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Plasticity of the Human Motor Cortex in Patients with
Arteriovenous Malformations: A Functional MR

Imaging Study

Hatem Alkadhi, Spyros S. Kollias, Gérard R. Crelier, Xavier Golay, Marie-Claude Hepp-Reymond, and
Anton Valavanis

BACKGROUND AND PURPOSE: The capacity of the human brain to recover from damage
has been explained on the basis of plasticity, according to which remaining areas assume func-
tions that would normally have been performed by the damaged brain. Patients with cerebral
arteriovenous malformations (AVMs) involving primary motor areas may present without sig-
nificant neurologic deficits. We used functional MR imaging to investigate the organization of
cortical motor areas in patients with AVMs.

METHODS: Cortical motor hand and foot representations were mapped in nine right-hand-
ed patients harboring AVMs occupying the hand (n 5 6) or foot (n 5 3) region of the primary
motor cortex (M1). None of the patients exhibited motor deficits. Simple movements of the
hand and foot were performed. In eight patients, both right and left extremities were tested;
in one patient, only the hand contralateral to the AVM was examined. Localization of activation
in the affected hemisphere was compared with that in the unaffected hemisphere and evaluated
with respect to the normal M1 somatotopic organization shown in earlier functional MR im-
aging investigations.

RESULTS: Cortical activation showed three patterns: 1) functional displacement within the
affected M1 independent of the structural distortion induced by the AVM (n 5 4), 2) presence
of activation within the unaffected M1 ipsilateral to the moving extremity without activation
in the affected M1 (n 5 3), and 3) prominent activation in nonprimary motor areas without
activation in either the affected or unaffected M1 (n 5 2).

CONCLUSION: Preliminary evidence suggests that brain AVMs lead to reorganization with-
in the somatotopic representation in M1 and to occasional abnormal expansion into nonprimary
motor areas.

Cerebral arteriovenous malformations (AVMs) are
generally considered to be inborn errors of vascular
morphogenesis caused by a defect or malfunction
of the embryonic capillary maturation process (1–
4). However, there is increasing evidence that the
majority of cerebral AVMs develop postnatally and
represent various types of endothelial cell dysfunc-
tion (4, 5). Brain AVMs exhibit wide variability in
size, hemodynamic features, and vascular compo-
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sition so that accurate determination of the natural
history of an individual case is difficult and may
even be impossible (4). The most common initial
manifestation, which is estimated to occur at a rate
of more than 50%, is hemorrhage. Focal neurologic
symptoms without previous hemorrhage occur only
in about 8% of patients and may be caused by sev-
eral factors, including steal effect, decreased per-
fusion due to arterial stenoses, venous hyperten-
sion, and mass effect resulting from compression
of the brain parenchyma by venous varices (2–4).

Conventional MR imaging, which provides pre-
cise topographic localization of brain AVMs, is an
essential tool for therapeutic planning (3, 4). How-
ever, the anatomic location alone does not give any
information on possible functional reorganization.
Thus, in regions adjacent to vascular malformations,
brain functions have previously been mapped using
a variety of preoperative and intraoperative tech-
niques. Functional MR imaging has proved to be an
extremely valid preoperative tool that closely agrees
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with the results from intraoperative cortical stimu-
lation (6, 7). Several studies and case reports with
AVMs involving such brain areas as the sensori-
motor, language, and visual cortex, have confirmed
the feasibility of functional MR imaging studies in
vascular malformations of the brain (6–14). The
technique has proved to be of benefit in planning
treatment, particularly in patients undergoing sur-
gery. Although in patients undergoing endovascular
treatment the functional status of the brain may be
tested by local injection of anesthetics, functional
brain MR imaging provides the opportunity to non-
invasively address important physiological questions
related to cortical reorganization by providing in-
formation concerning extensive brain territories.
However, to date, no systematic studies have at-
tempted to determine the impact of cerebral AVMs
on the reorganization of motor function.

