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Abstract

Background: Patients with severe cerebral ischemia may
lose autoregulation to increase cerebral blood flow fol-
lowing neural activity. Although the steal phenomenon
under conventional cerebral blood flow study has been
known as a high-risk factor for stroke, the cerebral oxy-
gen hemodynamics in ischemic patients during func-
tional activation has not been thoroughly investigated.
In this study, we present rare cases with intracortical
steal phenomenon during motor tasks detected by mul-
tichannel functional near-infrared spectroscopy before
and after surgery. Methods: The relative concentration
change of oxygenated, deoxygenated and total hemo-
globin in and around the primary sensorimotor cortex
during contralateral hand grasping was investigated in
11 patients with severe internal carotid artery stenosis.
Results: In 3 patients, the concentration of total hemo-
globin around the primary sensorimotor cortex signifi-
cantly decreased in response to motor stimulation and
returned to baseline soon after termination of the motor
task. This phenomenon partially disappeared postopera-

tively in all patients who underwent surgery. The remain-
ing 8 patients showed no signs of total hemoglobin
decrease in and around the sensorimotor cortex. In 9 pa-
tients, lack of decrease in deoxygenated hemoglobin in
the center of the primary motor cortex during the motor
task was observed and 3 of them showed significant in-
crease in deoxygenated hemoglobin. Conclusions: We
have demonstrated that in some patients with severe
ischemia, an abnormal motor-related steal phenomenon
can be observed. This phenomenon can be modulated
by surgical intervention and might imply the severity of
ischemia.

Copyright © 2005 S. Karger AG, Basel

Introduction

It is widely accepted that neural activities are followed
by changes in the regional oxygenation required for the
oxygen consumption of neural cells and consisting of the
supply of oxygenated blood from cerebral vessels into neu-
ral cells [1]. An increase in regional cerebral blood flow
(rCBF) several times greater than needed has been report-
ed in a positron emission computed tomography (PET)
study [2], which constitutes the basis of functional neuro-
imaging utilizing the hemodynamic response to stimula-
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tion. In the adjacent cortex where neural activities re-
sponding to the stimulation do not occur, a relatively low
level of rCBF increase might take place due to spatially
coarse regulation of local blood flow [3], but a decrease in
rCBF has not been reported in normal healthy adults.

Near-infrared spectroscopy (NIRS) is a relatively nov-
el functional monitoring modality which measures hemo-
globin concentration in the capillary beds of the cerebral
cortex based on the capability of near-infrared light to
pass through the scalp and skull [4]. This methodology
has been utilized not only to measure the resting oxygen-
ation status of the cerebral cortex, but has also been uti-
lized in functional neuroimaging (fNIRS imaging) which
measures and compares the value of hemoglobin concen-
tration in the activated cortex versus the surrounding
nonactivated cortex [5-8].

In some patients who have ischemic cerebral vascular
disease, there might be a malfunction in the autoregula-
tion of cerebral vessels or a loss of vascular reserve. In
these patients, changes in several parameters such as the
cerebral blood volume, oxygen extract fraction and cere-
bral metabolic rate of oxygen have been reported in PET
studies [9-11], suggesting some changes in the mecha-
nism of oxygen supply and metabolism. In single photon
emission tomography (SPECT) studies, both decrease in
the CBF resting state and impaired increase in CBF under
acetazolamide administration have been reported [12,
13]. In severe cases, the steal phenomenon as well as im-
paired vascular reserve have been observed by acetazol-
amide-loaded SPECT [14].

Theoretically, there are possibilities that malfunction
of vascular autoregulation might affect task-related oxy-
genation status in ischemic patients. It is expected that
this should be clearly revealed by fNIRS imaging which
is sensitive to capillary conditions. In this report, we
present some cases with severe cerebral ischemia who
showed abnormal steal phenomenon and lack of normal
hemodynamic response during simple motor tasks in
fNIRS imaging.

Materials and Methods

Subjects

We examined 11 right-handed patients (8 males and 3 females,
average age: 71.5 * 6.5 years) with severe cervical internal carotid
artery (ICA) stenosis or occlusion who were admitted to our insti-
tution for presurgical evaluation. Inclusion criteria for this study
were as follows. (1) Severe ICA stenosis of more than 70% based
on the NASCET measurements [15] as confirmed by digital sub-
traction angiography (DSA). (2) Patients showed no motor paresis
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on the contralateral side of the affected vessel and were capable of
performing the full task as described below. (3) No apparent in-
farcts were seen in and around the primary sensorimotor cortex
(SM1) on MRI. Infarcts were defined as focal lesions of at least
3 mm in diameter, hyperintense on T,-weighted images. In addi-
tion to DSA and MRI, hemodynamic studies including Xenon
computed tomography (CT) or SPECT were performed to evaluate
the CBF status. All the subjects provided written informed consent
for the studies after receiving a full explanation of the study.

