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Rapid communication

Combination of event-related fMRI and diffusion tensor
imaging in an infant with perinatal stroke
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Focal ischemic brain injury, or stroke, is an important cause of later
handicap in children. Early assessment of structure—function relation-
ships after such injury will provide insight into clinico-anatomic
correlation and potentially guide early intervention strategies. We used
combined functional MRI (fMRI) with diffusion tensor imaging (DTI)
in a 3-month-old infant to explore the structure—function relationship
after unilateral perinatal stroke that involved the visual pathways.
With visual stimuli, fMRI showed a negative BOLD activation in the
visual cortex of the intact right hemisphere, principally in the anterior
part, and no activation in the injured hemisphere. The functional
activation in the intact hemisphere correlated clearly with the fiber
tract of the optic radiation visualized with DTI. DTI confirmed the
absence of the optic radiation in the damaged left hemisphere. In
addition, event-related fMRI (ER-fMRI) experiments were performed
to define the characteristics of the BOLD response. The shape is that of
an inverted gamma function (similar to a negative mirror image of the
known positive adult BOLD response). The maximum decrease was
reached at 5—7 s with signal changes of —1.7 + 0.4%.

Thus, this report describes for the first time the combined use of
DTI and event-related fMRI in an infant and provides insight into the
localization of the fMRI visual response in the young infant and the
characteristics of the BOLD response.
© 2003 Elsevier Inc. All rights reserved.
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Introduction

Focal ischemic brain injury, or stroke, is an important cause of
permanent handicap in newborns (Lynch et al., 2002; Volpe,
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2001a). Cognitive impairment after unilateral infarction is present
in 25% of infants. Few data are available on loss of cortical sensory
functions (Mercuri et al., 1996) which are important brain func-
tions for early cognitive development. Cortical visual impairment
(CVI), defined as a visual deficit caused by a disturbance of the
posterior visual pathways including the optic radiations, striate
cortex, or prestriate cortex, remains difficult to assess clinically in
the young infant (Lanners et al., 1999). Severe CVI with hemi-
spheric perinatal brain lesions can be found even in the presence of
normal visual acuity testing (Mercuri et al., 1997). In addition, as
children with partial CVI do not look visually impaired, their eyes
and the expression on their faces are not those of a “blind child”.
Peripheral visual field testing as would be necessary to define
cortical visual impairment is impossible before 3 years of age
(Curnyn and Kaufman, 2003). Moreover, the maximum plasticity
of the visual function is considered to occur within the first 2 years
of age (Braddick et al., 1992). Therefore, to provide accurate
prognosis and appropriately targeted intervention to infants with
CVIL, new methods for defining the anatomic and functional basis
of CVI early in development are needed.

Brain mapping with functional MRI (fMRI) provides a means
to study cortical visual function noninvasively. The potential of this
method has been pointed out in previous studies involving patients
with visual deficits (for review, see Miki et al., 2002). To date,
several functional studies of visual perception have been performed
in infants and children (Altman and Bernal, 2001; Born et al.,
1996, 1998, 2000; Martin et al., 1999; Morita et al., 2000; Sie et
al., 2001; Souweidane et al., 1999; Yamada et al., 1997, 2000). A
few recent reports have investigated functional responses in infants
with perinatal brain lesions (Born et al., 1998, 2000; Sie et al.,
2001). FMRI studies in the pediatric population have shown one
major difference with the fMRI studies in adults, in that the
classical BOLD signal changes are frequently inverted in the
young pediatric population. The studies thus far conducted were
performed with a classical block paradigm, without monitoring the
BOLD signal changes associated with the stimuli, as has been
accomplished effectively in the adult using event-related fMRI
(ER-fMRI) (Boynton et al., 1996). The determination of the
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characteristics of the BOLD response (i.e. hemodynamic response
function) is an important issue for adequate fMRI data analysis in
infant population (Dehaene-Lambertz et al., 2002).