The aim of this study was to use functional MR
imaging to map cortical organization in patients
with brain AVMs directly involving the hand or
foot region of the primary motor cortex (M1) and
to test the hypothesis according to which brain
AVMs would lead to reorganization, thus revealing
the large-scale plasticity of the human brain.

Methods

Subjects

Nine right-handed patients (three women and six men; mean
age, 34 6 9 years) harboring MR and angiographically doc-
umented AVMs were included in this prospective study. The
AVMs were located primarily in the rolandic region, including
the central sulcus, the precentral gyrus, or the paracentral lob-
ule, and occupied the somatotopically expected M1 hand or
foot representation (15, 16). The subjects were referred for
endovascular treatment (n 5 5) or for follow-up studies after
partial embolization (n 5 4). With the exception of patients 3
and 6, who both had MR imaging findings of perinidal gliosis,
no patient had MR evidence of additional, associated lesions;
and no patient had evidence of hemorrhage. Patients 2 and 9
had experienced a transitory episode of mild hemiparesis that
had resolved completely within days. These patients were in-
cluded in the study owing to their normal neurologic status at
the time of functional MR imaging and because of the lack of
associated lesions on structural MR images. At the time of
functional MR imaging, no patient showed any motor deficit
at neurologic examination. All experiments were conducted
with the oral consent of the patients.

Functional MR Imaging Data Acquisition

Morphologic and functional MR imaging experiments were
performed during the same imaging session with a 1.5-T
whole-body MR imaging system with echo-planar capabilities
and a standard whole-head transmit-receive coil. Morphologic
imaging included acquisition of an axial T2-weighted double-
echo fast spin-echo sequence (TR/TE/excitations 5 3500/
12,102/2, section thickness 5 4 mm, gap 5 1.3 mm); coronal
and sagittal T1-weighted spin-echo sequences (500/10/4, sec-
tion thickness 5 4 mm, gap 5 1.3 mm); a 3D time-of-flight
sequence (section thickness 5 0.6 mm, matrix 5 512 3 256);
and a 3D phase-contrast MR angiographic sequence (section
thickness 5 1.2 mm, matrix 5 256 3 160). Blood oxygen
level–dependent (BOLD) functional MR imaging studies (sin-
gle-shot echo-planar imaging: 3000/40, flip angle 5 608, voxel
size 5 2.5 3 2.5 3 5 mm) covered the primary and nonpri-

mary motor areas with eight (n 5 6) or 11 (n 5 3) sections.
To keep imaging time as short as possible, 40 images per sec-
tion were acquired during five alternating periods of rest-task
performance (5, 10, 10, 10, and 5 phases, respectively). The
rest period in between tasks was 30 seconds. Simulations with
computer-generated signals had confirmed that with 40 mea-
sured time points, 98.5% of correlated pixels with a signal
change of 1% are detected. Pixels with a signal change above
1% were detected in 100% of simulations. Keeping functional
MR imaging experiments short (2 minutes each) allowed us to
stay within a total imaging time of 50 minutes, which was well
tolerated by all patients.

To map the motor cortical hand and foot representation, the
patients were asked to perform simple, self-paced movements
at a constant rhythm of approximately one cycle per second.
They had to open and close either the left (n 5 8) or right (n
5 8) hand and/or to make a flexion-extension movement of
the left (n 5 4) or right (n 5 4) foot. The motor tasks were
explained to the subjects and practiced before the functional
MR imaging data acquisition. During the experiments, patients
had their eyes closed; foam cushions and straps were used to
immobilize their head.

Functional MR Imaging Data Analysis

To minimize artifacts due to residual head motion, the func-
tional images were realigned for each experiment using an au-
tomatic image registration algorithm (17). To compute acti-
vation maps, voxels activated during the task conditions were
identified by calculating nonparametric Spearman rank order
correlation coefficients (18) between the time series of pixel
intensities and an idealized response function. Transformation
to a Student’s t-test were made (19) in which only pixels with
statistically significant correlation (P , .005) were considered
as activated areas. The data were postprocessed with a time
shift of 6 seconds (two TRs) between stimulus onset and signal
intensity change. To account for the fact that the hemodynam-
ics adjacent to AVMs are likely to differ from those in healthy
tissue, we reprocessed all data with three different signal mod-
els: a boxcar function with 1) a one-TR and 2) a three-TR
delay, and 3) a trapezoidal function with a one-TR delay and
a rise time of two TRs (see appendix). Additionally, we vi-
sually inspected the plotted time courses of voxels in the re-
gions affected by the AVMs.