Methods

For NIRS imaging measurement, we used a three-wavelength
(780, 805 and 830 nm) multi-channel NIRS imaging system
(OMM2001, Shimadzu, Japan) which consists of four pairs of emit-
ting and detecting optical fibers. Eight optical fibers were attached
to a square pad placed on the affected side of the hemisphere. These
optical fibers were arranged with the same interfiber distance, mak-
ing a grid of 9 detecting points. These points covered a 6 X 6 cm
square area of the scalp surface. The distance between each fiber
was 3 cm. The midpoint of each two fibers, at a depth of 1.5-2 cm
on the cortical surface was the detecting point [6]. In order to record
a specific oxygenation change in and around the SM1 during motor
tasks, we set the central detecting channel to the estimated hand
area of the SM1, which is just anterior to the central sulcus and
6 cm lateral to the midline measured along the course of the sul-
cus. The sulcus was determined as the Taylor-Haughton line using
surface anatomical landmark [16-18], which is a line between the
point 4 cm posterior to the bregma, and cross-point of condylar line
and line of sylvian fissure. As interindividual variability of the lo-
cation of the central sulcus based upon skull landmark is 1.6—
2.1 cm [19], the measured area covering 6 x 6 cm by NIRS probes
always includes the hand area of the SM 1. Periphery channels sur-
rounding the center did not contain the information of the center
of the SM 1, because the interprobe distance was 3 cm. In order to
confirm that the measured area was located at the designated SM 1,
MRI was taken in 3 patients with a skin marker, a vitamin E cap-
sule, which was put on the central channel. The sampling time of
data acquisition was 130 ms. Changes in oxygenated hemoglobin
(HbO,), deoxygenated hemoglobin (HbR) and total hemoglobin
(tHb), were calculated using the differences in the absorption indi-
ces at three wavelengths as shown below [20].

HbO, =-1.4887 x AAbs780 nm + 0.5970 x AAbs805 nm
+1.4847 x AADbs830 nm

HbR = 1.8545 x AAbs780 nm - 0.2394 x AADbs805 nm
- 1.0947 x AADbs830 nm

tHb = HbO, + HbR = 0.3658 x AAbs780 nm
+0.3576 x AAbs805 nm + 0.39 X AAbs830 nm

Each patient was instructed to close his/her right hand repeti-
tively into a fist at a pace of 1.5 Hz for a period of 10 s, then to rest
for 45 s for each trial. All the patients practiced the motor task for
more than 5 min before the experiments, so that everyone could
perform the task fluently. During the experiment, the same exam-
iner continuously monitored their task performance. Ten consecu-
tive trials were conducted for each subject and time-locked averag-
ing was performed after eliminating trials which contained inap-
propriate signals such as motion artifacts or incomplete task
performance.
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Table 1. Clinical characteristics of patients

Case Age Sex Side  Symptom Stenosis VR tHb decrease = HbR in
% in the periphery the center
1 69 m 1/l TIA 77/95 steal +% increase
2 74 f r TIA 85/- steal +% n.s.
3 76 m r TIA 77/50 decreased +* n.s.
4 75 m r watershed infarct 75/- steal - decrease
5 74 m r/l TIA 100/84 decreased - n.s.
6 68 m r TIA 89/20 decreased - increase
7 72 m TIA 90/30 decreased - decrease
8 61 m r/l asymptomatic 60/100 decreased - n.s.
9 74 f 1 TIA /86 normal - increase
10 65 f r asymptomatic 100/- n.a. - n.s.
11 70 m r infarction (thalamus) 100/- n.a. - n.s.

Side = Affected side of stenosis; stenosis = degree of carotid artery stenosis under the NASCET measurement
(r/1) on DSA; VR = vascular reserve capacity determined from the CBF increase induced by acetazolamide in
XeCT or SPECT study; steal = rCBF decrease after acetazolamide loading; decreased = rCBF after acetazolamide
loading is 100-120% of resting rCBF; TIA = transient ischemic attack; n.a. = not available; n.s. = statistically
nonsignificant change. * p < 0.01 (unpaired t test).

