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improvement of hemodynamic and metabolic factors in the 
area of injury or surrounding tissue. For instance, early recana­
lization of an obstructed blood vessel or relative increases in 
blood pressure can improve the metabolic function of an isch­
emic area and therefore its neuronal function . At the cellular 
level in the first few weeks following a stroke, a number of 
genetic, cellular, and neuronal changes occur both near the 
lesion and in the regions connected to it. For instance, increases 
in excitability in contralateral homologous zones and decreases 
in excitability near the lesion have been described. Synaptic 
sprouting from the contralateral homologous cortex to the site 
of a lesion has been demonstrated to occur in rats. In monkeys, 
changes in physiological organization of cellular responses 
near the lesion as well as sprouting of new connections between 
distant cortical areas have been demonstrated. It is interesting 
to note that some of these changes are modulated by rehabilita­
tion. Whether and how these neural changes are relevant to 
patients remains unclear and deserves study. 

In humans, neuroimaging and neurophysiological studies 
are beginning to provide a few general principles on neu­
rological reorganization after stroke. First, after subcortical 
lesions involving descending fibers from the primary motor 
cortex, cortical activity moves toward anterior premotor 
areas likely involved in driving brainstem and spinal mecha­
nisms through different parts of the corticospinal tract. Sec­
ond, patients after stroke tend to recruit more areas than 
healthy persons when moving their paretic limb. This rela­
tive overactivation seems to be inversely correlated with 
level offunction-that is, more spread of activation across 
cortical regions equals lower function-and lonoitudinal 
nonnalization of activation patterns seems to correlate with 

recovery. Third, an important emerging physiological 
pnnclple IS the importance of balanced activity between 
the 2 hemispheres for normal function. Unbalanced activa­
tion or excitability seems to be associated with greater impair­
ment. This principle has important rehabilitative applications 
(see Box 3). 

Recovery From Apraxia 

There have been few investigations of recovery from apraxia. 
The evidence suggests that lMA after left-hemisphere 
stroke IS perSIstent, with only mild improvement over time. 
Patients with less severe apraxia at initial testing, not surpris­
mgly, are most likely to recover. IS 

Recovery From Ataxia 

Compared with paresis, far less is known about the time course 
of recovery from ataxia and the factors that influence this 
recovery. In humans, substantial recovery can occur in the 
first .3 months after cerebellar stroke, and it proceeds through 

senes of stages that can be mapped onto characteristic changes 
III the tnphasic electromyographic (EMG) response 
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Box 3. Interhemispheric interactions in motor control 

Neuroimaging studies have consistently documented 
enhanced activity in motor areas of both cerebral hemi­
spheres, associated with movements of the paretic hand. 
Patients with stroke experience changes in motor cortical 
excitability and an abnOlmally high interhemispheric inhi­
?ition from contralesional to ipsilesional Ml when attempt­
lllg to move the paretic hand. These changes are more 
prominent in those with more substantial motor impair­
ment. What is interesting is that these abnormalities may 
be task dependent because they may not be present when 
patients are at rest. These fmdings give rise to the hypothesis 
that modulation of excitability in motor regions 
of the llltact and affected hemispheres, through either 
somatosensory or motor cortical stimulation, could poten­
tIally contribute to improvements in motor function. 20 

Somatosensory input is required for accurate motor per­
formance and skill acquisition. Reduction of such input by 
local anesthesia impairs motor control, as shown in patients 
with large-fiber sensory neuropathy who display charac­
teristically abnormal motor behavior. In stroke patients, 
somatosensory deficits are associated with slower recovery 
of motor function. It has been proposed that somatosensory 
stimulation, which enhances motor cortical excitability, 
could operate as an adjuvant to rehabilitative treatments. 
Indeed, application of somatosensory stimulation to an 
affected body part can facilitate motor function in patients 
with stroke. It is interesting to note that anesthesia of body 
parts contralateral to the paretic side can influence motor 
function in the paretic hand, perhaps through modulation 
of interhemispheric inhibitory interactions. For example, 
anestheSIa of I hand results in facilitated motor function in 
the other hand in healthy persons and in stroke patients. 

Noninvasive brain stimulation represents a useful tool 
to modulate human brain function. 21 Three techniques have 
been the most commonly tested in the framework of recent 
neurorehabilitative studies. Transcranial magnetic stimula­
tion (TM?), a procedure that modulates cortical excitability, 
has contrIbuted significantly to the understanding ofmecha­
nisms underlying cognitive and sensorimotor processes. 
Depending on stimulation parameters, TMS can enhance 
or decrease excitability in the neural structures under the 
stimulating coil. Transcranial direct current stimulation 
(tDCS) a procedure used to polarize brain regions through 
the nonlllvaSlve, transcranial application of weak direct 
currents that can also enhance or decrease cortical excit­
ability depending on the polarity with which it is applied. 
Both techniques, recently tested after stroke, are able to 

brain function, are painless in addition to being 
nomnvaSIve, 

(continued) 
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Box 3. (continued) 

and can be used in the setting of double-blind experimental 
designs. Additionally, based on studies in animal models, 
recent studies attempted to facilitate motor function after 
stroke by stimulating perilesional areas on the cortex through 
epidural electrodes. Cortical stimulation has been applied 
with the purpose of either facilitating activity in the ipsile­
sional Ml or downregulating activity in the contralesional 
M I, consistent with the notion of interhemispheric inhibi­
tory interactions between motor cortical regions. 

as it converges toward the normal pattern. 16 Recovery from 
hypermetria in humans can be unmasked by increasing the 
inertial load of the moving hand with weights. 17 This interest­
ing finding suggests that spontaneous recovery from hyper­
metria is incomplete and may not be mediated through 
learning. 