The activation maps were overlaid onto anatomic high-res-
olution 3D whole-brain images (3D spoiled gradient-echo se-
quence: 50/9, flip angle 5 458, matrix 5 256 3 192, section
thickness 5 2 mm). Overlaying the functional MR imaging
data on the 3D volume in which the feeding and draining ves-
sels were readily distinguished prevented the possibility of in-
cluding false-positive areas of activation, particularly those
coming from multiple draining veins. The location of the ac-
tivation was analyzed with respect to the nidus and to feeding
and draining vessels as defined by digital subtraction angiog-
raphy in combination with MR imaging and MR angiography.
Activation within the affected hemisphere was compared with
that in the unaffected hemisphere and with somatotopic maps
recently obtained with functional MR imaging (15, 16).

Results
Structural imaging and angiography revealed

nine AVMs with the nidus involving the expected
primary motor hand (n 5 6) or foot (n 5 3) rep-
resentation (15, 16). Patient data, AVM character-
istics and location, and clinical presentation are
summarized in Table 1.

Functional MR images showed signal intensity
changes in the range of 1% to 4% between rest and
activation conditions for all patients. This gave an
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TABLE 1: Characteristics of patients and arteriovenous malformations (AVMs)

Patient
No.

Sex/Age
(y) Anatomic Location of AVMS Characteristics of AVMs* Clinical Presentation

1 M/28 L precentral gyrus, central sulcus Plexiform, sulcal/gyral paraventricular
extension

Focal seizures, R hand

2 M/45 R precentral gyrus, central sulcus Mixed fistulous and plexiform, sulcal/
gyral

Transitory L hemiparesis

3 F/21 R precentral gyrus Plexiform, gyral, paraventricular exten-
sion

Headache, nausea

4 M/42 L precentral gyrus, central sulcus, and
precentral sulcus

Plexiform, sulcal, paraventricular ex-
tension

Grand mal seizure

5 M/28 L precentral gyrus, central sulcus Plexiform, sulcal/gyral Focal seizures, R hand
6 F/22 L central sulcus Plexiform, sulcal, subcortical extension Focal seizures, R hand
7 M/38 R paracentral lobule and precuneus Mixed fistulous and plexiform, sulcal/

gyral
Headache

8 F/40 R paracentral lobule Plexiform, gyral Transitory numbness L foot
9 M/35 L paracentral lobule Plexiform, sulcal/gyral Transitory R hemiparesis

* According to topographic and angioarchitectural classification system of Valavanis (3).

TABLE 2: Activated primary and nonprimary motor areas during contralesional limb movements*

Patient
No.

Ipsilesional Hemisphere Contralateral to the Movement

M1 SMA PMd PA CMA

Contralesional Hemisphere Ipsilateral to the Movement

M1 SMA PMd PA CMA

1
2
3
4
5

1
1
1
1
2

1
2
1
1
1

2
1
2
1
1

1
1
1
1
1

2
1
2
1
1

2
1
1
2
1

1
1
1
1
1

2
1
1
1
1

1
1
1
1
1

2
1
2
1
1

6
7
8
9

2
2
2
2

1
2
1
2

2
2
1
1

1
1
1
1

1
2
2
1

2
1
1
2

1
1
1
1

1
1
1
1

2
1
1
1

2
1
1
1

* Hand movements in patients 1–6, foot movements in patients 7–9.
Note.—1 indicates presence and 2 indicates absence of activation; M1, primary motor cortex; SMA, supplementary motor areas; PMd, dorsal

premotor areas; PA, parietal areas; CMA, cingulate motor areas.

additional assurance that the functional MR imag-
ing signal had a significant parenchymal contribu-
tion and was not dominated by signal from draining
veins, in which the expected changes are in the
range of 5% to 10%.