We compared the baseline averaged HbO,/HbR/tHb concen-
tration (in arbitrary unit) for the time period of -5 (prestimulus) to
0 s versus the averaged data for the period of 5-10 s after task ini-
tiation in each patient, using the unpaired t test. The significance
level was set at p < 0.01 in this analysis.

In surgically treated cases, the same measurements were repeat-
ed 7-10 days after surgery and serial data were evaluated. The lo-
cations of NIRS probes were marked on the scalp using a marker
pen, in order to set the probes at the same position in the repeated
session. Task performance including pace and force of hand grasp-
ing was monitored by the same examiner and confirmed to be same
between the preoperative session and the postoperative repeated
session.

Results

The clinical information and fNIRS results of all the
patients are described in table 1.

Case Descriptions

Case 1

A 69-year-old male, who had a history of reversible
ischemic attack of right hemiparesis 6 years before the
first study, was referred to our department for preopera-
tive evaluation before carotid artery stenting (CAS) on
the left side. On neurological examination, mild left cer-
ebellar ataxia was pointed out and motor weakness was
not. Head MRI revealed multiple infarctions in the left
cerebellum, bilateral occipital lobe, left temporal lobe and
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deep white matter, but no lesion was detected in the left
motor cortex (fig. 1a) and the internal capsule. Cerebral
angiography showed stenosis of bilateral internal carotid
arteries at the cervical bifurcation (right/left = 75%/95%
on NASCET measurement; fig. 1b) and left intracranial
C4-5 portion of the ICA (fig. 1c¢). Minute cross-flow
through the anterior communicating artery from the right
ICA which also had stenosis at the cervical bifurcation
was observed (fig. 1d). Vertebral arteries were not exam-
ined due to severe stenosis at the origins of these arteries.
CBEF study revealed mild decreased regional CBF at rest
in the left MCA territory (41 ml/100 ml/min) and the steal
phenomenon after acetazolamide infusion (33 ml/
100 ml/min; fig. le).

Functional NIRS during the motor task was performed
before the CAS. Figure 2 shows the time course of task-
related hemoglobin concentration changes in both the
center of the channels and the areas surrounding it, 2—
3 ¢cm from the center. In the center of the channels, not
only tHb and HbO,, but also HbR concentration signifi-
cantly increased during the task (fig. 2a). On the other
hand, at one of the surrounding channels, all three param-
eters decreased during the task synchronously with the
center (tHb/HbR decrease: significant, HbO,: not signifi-
cant, p = 0.022; fig. 2b). Figure 3 shows the topographic
image of tHb concentration projected onto the cortical
surface constructed from MRI at the time of peak hemo-
globin concentration in this patient before intervention.

Cerebrovasc Dis 2005;20:337-346 339



Fig. 1. Pre-operative evaluation of case 1.
a MRI (T, WI) which showed no infarction
in SM1. b DSA of left carotid artery at the
cervical bifurcation (lateral view) showing
95% stenosis (arrow) on NASCET measure-
ment. ¢ DSA of left intracranial ICA (lat-
eral view), indicating stenosis of C4-5 por-
tion (arrow). d DSA of right intracranial

—
ICA (A-P view), showing minute cross-flow :
through anterior communicating artery to
left anterior cerebral artery. e Xenon CT
after infusion of acetazolamide, showing Lt
decreased CBF in left MCA territory. =
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Fig. 2. Time course of relative hemoglobin concentration in case 1. Red, blue and yellow lines indicate change in
HbO,, HbR and tHb concentrations, respectively. a Concentration change recorded at the center of SM 1. b Con-
centration change recorded in the periphery of SM 1. Note that a smoothing algorithm was applied to the data in

figures 2-7 for optimal visualization.