To study structural integrity, the new imaging technique of
diffusion tensor imaging (DTI) can be used. It allows a study of
cortical connectivity by virtue of the water diffusion characteristics
within the cerebral tissue. The geometric nature of the diffusion
tensor allows to display the architecture of the brain white matter.
Studies in the adult and the newborn human brain have elegantly
demonstrated the use of diffusion anisotropy measurements to
depict human white matter pathways and characterize cortical
connectivity (Golay et al., 2002; Makris et al., 1997; Mori et al.,
2002; Huppi et al., 1998, 2001). Developing white matter consists
of all the fasciculi of axonic fibers that interconnect the different
regions of the cerebral hemispheres between themselves, for
example, the fibers making up the optic radiation connecting the
geniculate body with the striate occipital cortex. These axonic
fibers and their collaterals are the essential component of the
developing white matter and are mostly unmyelinated at birth
and have not reached their final architecture. DTI is superior to T2-
weighted imaging in detecting those unmyelinated or pre-myelin-
ated fiber tracts (Wimberger et al., 1995) and therefore in the
assessment of microstructural organization of the developing white
matter.

The aim of this study was to demonstrate the feasibility of
combining fMRI with DTI in a 3-month-old infant after perinatal
stroke, to provide insight into the functional localization of the
normal visual response in the intact hemisphere and the anatomic
basis for the potentially abnormal visual response in the infarcted
hemisphere, which is an important clinical information otherwise
not obtainable by any other clinical assessment at this age.
Moreover, by the use of ER-fMRI (Zarahn et al., 1997), we aimed

to characterize further the negative BOLD response observed with
visual stimulation in young infants.

Materials and methods
Case report

A 13-week-old male infant was born at 37 weeks gestation
(birth weight 2940 g) to a Caucasian mother. The pregnancy was
uneventful. During spontaneous labor, the cardiotocogram showed
variable decelerations with signs of fetal distress. Forceps delivery
was attempted and emergency cesarian section was performed for
acute fetal bradycardia. The Apgar score was noted 5/9/9 with
rapid clinical recovery. The infant was transferred to the neonatal
unit for surveillance. On day 3 of life, the infant developed apneic
attacks and convulsions were noted with head deviation. MR
imaging with diffusion sequences (DWI) was performed on day
4 of life. DWI showed striking reduction of diffusivity and ADC in
the left temporo-paricto-occipital region with involvement of the
basal ganglia and internal capsule, compatible with acute stage of
infarction (Figs. 1A and B). Supplementary DWI exams have been
performed on day 8, weeks 6 and 13 of life. After 1 month, the
lesion had evolved with tissue dissolution as noted on T2-weighted
images (Fig. 1C). Neurological examination after treatment with
phenobarbital was unremarkable, apart from the observation that
the infant might have variable visual alertness, especially when
stimulus was presented on the right hemifield. Ophthalmologic
examination was normal, visual field testing being impossible in
the first years of life. The child did not show typical behavior of
centrally blind children with blank stares and random binocular
fixation movements, which can be explained by the intact right

Fig. 1. (A) ADC maps and (B) diffusion-weighted images during the acute phase. DWI was performed on day 4 of life. Circles indicate areas of ADC
measurements (given in Results section). DWI showed a striking reduction of diffusivity and ADC in the left temporo-parieto-occipital region with
involvement also of the basal ganglia and internal capsule, consistent with an acute infarction. (C) T2-weighted images at 6 weeks of age showed that the lesion
had evolved with tissue dissolution. The completed infarct particularly affected the parieto-occipital region. All images are comparable axial slices and left and

right hemispheres are shown according to the radiological convention.
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hemisphere. Complete interruption of left optic radiation would
result in right homonymous hemianopsia difficult to assess clini-
cally before 3 years of age, when cooperation for fixation becomes
possible (Curnyn and Kaufman, 2003). For assessment of func-
tional consequences of the early neonatal lesion, we performed
DTI and fMRI with visual stimulation at age 13 weeks. Informed
consent was obtained under our neonatal MRI protocol. The infant
was slightly sedated with 20 mg/kg of chloral hydrate. He was
positioned in a vacuum pillow in the head coil and monitored with
ECG and pulse oximetry (Maglife, Bruker-Odam). Earmuffs
(Natus Medical Inc., San Carlos, CA) were used to minimize noise
exposure. A physician trained in pediatric resuscitation was present
in the scanner room throughout the experiment.