In all reprocessed experiments with different
time models, the resulting activation maps showed
no additional regions of activation either in the pri-
mary motor cortex or in the regions affected by the
AVMs beyond those seen at postprocessing with a
two-TR delay. Additionally, visual inspection of
the plotted time courses of voxels in the regions
affected by the AVMs revealed no relationship of
any kind with the movement paradigm. We thus
had strong evidence that the absence of detected
activation in any brain area was not the result of a
false estimation of the hemodynamic delay.

Significant activation did not lie within the nidus
of an AVM or within feeding or proximal draining
vessels in any of the experiments. No activation
pattern could be related to the size or type (gyral
or sulcal) of the individual AVMs.

Activation sites varied among subjects. Activa-
tion could be found in the primary motor area (M1)

within the central sulcus, including the posterior
bank of the precentral and the anterior bank of the
postcentral gyrus, as well as in the paracentral lob-
ule. Activation could also be seen in the supple-
mentary motor area (SMA) within the superior
frontal gyrus, bordered posteriorly by the paracen-
tral sulcus; in the dorsal premotor areas along the
precentral sulcus and its junction with the superior
frontal sulcus; in the parietal areas along the intra-
parietal sulcus, involving the adjacent superior and
inferior parietal lobule; and in presumably the cin-
gulate motor areas (CMA) within the cingulate sul-
cus or gyrus. Table 2 presents a detailed analysis
of all activated primary and nonprimary motor ar-
eas in both hemispheres during contralesional limb
movements.

In six patients (subjects 1–6) with AVMs in-
volving the somatotopically expected M1 hand
area, four showed functional displacement within
the affected M1 contralateral to the moving limb.
Patients 2 and 3 showed additional activation in the
ipsilateral M1. Compared with the unaffected
hemisphere and with existing somatotopic maps,
patients 1 and 2 had a displaced M1 representation
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FIG 1. Patient 1.
A, Sagittal T1-weighted image (500/14/4) shows the AVM in the left precentral

gyrus and central sulcus, thereby involving the expected primary representation area
of the left hand.

B and C, Four adjacent axial sections show cortical maps related to finger move-
ments of the left (B) and right (C) hand. Compared with the right hemisphere M1
representation, which is in the expected anatomic location (B), activation in the left
hemisphere is displaced laterally. This displacement does not follow the structural
distortion of the rolandic region induced by the AVM. Note further activation in bilateral
parietal and SMAs.

of the contralateral hand within the precentral gyrus
laterally. This is obvious in Figure 1, which dis-
plays the representative functional MR imaging
sections in patient 1. Compared with the unaffected
right side (Fig 1B), M1 activation in the affected
hemisphere was clearly displaced laterally (Fig
1C). Patients 3 and 4 had displacement of the M1
hand representation within the precentral gyrus me-
dially, as shown for patient 3 in Figure 2. In this
patient, perinidal gliosis was present in the lateral
aspect of the precentral gyrus. Activation within the
affected right hemisphere was represented by func-
tional displacement medially, with additional signal
seen in the ipsilateral M1 (Fig 2C). In all four sub-
jects, the altered maps did not follow the structural
distortion of the central region induced by the
AVM. Functional MR imaging during right-hand
movements in patient 5 showed absent contralateral
but present ipsilateral M1 activation in the area of
the precentral knob. Patient 6, who presented with
focal seizures of the right hand, had an AVM ex-
actly adjacent to the expected M1 hand represen-

tation within the left central sulcus. T2-weighted
images showed perinidal gliosis in the parenchyma
of the postcentral gyrus posterior to the nidus. Fig-
ure 3A shows the close relationship of the AVM to
the left precentral knob. Two different functional
MR imaging sessions repeated within 4 months re-
vealed an absence of M1 activation bilaterally dur-
ing right-hand movements but prominent bilateral
nonprimary motor activation, particularly in the
SMA (Fig 3C).