An elevated tHb was observed at the center of the pri-
mary motor cortex and a decreased tHb was observed
around it. CAS was performed with no perioperative ir-
reversible adverse events. At the time of temporary oc-
clusion of the left carotid artery for distal protection of
embolus during the intervention, reversible right hemi-
paresis and consciousness disturbance occurred, imply-
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ing poor collateral circulation. Postoperatively, the same
measurements were performed. Figure 4 shows the tHb
concentration change recorded at the same site as A of
figure 3 before and after CAS in this patient. The abnor-
mal decrease during the motor task disappeared after the
CAS. Figure 5 shows the HbR concentration change at
the center of the channels before and after the CAS. Al-
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Fig. 3. Topographic image of tHb concentration at peak activation
projected onto a 3D cortical surface image reconstructed from MRI
data in case 2. The tHb increase is most prominent at the center of
SM1 (site B), which is easily discriminated anatomically. A de-
crease in tHb concentration is observed in the SM 1 periphery (site
A).

though task-related decrease in HbR as observed in a nor-
mal volunteer has not been restored, marked increase in
HbR during the task disappeared.

Case 2

This 74-year-old female was referred to our Depart-
ment with a complaint of several transient ischemic at-
tacks (left hemiparesis). On admission she showed no
neurological deficit. MRI revealed old left thalamic in-
farction and no other evident infarction (fig. 6a). DSA
showed right ICA stenosis (85% on NASCET measure-
ment; fig. 6b) and right middle cerebral artery stenosis
(fig. 6¢). Blood supply from anterior/posterior communi-
cating artery and external carotid artery into the right
MCA territory was poor and cortical anastomosis from
posterior cerebral artery into the right MCA territory de-
veloped (fig. 6d). CBF study revealed the steal phenom-
enon after acetazolamide infusion (vascular reserve ca-
pacity: —5% in the left MCA territory). Figure 7 shows the
results of preoperative fNIRS during the motor task. At
the channel inferior to the center, marked task-related
decrease in tHb/ HbR was recorded. At the center chan-
nel, task-related increase in HbO,/tHb and task-related
decrease in HbR were recorded. After the right carotid
endarterectomy, the extent of abnormal decrease in tHb
at the inferior channel diminished.

Task
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Fig. 4. Comparison of the time course of tHb change during motor
task before (blue line) and after (red line) CAS at site A of figure 3.
A task-related decrease in tHb was evident before the intervention
but disappeared after the stenting.
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Fig. 5. Comparison of the time course of HbR change during mo-
tor task before (blue line) and after (red line) CAS at site B of figure
3. A task-related increase in HbR was evident before the interven-
tion but became indistinct after the stenting.
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Fig. 6. Pre-operative evaluation of case 2.
a MRI (T, WI) which showed no infarction
in SM1. b DSA of right carotid artery at the
cervical bifurcation (lateral view) showing
85% stenosis (arrow) on NASCET measure-
ment. ¢ DSA of right intracranial ICA (lat-
eral view), presenting stenosis of right mid-
dle cerebral artery (arrow mark). d DSA of
right vertebrobasilar artery (lateral view),
showing cortical anastomosis from poste-
rior cerebral artery into the right MCA ter-
ritory.

Case 10

This 65-year-old-female was referred to our Depart-
ment for detailed evaluation after detection of occlusion
of central retinal artery and unilateral ICA occlusion. She
had no history of ischemic events, MRI showed no infarc-
tion and DSA showed rich collateral cross-flow from the
contralateral ICA. Neither task-related HbR increase in
the center nor tHb decrease in the periphery was shown
by fNIRS.

Time Course of HbO,/tHb Concentration

In all the patients, significant task-related increases in
HbO, and tHb concentration were observed at the center
channels. Eight out of 11 patients showed HbO, and tHb
increase in all recorded channels similar to data from
healthy volunteers (data not shown [21, 22]). However,
in other 3 patients (cases 1-3), a significant task-related
decrease in tHb concentration was observed in the chan-
nel just anterior or inferior to the central channel, which
showed a robust increase in tHb concentration. Figure 8
shows the change in tHb concentration measured at the

342 Cerebrovasc Dis 2005;20:337-346

center and the periphery of the SM1 of case 2. The tHb
concentration in the periphery of the SM1 decreased si-
multaneously with motor task initiation and returned to
its baseline soon after task termination. This decrease in
tHb concentration was a synchronous mirror of the posi-
tive value activation detected in the center of the SM1
area. In these 3 patients, changes in task-related HbO,
concentration varied. Case 1 showed significant decrease,
cases 2 and 3 showed nonsignificant change.

All of these 3 cases were surgically treated (case 1: CAS;
cases 2 and 3: carotid endarterectomy). The peripheral
decrease in tHb during motor tasks disappeared com-
pletely in case 3, and partial recovery was seen in cases 1
and 2 as shown in case descriptions.