MR acquisition

Experiments were performed on a 1.5-T ECLIPSE system
(Marconi/Philips Medical Systems, Cleveland, OH). Acquired
multi-slice volume was positioned on sagittal scout images. Fol-
lowing the functional MRI scans, anatomical scans were per-
formed. A first GRE Tl1-weighted sequence (TR/TE/Flip = 162
ms/4.47 ms/80°, FOV = 240 mm, matrix = 256 X 256, slice
thickness = 4 mm) was performed to acquire the same volume as in
the functional session. Anatomical reference images consisted of a
3D GRE Tl1-weighted sequence (TR/TE/Flip = 15 ms/4.4 ms/25°,
FOV = 240 mm, matrix = 256 X 256, slice thickness = 1.2 mm).
Functional imaging consisted of an EPI GRE sequence (TR/TE/
Flip = 2 s/40 ms/80°, FOV = 240 mm, matrix = 128 X 128, 17
contiguous 4-mm axial slices). The in-plane spatial resolution was
1.9 x 1.9 mm? The explored volume was measured 12 times
during each condition of the block paradigm. Functional scanning
was always preceded by 10 s of dummy scans to insure tissue
steady-state magnetization. For the ER-fMRI approach, the TR was
equal to 1.5 s with an acquired volume of 11 slices.

fMRI paradigm and stimuli

For the first experiments, a block paradigm was applied, which
alternated between “control” and ““activation” sequences. A visual
flash at 2 Hz was applied during the activation period. Relatively
low visual stimulation frequency was used in accordance to
stimulation frequency used in visual evoked potentials in the
newborn, due to pre-myelination of the optic pathways. The two
conditions (30 s each) were repeated four times yielding a total
duration of 4 min per stimulation run. To increase the robustness of
the detection, this paradigm was repeated three times in the same
session.

The last experiment was done with slow event-related approach
(Dale and Buckner, 1997; Zarahn et al., 1997). Constant intersti-
muli interval was used to avoid assumption on the linearity of the
BOLD signal in newborn (Vazquez and Noll, 1998), as well as to
improve robustness of detection (Bandettini and Cox, 2000). The
stimulus (visual flash at 2 Hz) was presented during 5 s. The
interstimulus interval was equal to 60 s. Stimulus presentation was
repeated 10 times, which leads to a scan duration of 10 min.
Throughout the examination, the eyes of the infant were closed.

Data processing of fMRI

Data processing for block paradigms relied upon cross-corre-
lation analysis (Bandettini et al., 1993) after motion correction

(Woods et al., 1992) and smoothing, using MEDX software
(Sensor Systems, Sterling, VA). The cross-correlation, expressed
in terms of Z value, was calculated pixelwise between a box-car
function and the set of measurements. Voxels with Z scores above a
defined threshold and at least surrounded by 4 pixels were
considered as active (Forman et al., 1995). For statistical multiple
comparison, the random field theory was used (Worsley et al.,
1992). Functional maps are generated by the projection of the Z
map on the anatomical images, and presented in the radiological
convention.

For the ER-fMRI data, we used a personally developed
software written on Matlab (The MathWorks Inc, Natick,
MA). After motion correction and temporal filtering (without
spatial smoothing), each temporal evolution of each voxel was
averaged across periods (10 repetitions of the stimulus) to
generate an averaged response considered as the BOLD re-
sponse to our stimulus (i.e. the impulse response or the
hemodynamic response function) (Boynton et al., 1996; Buckner
et al., 1996). The BOLD response was modeled with a Gamma
function (Boynton et al., 1996) and the correlation coefficient
between the averaged response and the model was calculated
for each voxel (Cohen, 1997). Pixels with an absolute correla-
tion coefficient above a threshold of 0.7 were considered as
active.

DTI acquisition

The diffusion sequence (SE-EPI) was run with diffusion
tensor encoding (one low and six noncollinear high b factors).
For a diffusion weighting (b factor) of 700 s/mm?, the resulting
shortest echo-time TE was 108 ms. Images were acquired with a
field of view of 200 mm and the readout was chosen in the
anterior—posterior direction. The matrix acquisition size was
108 X 96 (reconstructed to 128 x 128), and the TR was
3600 ms. Twenty-two contiguous 4-mm slices were acquired.
The acquisition was repeated four times to improve the signal-
to-noise ratio. The total time for DTI acquisition was about 3
min.