Mechanisms of recovery from ataxia. Recovery from ataxia 
after a stroke affecting the cortex or the output nuclei can 
occur quickly within 2 to 3 weeks in monkeys because of 
adjustment of activity in the opposite normal cerebellum. IS 

This is also commonly observed in human patients, in whom 
the prognosis after a single cerebellar stroke is generally good. 
However, a second lesion in the opposite cerebellum reinstates 
the original deficits and produces novel deficits in the other 
arm. Recovery in monkeys in this case is much longer and 
incomplete and is likely dependent on other regions like the 
somatosensory cortex. In fact, damage to the somatosensory 
cortex can also reinstate deficits that have recovered after a 
single cerebellar lesion. 19 

These results have important implications for neuroreha­
bilitation and are further discussed in the accompanying 
chapter by Pomeroy et al. First, in the monkey experiments, 
recovery occurred in the setting of daily practice, which 
means that recovery required interaction of a learning process 
with spontaneous biological recovery processes. It is doubtful 
that similar degrees of recovery would have been seen ifthe 
monkeys had not been made to practice. Second, faster 
and more complete recovery occurs early (within I month), 
which means that practice protocols may need to be initiated 
early after injury. Third, the anatomical loci and physiological 
processes mediating recovery are multiple, and each may be 
targeted in different ways. F or example, noninvasive cortical 
stimulation over the sensory cortex might enhance recovery 
from ataxia and should be studied. 

Illustrative Case A: Hemiparesis 

RV is a 70-year-old, right-handed woman with a left-hemi­
sphere stroke, with damage extending subcortically into the 
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corona radiata. Her clinical presentation includes some vol­
untary activation of the contralesional shoulder, elbow, and 
wrist (grade 2) but no individuated movements of the digits. 
Mild tactile and proprioceptive deficits are noted on the 
affected side as well as some weakness in the contralesional 
face and leg. She has no aphasia or neglect, and ipsilesional 
hand function is unimpaired. RV's ability to imagine move­
ments was evaluated by asking her to determine whether 
images depicted left or right hands appearing in different 
orientations. Despite the paralysis, her performance on this 
task was within the normal range and did not differ between 
hands. Though by no means atypical, this case illustrates 
several key concepts. Involvement ofthe contralesional face 
and leg, in addition to the hand, reflects damage to adjacent 
regions of the descending motor fibers organized in a somato­
topic fashion. In terms of the model discussed, this hemipa­
resis can be thought of as a difficulty in computing the proper 
motor command. This may be a result of either the direct 
insult to regions of the left prefrontal, premotor, and/or pri­
mary motor cortex or damage to the descending white matter 
tracts that carry commands from these regions to the brainstem 
and spinal cord. The ability of RV to shrug the shoulder 
may reflect contributions from the motor areas of the intact 
cerebral hemisphere to control of proximal muscles via 
uncrossed pathways. Depending on the posterior extent of 
the lesion within the internal capsule, parietal output to the 
spinal cord may also still be intact. One challenge will be 
how to engage these routes. One possibility may be to aug­
ment standard therapies with motor imagery (mental 
rehearsal exercises). As noted above, RV appears to be 
capable of these behaviors, and evidence from neuroimag­
ing indicates that such tasks consistently increase activity 
within parietal as well as frontal regions. 

Illustrative Case B: Apraxia 

BO is a 52-year-old, right-handed male who suffered a cerebro­
vascular accident affecting the territory of the left middle 
cerebral artery and resulting in a large frontotemporoparietal 
lesion. His speech production and comprehension are mildly 
impaired, and he has a distal hemiparesis on the contralesional 
side (intact shoulder shrug only). When reaching to grasp 
objects, the patient has no difficulties in bringing the hand 
to the correct location in space or in shaping, orienting, and 
preshaping the grip. However, apraxia testing revealed sig­
nificant difficulties with common skills. When asked to 
demonstrate how to use a spoon to eat a bowl of soup, BO 
instead pantomimed the action of brushing his teeth (content 
error). When asked to prepare a letter for mailing, he sealed 
the envelope before inserting the note (sequencing error). 
BO is, however, able to correctly recognize and name familiar 
objects and also identify their common uses and functions. 
Likewise, he performs at low-normal levels on tests of both 
working memory and executive function. 
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The difficulties that this apraxic patient is experiencing 
may be a result of deficits in the integrity or selection of stored 
representations offunctional use actions. His ability to produce 
coordinated reaching-to-grasp movements with the intact hand 
suggests that he can form an accurate internal model of pre­
hensile actions. Yet it appears that he has difficulties retrieving 
the correct functional use action program in response to the 
object stimulus. Testing with an action recognition task requir­
ing distinctions between correctly and incorrectly performed 
functional actions would help distinguish deficits in the integ­
rity of functional use representations from action selection! 
retrieval deficits. 
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