Fig. 7. Time course of hemoglobin concentration change in and
around the primary motor cortex. ch5 is located at the center of
SM1, where task-related increase in HbO, and tHb and task-re-
lated decrease in HbR were recorded. In ch9, which is located in-
ferior to ch$5, task-related decrease in tHb was recorded. x-axis =
Time (s); y-axis = concentration (AU).
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Fig. 8. Time course of the relative concentration change of tHb
recorded at the center and the periphery of SM1 in case 2. The red
line indicates the tHb change recorded at the center of SM1, indi-
cating a robust increase in tHb during motor task. The blue line
indicates the marked task-related decrease in tHb in the area adja-
cent to SM 1.

Although the correlation between insufficiency of vas-
cular reserve and tHb decrease at the periphery of the
SM1 or HbR increase at the center of the SM1 cannot be
calculated due to the limited number of cases, 2 patients
who showed the steal phenomenon in the CBF study us-
ing acetazolamide also showed tHb decrease in the pe-
riphery of the SM1.

Time Course of HbR Concentration

Significant decrease in HbR at the center of the de-
tected channels, which is reported to be a typical change
in normal subjects [21, 23], was only observed in 2 out of
11 patients. However, significant increase in HbR was
observed in 3 cases (cases 2, 6 and 9). Carotid endarter-
ectomy was performed in cases 2 and 6; partial recovery
was seen in case 2 (fig. 5), but task-related increase in HbR
was still seen in case 6 at the same channel of this pa-
tient.

Discussion

Functional NIRS can present us information about
cortical hemodynamics and oxygenation status during
functional activity through three parameters (HbO,, HbR
and tHb). The ratio of these three concentrations is sup-
posed to be determined by a combination of oxygen con-
sumption, supply of oxygenated arterial blood flow and
drainage of deoxygenated venous blood. Thus, a variety
of results regarding the concentration of these three pa-
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rameters can be expected in patients with chronic isch-
emia and lacking adequate autoregulation. In studies us-
ingnormal volunteers, a combination of increase in HbO,
and tHb and synchronous decrease in HbR 3 s after mo-
tor stimulation in the activation center has been reported
asatypical change[21, 22, 24]. From here, we will discuss
the abnormal results obtained in this study from the
points of cortical oxygen consumption and disturbed
blood supply. Specifically we will focus on tHb decrease
in the periphery and HbR increase in the center of the
SM1.

tHb Decrease in the Periphery of the SM1

In functional neuroimaging studies utilizing hemody-
namic response to stimulation, a decrease in the CBF has
seldom been considered. Recently, a negative BOLD re-
sponse indicating cortical CBF decrease has been report-
ed during visual stimulation in young children under
fMRI/PET study [25, 26]. In NIRS studies, CBF decrease
was recorded during epilepsy [27] and verbal tasks [28].
However, among numerous fNIRS studies, no task-re-
lated decrease in tHb which correlates with rCBF [29]
during the motor task has been reported to date [22,
30].

We observed, in a few cases, the coexistence of task-
related increase and decrease in cortical tHb concentra-
tion during a motor task. As these events occur synchro-
nously with each other, this phenomenon is indirectly
indicative of a distributional change in the rCBF. In oth-
er words, a certain volume of blood is stolen from the
periphery of the SM1 to its center. This phenomenon im-
plies that normal physiological mechanisms that induce
CBF increase in and around the functional cortex during
functional activation are dysfunctional in these subjects.
When the rCBF demand requires fulfillment in patients
with severe impairment in autoregulation due to severe
ICA stenosis with poor collateral circulation, the rCBF
supply into the center of the functional cortex is managed
by depriving the neighboring cortex of blood. The results
observed in the present study, where the decrease in tHb
during the motor task partially disappeared after surgery,
indicate that this phenomenon is attributable to cerebral
ischemia. All the patients who showed this abnormal re-
sponse had a history of hemodynamic ischemic events,
showed impaired reserve capacity, including the steal
phenomenon under the administration of acetazolamide
in CBF studies and poor filling from the ipsilateral ICA
into the MCA territory in the intracranial angiography
being dependent upon blood from other vessels. This clin-
ical information supports that this motor-related intra-
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cortical steal phenomenon might imply the degree of se-
verity of the hemodynamic compromise in the SM 1. We
cannot statistically differentiate between patients who
showed this steal phenomenon during motor tasks and
those patients who did not based on our data alone due
to the limited number of cases. However, the fact that 2
out of 3 patients who showed the steal phenomenon in a
conventional CBF study using acetazolamide also showed
a tHb decrease in fNIRS imaging during motor tasks
might be indicative of a correlation between these two
methodologies. As the steal phenomenon in a CBF study
using acetazolamide is reported to be related to poor prog-
nosis [31, 32], these motor-related intracortical steal phe-
nomena might also be a predictive factor of poor progno-
sis. We assume that any induction of blood vessel dila-
tation, either by chemical agents or by physiological
stimulation, would be impaired in patients with dysfunc-
tioning autoregulation, although further investigation
will be required to elucidate the relationship between the
two. The reason why one case (case 4) who showed the
steal phenomenon in a conventional CBF study lacked a
decrease in tHb in fNIRS might be afforded by elucida-
tion of the difference between drug-induced and stimula-
tion-induced dilatation of vessels. If physiological stimu-
lation induces fewer and more localized dilatation of
blood vessels than chemical agents do, the steal phenom-
enon in both CBF and fNIRS studies would show severer
ischemic status than in CBF study alone. The fact that
cases 1 and 2 had tandem stenotic lesions (cervical ICA
+ intracranial ICA or MCA) and case 4 did not (unilat-
eral carotid artery stenosis only) implies that the former
two had severer conditions, leading to tHb decrease in
fNIRS study.