Data processing of DTI

Diffusion was measured in terms of the apparent-diffusion
coefficient, according to the Stejskal and Tanner equation. The
matrix describing the directional dependence of the apparent-
diffusion coefficient was estimated for each voxel with nonlin-
ear regression (Basser and Pierpaoli, 1998). For each estimate,
the three orthogonal eigenvectors and their related positive
eigenvalues were calculated. The eigenvector with the maximum
diffusivity described the direction along which maximum diffu-
sion occurs (along the fiber-tract axis), whereas the eigenvector
with the minimum diffusivity represents the direction with the
least diffusion (transverse to the fiber-tract axis). The principal
direction of diffusion is given by the eigenvector that corre-
sponds to the largest eigenvalue. Therefore, this eigenvector
represents the fiber bundle direction since the principal diffusion
during the MRI diffusion encoding time is along the fiber long
axis. For even better delineation of fiber tracts, we multiplied
the eigenvector, which has the unit length of 1, by the relative
anisotropy. With this method, vectors indicating the direction of
principal diffusion would appear longer in areas with high
anisotropy (fiber tracts) and shorter in areas without a preferred
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Fig. 2. (A) Functional MRI maps during visual stimulation with a block paradigm. Negative activation shown in blue-to-sky blue colormap and projected on
the first anatomical volume (eight axial slices from the bottom to the top) was located dominantly in the right hemisphere (threshold P < 0.0001 uncorrected,
Z =3.2). (B) Activated foci of the right hemisphere were projected on the high-resolution anatomical volume (three views: sagittal, axial, and coronal). The
anatomical volume of this infant provides a weak contrast between the cortex and the white matter, due in part to poor myelination. The maximum of activity
is located in the anterior part of the visual cortex. (C) The mean activation of pixels with Z score >4.0 (P < 0.00005 uncorrected) is illustrated during the
block paradigm. Amplitude is indicated in an arbitrary unit (a.u.) and the time in number of scans. Activation periods are shown in orange and a decrease of
the MRI signal is observed during these periods.
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Fig. 3. Statistical maps with the ER-fMRI approach (pixels with correlation coefficient more than — 0.7) are shown on four anatomical axial slices. The typical
average signal of stimulation periods for activated pixels are presented. Amplitude is indicated in percentage of activation and time axis is in number of scans
(40 scans with repetition time of 1.5 s). The shape of the signal, representing the hemodynamic response function, is similar to the negative mirror image of the

established positive adult BOLD response.

diffusion direction (as in gray matter) (Huppi et al., 1998,
2001).

Results

MRI-DWI at 4 days of age showed a prominent left
hemispheric lesion involving particularly the temporo-parieto-
occipital regions. Diffusion-weighted images and the ADC map
revealed changes consistent with an acute infarction (Figs. 1A
and B). Thus, the mean value for ADC in the intact right
hemisphere was 1.68 + 0.12 pm?*/ms, normal for unmyelinated
white matter (Huppi et al., 1998; Neil et al., 1998), whereas in
the corresponding left hemisphere, the ADC was 0.60 £ 0.04
um?>/ms, reflecting the dramatic decline in ADC during acute
ischemic injury. On day 8 of life, the ADC was 1.69 = 0.09
pum*/ms in the right hemisphere and 0.93 + 0.19 ym*ms in the
left hemisphere. The MRI at 6 weeks of age showed tissue
dissolution in the left posterior cerebral region with an increased
ADC of 2.85 + 0.15 um?/ms, compared to normal ADC of
1.44 £+ 0.16 pm*/ms in the right hemisphere. For the last DWI
exam at 13 weeks of age, the high ADC value in the left

hemisphere persisted, whereas in the right hemisphere, the ADC
value further decreased to 1.1 + 0.06 um?/ms. This evolution
of ADC values suggests a filling of the lesion with CSF
because of tissue dissolution in the left hemisphere (increasing
ADC values). The decrease of ADC over the three exams in the
right hemisphere reflects the ongoing myelination of the white
matter.