In three patients (subjects 7, 8, and 9) with
AVMs involving the somatotopically expected M1
foot representation, two (subjects 7 and 8) showed
significant activity in M1 ipsilateral to the moving
foot but not contralaterally. In patient 7, an exten-
sive AVM involving the expected right-sided M1
foot representation is shown in Figure 4A. Acti-
vation is seen in the ipsilateral M1, SMA, and
CMA and in bilateral dorsal premotor and parietal
areas (Fig 4C). Patient 9, who had suffered from a
transitory and completely regressive right-sided
hemiparesis, had a left-sided AVM in the precentral
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FIG 2. Patient 3.
A, Sagittal T1-weighted image (500/14/4) shows an AVM in the right precentral

gyrus, involving the anatomically expected area of hand representation.
B and C, As compared with the unaffected left hemisphere (B), the hand repre-

sentation in the affected right hemisphere (C) is displaced medially within the pre-
central gyrus. Additional activation within the ipsilateral M1 is detected. The functional
displacement does not follow the structural distortion induced by the underlying dis-
order. Note additional activation in bilateral supplementary motor (arrows, upper right
image in C) and parietal areas.

part of the paracentral lobule. Movements of the
right foot elicited prominent activation of the dorsal
premotor and parietal areas and the CMA bilater-
ally as well as ipsilateral SMA activation without
any activation in M1.

In the experiments performed to obtain an inter-
nal control, either by moving the extremity contra-
lateral to the unaffected hemisphere (Figs 1B and
2B) or the limb whose M1 representation was out-
side the nidus (Figs 3B and 4B), the expected sig-
nal in the contralateral M1 was always present.

Cortical activation can be categorized into three
patterns: 1) functional displacement within the af-
fected M1 independent of the structural distortion
induced by the AVM (patients 1–4); 2) presence of
activation within the unaffected M1 ipsilateral to
the moving extremity without activation in the af-
fected hemisphere (patients 5, 7, and 8); and 3)
prominent activation in nonprimary motor areas

without activation in either the affected or the un-
affected M1 (subjects 6 and 9).

Discussion
Our results indicate that brain AVMs involving

the primary motor hand and foot representations
lead to reorganization within the somatotopic rep-
resentation in M1 contralaterally, with occasional
abnormal expansion to supplementary motor, pre-
motor, cingulate, and parietal areas and to the ip-
silateral M1. Although previous reports (7, 8, 11–
14) corroborate our results of aberrant cortical
representation, this is the first study in which the
patient selection criteria were strictly limited to
AVMs involving precisely the primary motor hand
and foot representation and only to patients without
motor deficits at the time of the functional
experiments.
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FIG 3. Patient 6.
A, Sagittal T1-weighted image (500/14/4) shows the relationship between the left-

sided, central AVM and the precentral knob.
B, Movements of the right foot show the expected response in the left paracentral

lobule (contralateral M1) with additional activation in bilateral SMAs.
C, Right-hand movements do not elicit activation in M1 but there is prominent signal

in bilateral SMAs. Note additional activation in ipsilateral dorsal premotor areas and
in the contralateral parietal areas and CMA.

In mature macaque monkeys, the use of retro-
gradely transported fluorescent tracers has revealed
at least nine distinctive corticospinal neuron pop-
ulations, originating in the frontal (including M1,
SMA, and premotor areas), cingulate, insular, and
parietal cortex (20, 21). They all have access to the
intermediate zone and/or to the dorsal and ventral
horns of the spinal cord, including the motoneurons
(20, 21). It has thus been proposed that the cortical
generation and control of movements at the cortical
level are mediated by parallel outputs from the non-
primary as well as from the primary motor cortex
(21). As a consequence, several cortical neuron
populations have the potential to influence the con-
trol of voluntary movements, independent of the
M1 proper (21).