HbR Increase in the Center of the SM 1

It is widely accepted that task-related cortical oxygen-
ation induces HbR decrease in the activated cortex in
optical studies [33] and fNIRS studies [21, 22, 34]. The
common explanation for the HbR decrease in normal
subjects is based upon a PET study revealing the stimu-
lus-induced focal augmentation of cerebral blood flow
(mean: 29%) far exceeded the concomitant local increase
in the tissue metabolic rate (mean: 5%) [2]. This concept
is also used for the BOLD signal mechanism [35] in fMRI
studies. However, we recorded abnormal significant in-
crease in HbR concentration during motor task at the
center of the channels in 3 cases. On the other hand, HbR
decrease was recorded in only 2 out of 11 cases. As com-
pared to 90% detection rate of HbR decrease in normal
healthy adults (data not shown), the rate we obtained

Motor-Related Steal Phenomenon in
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from this study was extraordinarily low. Murata et al. [36]
reported that in ischemic patients, task-related HbR in-
crease can sometimes be seen in fNIRS study, with which
our data coincide. Partial recovery from abnormal HbR
increase after surgery in these patients suggests that this
abnormal result is also related to cortical ischemia and
can be modulated by alteration of cortical hemodynam-
ics.

In case 1 who showed the severest steal in convention-
al CBF study, both abnormal tHb decrease in the periph-
ery and abnormal HbR increase in the center were re-
corded. However, in other cases, these two abnormal
events did not coincide. Moreover, in case 4 who showed
the steal phenomenon in a conventional CBF study, nei-
ther any abnormality in tHb change, nor task-related
HbR increase in fNIRS was shown. Thus, the correlation
of tHb decrease in the periphery and HbR increase in the
center cannot be made clear from this study. The fact that
one of the patients who showed HbR increase in the cen-
ter had a normal vascular reserve in conventional CBF
study might imply that this change may be related to a
less severe ischemic status. Lack of complete coexistence
of these two abnormal results suggests that these changes
are induced through different mechanisms, although both
are related to cortical ischemia. A further study will be
required to elucidate which mechanisms underlie these
changes, what differences lie between them and which is
more predictive of clinical prognosis.

Conclusion

We have successfully recorded abnormal hemody-
namics during motor tasks in patients with compromised
cerebral circulation and their recovery after surgery in
this fNIRS study. This is the first report on the intracorti-
cal steal phenomenon (tHb decrease in the periphery of
the SM 1) during simple hand movement tasks in patients
with severe cerebral ischemia. Additional results con-
firmed previous reports on HbR increase in the center of
the SM 1. We believe this motor-related steal phenome-
non is extremely informative as it specifically indicates
abnormal vascular autoregulation and possibly poor out-
come. Noninvasive fNIRS imaging can provide us with
useful information on abnormal cortical hemodynamics,
and its repeated measurements might be potentially valu-
able for following the clinical course of ischemia and for
evaluating treatment outcome.

Cerebrovasc Dis 2005;20:337-346 345



10

11

12

13

References

Roy CS, Sherrington CS: On the regulation of
the blood-supply of the brain. J Physiol 1890;
11:85-108.