fMRI was carried out at 3 months of age. A total of four fMRI
acquisitions were performed, three as block design and one as
event-related paradigm. One block design examination could not
be used due to severe motion artifact. The two remaining block-
design experiments showed consistent BOLD signal variation in
the occipital lobe upon visual stimulation. This signal variation was
entirely negative, and no significant positive responses were
observed. The maximum response appeared to be located in the
anterior and superior part of the calcarine fissure, which may
correspond to the anterior region of the primary visual cortex.
Statistically significant responses (maximum at P < 7e—10
corrected) could be detected only in the intact (right) hemisphere,
whereas very weak and tiny activation, but not significant (max-
imum at P < 0.07 corrected), was observed in the injured left side,
as illustrated in Fig. 2. The BOLD signal was negative, as can be
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seen in the time course of the activated region of the right
hemisphere. The amplitude of the BOLD signal decrease was
—0.82 + 0.2%.

Further delineation of the BOLD decrease was provided by
analysis of the event-related responses. As shown in Fig. 3,
activated pixels are located in the occipital lobe predominantly in
the right hemisphere, as in the case of the block paradigm. The
event-related response presents a signal decrease, in the shape of an
inverted gamma function. The shape is essentially a negative
mirror image of the established positive adult BOLD response.
The time to peak parameter (time to reach the minimum amplitude)
was approximately 6 s. The decrease in amplitude was —1.7 £
0.4%. Fluctuations of the signal after return to the baseline with an
overshoot were observed (Fig. 3).

The DTI maps are illustrated in Fig. 4 with six axial slices.
They suggest a deficit in the left parieto-occipital white matter that
affects the optic radiation in the posterior portions of the left
hemisphere. The optical radiation could be seen easily in the intact
(right) hemisphere. The combination of DTI and fMRI is illustrat-
ed in Fig. 5 with two axial slices. The robust fMRI response is
present in the right hemisphere in the region where the optic
radiation approaches and terminates in the visual cortex, as shown
by the DTI image. This portion of the optic radiation is absent on
the left, apparently accounting for the absence of a fMRI response.
These findings are consistent with the unilateral lesion identified
by T2-MRI.

Discussion

This report utilized MRI-DWI to describe the lesion of a
perinatal stroke in the neonatal period and then fMRI and DTI to
identify the functional visual responses correlating with the ana-
tomical substrate of the visual pathway. The findings provide
insight into the localization of the normal and abnormal central
visual function in a 3-month-old infant.

Perinatal stroke involves predominately the middle cerebral
artery that supplies a wide cerebral territory and therefore can lead
to appreciable neurological sequelae (Volpe, 2001a). Cortical
visual impairment, difficult to identify in early life, has been
shown to be associated with unilateral posterior cerebral lesions
(Lanners et al., 1999; Mercuri et al., 1997). This report provides the
anatomical basis for the absent visual response in the lesioned
hemisphere, and the characteristics of the infantile negative BOLD
response.

JMRI of the visual cortex

Consistent cortical responses were found upon visual stimula-
tion in the right non-lesioned hemisphere. The functional activation
was localized in the medial occipital lobe, consistent with visual
cortex, in concordance with previous studies of normal brain
development (Born et al., 1998; Martin et al., 1999; Morita et
al., 2000; Souweidane et al., 1999). The site of the maximal
activity was primarily anterior in the calcarine sulcus. This more
anterior response was observed by other groups and interpreted as
an extrastriate visual area V2 activity (Martin et al., 1999). We
assume, supported by our anatomical data from DTI, that the
activated foci is likely localized in V1 area, in its more anterior
part, receiving the projection of the peripheral visual field (Engel et
al., 1994). As suggested previously, greater activation in the

Fig. 4. DTI maps presented on six axial slices showing the lesion in the left
hemisphere. Consistent optical radiation tracts could be seen only in the
intact (right) hemisphere. Fibers parallel to the image plane are shown in
blue color (length of vectors corresponds to relative anisotropy), and fibers
orthogonal to the image plane are shown in orange and green color.