Considerable experimental evidence suggests
that the recovery of function after CNS damage
depends on the maturity of the brain at the moment
the damage is incurred (22–27). Recovery of func-
tion is generally greater when brain damage occurs

early in life rather than in adulthood. These obser-
vations suggest that remaining areas of the brain
are able to take over behavioral functions that nor-
mally occur in the damaged areas, and that the
brain possesses a greater ability to compensate in
its immature than in its mature state (22–27).

Cortical organization in the present study
showed three patterns: 1) functional displacement
within the contralateral M1, 2) activation originat-
ing in the unaffected M1 ipsilateral to the moving
limb, and 3) function taken over from nonprimary
motor areas. These results are in accordance with
findings of large-scale reorganization observed in
primate studies. Rouiller et al (25) demonstrated
that both the stage of development at the time of
an induced lesion and the extent of the lesion can
play a major role in triggering different plastic
changes contributing to the preservation of motor
functions. Depending on the maturity of cortico-
spinal projections and the degree of invasion of tar-
gets within the spinal cord, different patterns of re-
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FIG 4. Patient 7.
A, T1-weighted sagittal image (500/14/4) shows an extensive AVM in the right para-

central lobule extending to the precuneus, thereby involving the expected primary rep-
resentation of the left foot.

B, Left-hand movements show the expected activation in the contralateral M1.
C, Flexion and extension of the left foot reveal absent contralateral activation but prom-

inent activation in the ipsilateral M1, SMA, dorsal premotor area, and CMA, and in the
parietal areas bilaterally.

organization were observed. When lesions in M1
were induced in the mature brain, a complete new
map of hand and arm representation was found in
a region adjacent to the lesion. In the immature
brain, in contrast, in which corticospinal projec-
tions have not yet reached their targets in the cer-
vical cord, lesions in M1 resulted in a functional
shift to the ipsilateral, intact, hemisphere.

The exact period in which brain vascular mal-
formations occur is still controversial, and there is
increasing evidence that they may develop post-
natally, thereby representing a complex endothelial
cell dysfunction (4, 5). Lasjaunias (5) suggests that
cerebral AVMs develop at the earliest during the
perinatal period and most likely during infancy.
Additionally, AVMs are often followed by later mi-
crohemorrhages or hemodynamic alterations. Find-
ings at neurosurgical removal of AVMs have
shown a high rate of small, clinically undetected,
chronic hemorrhages (4). Among our nine cases, it
is probable that small hemorrhagic or ischemic
events in areas involved in motor control had taken
place. In particular, the episodes of contralateral

hemiparesis (patients 2 and 9) or the earlier seizure
episodes (patients 1, 4, 5, and 6) may represent
small recurrent hemorrhages.

The reorganization patterns may reflect possible
differences in the genesis of the brain AVMs, both
in terms of the time of their formation as well as
their natural history during subsequent stages of
life. Absolute proof as to the exact time of for-
mation of the AVMs investigated in this study
would have required early (postnatal or early child-
hood) imaging studies, which, unfortunately, were
not available. The same is true for most AVMs, as,
usually, they are brought to medical attention only
after they become symptomatic. Therefore, the time
of their development remains speculative.

In two of three patients in whom the M1 area
for foot representation was involved, activation was
detected ipsilaterally, whereas this was the case
only in one of six patients with lesions in the M1
area for hand representation. The differences in the
extent of cortical representation and the complexity
of movements performed by these two body parts
may play a significant role in cortical reorganiza-
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tion, in addition to the effect of the timing of lesion
development. In any case, the number of patients
in our study, particularly those with AVMs involv-
ing the M1 foot area, is too small to draw signifi-
cant conclusions.

To a certain degree, our observations resemble
those found in imaging studies in patients with tu-
mors occupying the motor cortex. These patients
showed large-scale reorganization that was not only
confined to the somatotopic body representation ar-
eas but that also extended to cortical areas with
common output territories (28, 29). The aforemen-
tioned pathophysiology of brain AVMs, which un-
dergo a continuous and dynamic evolution, as well
as the evidence that AVMs develop at various times
after birth, even after infancy, may well account for
similarities in activation patterns.