Fox PT, Raichle ME: Focal physiological un-
coupling of cerebral blood flow and oxidative
metabolism during somatosensory stimulation
in human subjects. Proc Natl Acad Sci USA
1986;83:1140-1144.

Malonek D, Grinvald A: Interactions between
electrical activity and cortical microcirculation
revealed by imaging spectroscopy: implica-
tions for functional brain mapping. Science
1996;272:551-554.

Jobsis FF: Noninvasive, infrared monitoring
of cerebral and myocardial oxygen sufficiency
and circulatory parameters. Science 1977;198:
1264-1267.

Villringer A, Planck J, Hock C, Schleinkofer L,
Dirnagl U: Near infrared spectroscopy (NIRS):
anew tool to study hemodynamic changes dur-
ing activation of brain function in human
adults. Neurosci Lett 1993;154:101-104.
Kato T, Kamei A, Takashima S, Ozaki T: Hu-
man visual cortical function during photic
stimulation monitoring by means of near-in-
frared spectroscopy. J Cereb Blood Flow Metab
1993;13:516-520.

Kato T: Principle and technique of NIRS imag-
ing for human brain FORCE: fast-oxygen re-
sponse in capillary event. International Con-
gress Series. Frontiers in Human Brain
Topology. Proc ISBET 2004;1270:88-99.
Hoshi Y, Tamura M: Dynamic multichannel
near-infrared optical imaging of human brain
activity. J Appl Physiol 1993;75:1842-1846.
Baron JC, Lebrun-Grandie P, Collard P, Crou-
zel C, Mestelan G, Bousser MG: Noninvasive
measurement of blood flow, oxygen consump-
tion, and glucose utilization in the same brain
regions in man by positron emission tomogra-
phy: concise communication. J Nucl Med
1982;23:391-399.

Powers WJ, Grubb RL Jr, Raichle ME: Physio-
logical responses to focal cerebral ischemia in
humans. Ann Neurol 1984;16:546-552.
Shintani S, Tsuruoka S, Shiigai T, Ishii K: PET
study in bilateral internal carotid artery occlu-
sion. Cerebrovasc Dis 2003;16:442-447.
Buell U, Moser EA, Schmiedek P, Leinsinger
G, Kreisig T, Kirsch CM, Einhaupl K: Dynam-
ic SPECT with Xe-133: regional cerebral blood
flow in patients with unilateral cerebrovascular
disease: concise communication. J Nucl Med
1984;25:441-446.

Chollet F, Celsis P, Clanet M, Guiraud-Chau-
meil B, Rascol A, Marc-Vergnes JP: SPECT
study of cerebral blood flow reactivity after ac-
etazolamide in patients with transient isch-
emic attacks. Stroke 1989;20:458-464.

14

15

16

17

18

19

20

21

22

23

24

25

Vorstrup S, Engell HC, Lindewald H, Lassen
NA: Hemodynamically significant stenosis of
the internal carotid artery treated with endar-
terectomy. Case report. J Neurosurg 1984;60:
1070-1075.

North American Symptomatic Carotid Endar-
terectomy Study Group: Carotid endarterec-
tomy: three critical evaluations. Stroke 1987;
18:987-989.

Penfield W, Boldrey E: Somatic motor and sen-
sory representation in the cerebral cortex of
man as studied by electrical stimulation. Brain
1937;60:389-443.

Taylor AJ, Haughton VM, Syvertsen A, Ho
KC: Taylor-Haughton line revisited. Am J
Neuroradiol 1980;1:55-56.

Greenberg M: Handbook of Neurosurgery, ed
4. Lakeland, Greenberg Graphic, 2001, p 52.
Ebeling U, Rikli D, Huber P, Reulen HJ: The
coronal suture, a useful bony landmark in neu-
rosurgery? Craniocerebral topography between
bony landmarks on the skull and the brain.
Acta Neurochir (Wien) 1987:;89:130-134.
Matcher SJ, Elwell CE, Cooper CE, Cope M,
Delpy DT: Performance comparison of several
published tissue near-infrared spectroscopy al-
gorithms. Anal Biochem 1995;227:54-68.
Hirth C, Obrig H, Villringer K, Thiel A, Ber-
narding J, Muhlnickel W, Flor H, Dirnagl U,
Villringer A: Non-invasive functional map-
ping of the human motor cortex using near-in-
frared spectroscopy. Neuroreport 1996;7:
1977-1981.