peripheral retina than in fovea may be caused by the absence of
spatial contrast in the visual stimuli, and thus, more anterior
activation in the primary visual cortex (Altman and Bernal,
2001; Born et al., 1998; Morita et al., 2000), which would be
activated in a task of nonfocused strobelight flashing. Another
explanation may relate to the manner in which the stimuli were
presented. The visual stimulation was given through closed eyes, in
the absence of a fixation point and control of eye position.
Therefore, it is conceivable that only the peripheral visual field
was excited. Finally, our robust visual responses with fMRI may
relate to the use of a relatively low stimulus rate. Previous visual
studies on infants have used higher stimulus rates, 5 Hz (Meek et
al., 1998) to 8 Hz (Altman and Bernal, 2001; Martin et al., 1999;
Morita et al., 2000). We choose a stimulus rate of 2 Hz, in
accordance with visual evoked potentials studies showing a more
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Fig. 5. Projection of the high activated region of the visual cortex (fMRI block paradigm) on two slices of the fiber tracking image (DTI). The activated focus in

the right hemisphere corroborates well with the intact optical radiation.

robust cerebral response obtained with reduced stimulation fre-
quency (Pike et al., 1999).

Negative BOLD response

The BOLD contrast is mediated by relative concentrations of
the different forms of the hemoglobin in the blood. The precise
mechanism of the positive BOLD signal typically found in adult is
not completely understood, but likely reflects the relationship
among three important parameters, cerebral blood flow (CBF),
cerebral blood volume (CBV), and cerebral oxygen consumption
(Buxton et al., 1998; Davis et al., 1998). Upon cerebral activation
in adults, the local increase of the CBF exceeds cerebral oxygen
consumption and thereby leads to a local decrease of the deoxy-
hemoglobin/oxyhemoglobin ratio, thereby resulting in an increased
MRI signal (Ogawa et al., 1998). Generally, the role of the CBF is
predominant (Schwarzbauer and Heinke, 1999) and the BOLD
signal changes correlate well with the changes of CBF (Silva et al.,
1999).

In our case, negative BOLD responses were found upon visual
stimulation. Negative BOLD responses have been observed by
different groups in infants, particularly in those older than 8 weeks
(Morita et al., 2000; Yamada et al., 1997) or aged between 4 and 40
months (Martin et al., 1999). Also, negative BOLD responses have
been reported in the primary auditory cortex in sedated (Altman
and Bernal, 2001) and nonsedated infants (Anderson et al., 2001).
Whereas, during speech perception with block paradigm, Dehae-
neLambertz et al. (2002) observed a positive BOLD response in
awake infants. In our study, the decrease of the signal in the block
paradigm was approximately — 0.8%, which is in agreement with
previous visual stimulation studies (Born et al., 2002a,b; Morita et
al., 2000).

The event-related fMRI experiment illustrates for the first time
the shape of the negative BOLD signal in a young infant. The
shape is that of an inverted gamma function (similar to a negative
mirror image of the known positive adult BOLD response). The
maximum decrease was reached at 5—7 s and with a full-width-at-
half-maximum (FWHM) of about 6—8 s. Moreover, post-fluctua-

tions of the signal to return to the baseline were observed, as in the
case of the adult BOLD response (Fransson et al., 1998).

In addition, our observations indicate that the negative response
begins approximately with the stimulus onset, without the delay
(i.e. time-to-onset) which is generally observed in the adult. This
immediate negative response might reflect an increase of the
deoxyhemoglobin/oxyhemoglobin ratio during visual stimulation,
as assessed previously in infants by near-infrared spectroscopy
(Meek et al., 1998). This local augmentation of the deoxyhemo-
globin/oxyhemoglobin ratio may be caused by oxygen consump-
tion not compensated for by an increase of CBF (Meek et al., 1998;
Yamada et al., 1997). CBF in newborns and young infants is
known to be particularly low compared to that in adult subjects
(Altman and Bernal, 2001; Takahashi et al., 1999) and their
autoregulation may not be effective (Volpe, 2001b). In a recent
paper, combined perfusion techniques (FAIR) and BOLD acquis-
itions on infant subjects have demonstrated a decreased BOLD
signal and a small decrease in perfusion (Born et al., 2002a). This
work underlines the influence of the decrease of CBF in the
negative BOLD response.