In cerebral AVMs, several mechanisms, includ-
ing steal effect, decreased perfusion due to asso-
ciated arterial stenoses, and venous hypertension,
are known to influence brain function not only ad-
jacent to but also remote from the area of disease
(2–4, 6–9, 11–14, 30, 31). Despite the variable he-
modynamic delays implemented in our postpro-
cessing studies, which were effected by the use of
functional MR imaging to detect neuronal activity,
we still make the assumption that BOLD signal
does occur in regions affected by AVMs. However,
it is possible that the hemodynamic perturbations
in AVMs may impede the BOLD signal, leaving
nervous activation hypothetically undetected. This
may have been the case in patients 6 and 9, who
both had symptoms affecting the expected, contra-
lateral, body limbs. It remains unclear whether the
lack of activation of M1 bilaterally was due to he-
modynamically induced abolition of the BOLD sig-
nal or to its real absence because of reorganization
of brain function. Until now, the interfering he-
modynamic effects of AVMs with the functional
MR imaging signal resulting from BOLD contrast
have not been determined (7).

In the present investigation, no BOLD signal
could be measured within the nidus of the AVMs.
This result was also obtained when reprocessing
the data with different hemodynamic delays and
with different signal rise times, and when visually
inspecting the plotted time courses of voxels in the
nidus. Preliminary studies and case reports using
different functional imaging techniques are in dis-
agreement with respect to the presence or absence
of significant activation within the nidus (6–14, 31,
32). The nidus represents the area of the entire
AVM angioarchitecture that is interposed between
the distal segments of feeding arteries and the
emerging proximal segments of draining veins,
where arteriovenous shunting occurs. As revealed
by histopathologic findings, the nidus excludes in-
tervening brain, whereas feeding and draining ves-
sels are separated by brain parenchyma (33). There-
fore, shunted blood within the nidus should not
take part in metabolic changes occurring during
neuronal activity, including oxygen consumption.

Considering that the origin of the functional MR
imaging signal is BOLD, activation should not be
measurable within the nidus of an AVM. The con-
flicting results in previous reports may derive from
the difficulty in distinguishing the exact border of
the nidus from adjacent complex and variably di-
lated vessels on MR images. Intervening brain be-
tween distal feeding and proximal draining vessels
could be mistaken for intranidal activation. Caution
should also be used when including so-called dif-
fuse cortical AVMs in functional imaging studies.
In these lesions, a nidus, in the strictest sense, can-
not be identified, and only slightly dilated vessels
are commonly intermingled with normal brain tis-
sue (2–4). This type of lesion should not be con-
sidered a true AVM, as it most probably corre-
sponds to a proliferative type of angiopathy (2–4).

Conclusion
AVMs can serve as a model by which to analyze

cortical reorganization in the developing human
brain. In AVMs involving the M1 cortex, specific
activation patterns extend not only to primary but
also to nonprimary motor areas. These reorgani-
zation phenomena cannot be accounted for by
structural displacement only. Distortion of the anat-
omy caused by the AVMs does not influence the
location of the reorganized cortex. Since, until now,
no particular type of reorganization pattern could
be predicted, this study emphasizes the importance
of considering individual differences in studies of
cortical plasticity.
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Appendix

FIG A1. Plotted signal models of the boxcar functions with different time delays (one, two, and three TRs; upper row), and the trape-
zoidal function with a one-TR delay and a rise time of two TRs (lower image).

FIG A2. Patient 1. Reprocessed functional MR imaging experiment using a boxcar function with delays of one TR (upper row), two
TRs (middle row), and three TRs (lower row).
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FIG A3. Patient 6. Reprocessed functional MR imaging experiment using a boxcar function with delays of one TR (upper row), two
TRs (middle row), and three TRs (lower row).

FIG A4. Reprocessed functional MR imaging experiment using a trapezoidal function with a delay of one TR and a rise time of two
TRs in patients 1 (upper row) and 6 (lower row).


