

I have always had a strong interest in ipsilesional motor deficits after stroke.  Ipsilesional deficits 
are present, and are particularly important in patients with right hemiparesis who must rely on 
their non-dominant, ipsilesional, left arm to perform daily activities.  Our early work showed that 
the two hemispheres were specialized for controlling different aspects of movement.  More 
recent work has used kinematic analyses of reaching to further demonstrate this finding with the 
conclusion that the left hemisphere is more specialized for dynamic control of movement, while 
the right hemisphere is more specialized for position (Haaland, K.Y., Prestopnik, J., Lee, R.R., 
and Adair, J., Brain, 127, 1145-1158, 2004).  While these different aspects of movement are 
associated respectively with open loop, feedforward, or pre-programmed movements and 
closed loop or feedback processing, current work in collaboration with Robert Sainburg at Penn 
State University is examining this issue with more precision.  In fact, we have recently shown 



that the left hemisphere is particularly important for controlling the dynamic aspects of 
movement (e.g., joint coordination) while the right hemisphere is more important for controlling 
the steady state positional aspects of movement (Schaefer, Haaland, & Sainburg, 2007), and 
the dynamic control from the left hemisphere is particularly dependent on the motor system, as 
evidenced by dynamic deficits in the hemiparetic patients with left hemisphere damage relative 
to those who are not hemiparetic (Haaland, et al., In Press).   

We have also begun to examine the impact of ipsilesional deficits on real world functioning 
(Wetter, Poole, & Haaland, 2005, Chestnut & Haaland, 2008, Poole, Sadek, & Haaland, In 
Press), and we are currently looking at the relationship between kinematic measures and real 
world functioning with the goal of developing better rehabilitation for stroke patients.  We have 
recently shown that hand preference influences arm use in stroke patients.  When arm use of 
right handed, paretic patients with right or left hemisphere damage is examined, patients with 
right hemisphere damage use their ipsilesional, preferred right arm more than patients with left 
hemisphere damage use their ipsilesional, non-preferred left arm.  In contrast left hemisphere 
damaged patients use both arms more frequently suggesting that they use their paretic arm in 
concert with their ipsilesional non-paretic limb to perform daily skills.  This finding may have 
implications regarding physical therapy, which recently has focused on the hemiparetic arm 
using constraint induced movement therapy. 
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