If such perfusion disturbance persists to some degree in the
young infant, the response rate for a CBF increase in the setting of
brain activation could be impaired. Consistent with this hypothesis
are the recent reports of negative BOLD responses in adult patients
with severely disturbed cerebral autoregulation (Rother et al.,
2002; Shiino et al., 2003). More recently, Shmuel et al. (2002)
have explored the links between the CBF and oxygen consumption
during the negative BOLD signal change at high magnetic field (7
T). They propose that the negative response is correlated with the
CBF decrease (Shmuel et al., 2002). Moreover, it was shown that
negative BOLD responses could be observed during human sleep
(Born et al., 2002b; Czisch et al., 2002), in particular, in the rostro-
medial occipital cortex (Born et al., 2002b). This negative BOLD
signal was subsequent to a decrease of the CBF measured by PET
(Born et al., 2002b).

Another explanation of the infant negative BOLD response has
been suggested recently by Muramoto et al. (2002). They have
shown that a phenomenal increase of the oxygen consumption may
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be the cause of the negative BOLD response. They suggest that this
increase of oxygen consumption during stimulation is the result of
a rapid increase of synaptic density at this age (Muramoto et al.,
2002).

These different findings strengthen our hypothesis that the
decrease of T2* signal change in infants reflects a rapid increase
of the deoxyhemoglobin/oxyhemoglobin ratio, likely caused by
impaired CBF autoregulation or by high augmentation of oxygen
consumption.

Sedation effect

It has been suggested that sedation used for fMRI in infants
could have a minimal effect on the induced negative BOLD
response (Morita et al., 2000). Some reports suggest that pheno-
barbital as a sedative agent may reduce the perfusion (Cormio et
al., 1999) and can produce negative BOLD response (particularly
with doses more than 3 mg/kg) (Martin et al., 2000). On the other
hand, Martin et al. (1999) have shown, on a large infant popula-
tion, that there is no relationship between BOLD responses and the
type of the sedative agent. Negative BOLD responses have been
observed in nonsedated infants with auditory stimuli (Anderson et
al., 2001). Also, in the study of Morita et al. (2000), under the same
sedative conditions, positive BOLD responses have been detected
in the lateral geniculate nucleus in parallel with the observed
negative BOLD in V1. This observation may rule out a possible
influence of the sedation on the characteristics of the BOLD signal.
Furthermore, in previous fMRI studies in infants, deep sedation,
usually with phenobarbital, was used to allow stabilization of the
infant with minimum head motion. In the present study, we used a
very light sedation with a small dose (20 mg/kg) of chloral hydrate
(less than normal doses for full sedation 50—100 mg/kg). Com-
pared to phenobarbital used in other studies, chloral hydrate does
not depress the respiratory center or decrease the cerebral meta-
bolic rate. Thus, sedation effect alone is not likely to explain the
observed negative BOLD response.

Clearly, more experimental data are needed before definitive
conclusions can be drawn concerning the decrease in BOLD signal
in infants.

Diffusion tensor imaging

DTI offers the unique opportunity to assess in vivo the
integrity of fiber tracts and cortical connections, especially in
patients with brain lesions (Gauvain et al., 2001; Huppi et al.,
1998, 2001; Mori et al., 2002; Neil et al., 2002). In our study,
DTI showed intact white matter connectivity in the normal right
occipital lobe, and a disrupted optic radiation in the left hemi-
sphere as a result of perinatal stroke. The finding suggests the
absence of input from the retina to the left visual cortical areas
(V1 and V2). Thus, this infant may be expected to use princi-
pally the right hemisphere for visual perception. The fMRI
response on the uninjured side is consistent with the projection
of the fibers of the optic radiation into the visual cortex in the
DTI images. The combination of the two modalities allows to
confirm that the negative BOLD visual response is structurally
linked to the intact visual pathway, as has been shown previously
in adult subjects (Werring et al., 1999). The presence of only
right hemispheric visual fMRI responses is consistent with the
absence of visual pathway fibers in the injured left hemisphere
shown by DTIL.

In summary, the combination of fMRI and DTI provides new
insight into the structure—function relationship, in both normal
brain and after brain injury, that are not possible to elucidate by
any other clinical or imaging tool at this early age. The information
obtained at this early stage of brain maturation is important to
understand subsequent impairment and recovery by plasticity.
Perhaps most importantly, early anatomically specific identifica-
tion of such a lesion as given by DTI and of its functional
consequences by fMRI could lead to targeted early intervention
methods to enhance brain plasticity. The assessed characteristics of
the infant BOLD response by ER-fMRI provide additional argu-
ments to the actual debate about the observed negative BOLD
response.
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