Watanabe E, Yamashita Y, Maki A, Ito Y, Koi-
zumi H: Non-invasive functional mapping
with multi-channel near infra-red spectroscop-
ic topography in humans. Neurosci Lett 1996;
205:41-44.

Mehagnoul-Schipper DJ, van der Kallen BF,
Colier WN, van der Sluijs MC, van Erning LJ,
Thijssen HO, Oeseburg B, Hoefnagels WH,
Jansen RW: Simultaneous measurements of
cerebral oxygenation changes during brain ac-
tivation by near-infrared spectroscopy and
functional magnetic resonance imaging in
healthy young and elderly subjects. Hum Brain
Mapp 2002;16:14-23.

Fallgatter AJ, Strik WK: Right frontal activa-
tion during the continuous performance test
assessed with near-infrared spectroscopy in
healthy subjects. Neurosci Lett 1997;223:89-
92.

Fransson P, Kruger G, Merboldt KD, Frahm
J: MRI of functional deactivation: temporal
and spatial characteristics of oxygenation-sen-
sitive responses in human visual cortex. Neu-
roimage 1999;9:611-618.

346

Cerebrovasc Dis 2005;20:337-346

26

27

28

29

30

31

32

33

34

35

36

Born AP, Law I, Lund TE, Rostrup E, Hanson
LG, Wildschiodtz G, Lou HC, Paulson OB:
Cortical deactivation induced by visual stimu-
lation in human slow-wave sleep. Neuroimage
2002;17:1325-1335.

Buchheim K, Obrig H, v Pannwitz W, Muller
A, Heekeren H, Villringer A, Meierkord H: De-
crease in haemoglobin oxygenation during ab-
sence seizures in adult humans. Neurosci Lett
2004;354:119-122.

Sakatani K, Xie Y, Lichty W, Li S, Zuo H:
Language-activated cerebral blood oxygen-
ation and hemodynamic changes of the left
prefrontal cortex in poststroke aphasic pa-
tients: a near-infrared spectroscopy study.
Stroke 1998:;29:1299-1304.

Villringer K, Minoshima S, Hock C, Obrig H,
Ziegler S, Dirnagl U, Schwaiger M, Villringer
A: Assessment of local brain activation. A si-
multaneous PET and near-infrared spectros-
copy study. Adv Exp Med Biol 1997;413:149-
153.

Miyai I, Tanabe HC, Sase I, Eda H, Oda I,
Konishi I, Tsunazawa Y, Suzuki T, Yanagida
T, Kubota K: Cortical mapping of gait in hu-
mans: a near-infrared spectroscopic topogra-
phy study. Neuroimage 2001;14:1186-1192.
Kuroda S, Houkin K, Kamiyama H, Mitsu-
mori K, Iwasaki Y, Abe H: Long-term progno-
sis of medically treated patients with internal
carotid or middle cerebral artery occlusion: can
acetazolamide test predict it? Stroke 2001;32:
2110-2116.

Ogasawara K, Ogawa A, Yoshimoto T: Cere-
brovascular reactivity to acetazolamide and
outcome in patients with symptomatic internal
carotid or middle cerebral artery occlusion: a
xenon-133 single-photon emission computed
tomography study. Stroke 2002;33:1857-
1862.

Malonek D, Grinvald A: Interactions between
electrical activity and cortical microcirculation
revealed by imaging spectroscopy: implica-
tions for functional brain mapping. Science
1996;272:551-554.

Obrig H, Wenzel R, Kohl M, Horst S, Wobst
P, Steinbrink J, Thomas F, Villringer A: Near-
infrared spectroscopy: does it function in func-
tional activation studies of the adult brain? Int
J Psychophysiol 2000;35:125-142.

Ogawa S, Lee TM, Kay AR, Tank DW: Brain
magnetic resonance imaging with contrast de-
pendent on blood oxygenation. Proc Natl Acad
Sci USA 1990;87:9868-9872.

Murata Y, Sakatani K, Katayama Y, Fukaya
C: Increase in focal concentration of deoxyhae-
moglobin during neuronal activity in cerebral
ischaemic patients. J Neurol Neurosurg Psy-
chiatry 2002;73:182-184.

Akiyama/Ohira/Kato/Toda/Orii/Hiraga/
Fukunaga/Kobayashi/Onozuka/Kawase





