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Different Time Evolution of Oxyhemoglobin and Deoxyhemoglobin
Concentration Changes in the Visual and Motor Cortices during

Functional Stimulation: A Near-Infrared Spectroscopy Study
Martin Wolf, Ursula Wolf, Vlad Toronov, Antonios Michalos, L. Adelina Paunescu,

Jee Hyun Choi, and Enrico Gratton
Laboratory for Fluorescence Dynamics, Department of Physics, University of Illinois at Urbana–Champaign,

1110 W. Green St., Urbana, Illinois 61801-3080
Neurovascular coupling is the generic term for
changes in cerebral metabolic rate of oxygen
(CMRO2), cerebral blood flow, and cerebral blood
volume related to brain activity. The goal of this
paper is to better understand the effects of neuro-
vascular coupling in the visual and motor cortices
using frequency-domain near-infrared spectros-
copy. Maps of concentration changes in oxyhemoglo-
bin [O2Hb], deoxyhemoglobin [HHb], and total hemo-
globin of the visual and motor cortices were
generated during stimulation using a reversing
checkerboard screen and palm-squeezing, respec-
tively. Seven healthy volunteers of 18–37 years of
age were included. In the visual cortex the patterns
of [O2Hb] and [HHb] were strongly linearly corre-
lated (r2 > 0.8 in 13 of a total of 24 locations). In 20
locations the change in [O2Hb] was larger than 0.25
�M. The mean slope of the linear regression between
[O2Hb] and [HHb] was �3.93 � 0.31 (SE). The pat-
terns of the [O2Hb] and [HHb] traces over the motor
cortex looked different. The [O2Hb] reached its max-
imum change a few seconds before the [HHb]
reached its minimum. This was confirmed by the
linear regression analysis (r2 > 0.8 in none of 40
locations). In 20 locations the change in [O2Hb] was
larger than 0.25 �M. The mean slope of the regres-
sion line was �1.76 � 0.20, which is significantly
higher than that in the motor cortex (P < 0.0000001).
Patterns of [O2Hb] and [HHb] differ among cortex
areas. This implies that the regulation of perfusion
in the visual cortex is different from that in the
motor cortex. There is evidence that the CMRO2 in-
creases substantially in the visual cortex, while this
is not the case for the motor cortex. © 2002 Elsevier

Science (USA)

Key Words: near-infrared spectroscopy; visual cor-
tex; motor cortex; stimulation; oxyhemoglobin; deoxy-
hemoglobin; neurovascular coupling.
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INTRODUCTION

Neurovascular coupling is the generic term for
changes in cerebral metabolic rate of oxygen (CMRO2),
cerebral blood flow (CBF), and cerebral blood volume
(CBV) related to brain activity (Frostig et al., 1990;
Maki et al., 1995; Villringer and Dirnagl, 1995). The
goal of this paper is to better understand the effects of
neurovascular coupling.

In recent years several techniques have been applied
to determine these parameters during functional brain
activation, where the parameters are either measured
directly or calculated from other measurands. Mag-
netic resonance imaging (MRI) measures CBF and
CBV using a contrast agent (Wirestam et al., 2000).
With positron emission tomography, CMRO2 and CBF
can be determined (Meltzer et al., 2000). While both
techniques provide an excellent spatial resolution on
the order of millimeters, continuous monitoring is not
possible due to its relatively low time resolution (s) and
the requirement of the application of a contrast agent.
MRI directly determines changes in deoxyhemoglobin
concentration [HHb] through the blood oxygen level-
dependent (BOLD) signal with a high time (�0.5-s)
and spatial (�0.5-cm) resolution. However, changes in
[HHb] are not measured quantitatively and they do not
provide any information on oxyhemoglobin concentra-
tion [O2Hb]. Near-infrared spectroscopy (NIRS), due to
its high time resolution (ms) and good spatial resolu-
tion (cm) offers the option of continuously recording
changes of physiological parameters during brain acti-
vation. Due to this and its other advantageous features
such as noninvasiveness, the capability to be per-
formed at bedside, the absence of ionizing radiation,
and the relatively low cost, it has been increasingly
used in brain research (Hoshi et al., 1994; Villringer
and Chance, 1997). It detects changes in [O2Hb] and
[HHb] and therefore total hemoglobin ([tHb]), which
corresponds to CBV. In addition to the change in the
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CBV the changes in CBF and CMRO2 also affect the
[O2Hb] and [HHb] traces (Mayhew et al., 2000). Con-
sidering the following theoretical implications, the in-
fluence of CBV, CBF, and CMRO2 on the [O2Hb] and
[HHb] traces can be demonstrated.

Assuming a one-compartment model, an isolated
change in CBF (Fig. 1, left) will have the depicted effect
on the [O2Hb] and [HHb]. The increase in CBF will
lead to an increase in [O2Hb] and a decrease in [HHb]
because more oxygenated than deoxygenated blood will
fill the compartment. This effect is often described as
the washout effect. Note that the changes are com-
pletely symmetrical; i.e., the [O2Hb] and [HHb] traces
are perfect mirror images.

Figure 1 (middle) shows how an isolated increase in
CMRO2 affects the [O2Hb] and [HHb] in a one-com-
partment model. If we assume an isolated increase in
CMRO2 the pattern for [O2Hb] and [HHb] looks almost
exactly opposite to the pattern of an increase in CBF.
The [HHb] increases because oxygen (O2) is consumed
without being replaced. The decrease in [O2Hb] is sym-
metrical to the increase in [HHb].

As shown in Fig. 1 (right) an isolated increase in
CBV leads to an increase in both [O2Hb] and [HHb]. A
change in [tHb] is the only effect, which leads to asym-
metrical changes in [O2Hb] and [HHb]. The amount of
change in [O2Hb] versus [HHb] depends on the oxygen
saturation of the additional blood.

The goal of this paper is to better understand the
effects of the neurovascular coupling on the basis of our
NIRS measurements and to test whether the effects
are similar in different areas of the human cortex. We
investigated two major areas of the human brain cor-
tex during functional stimulation. The protocols in-
cluded measurements over the visual cortex during
visual stimulation and over the motor cortex during a
contralateral palm-squeezing task. Maps of the traces
for [O2Hb], [HHb], and [tHb] were generated and ana-
lyzed. The results obtained from the visual and motor
cortices were compared between each other and to val-
ues and patterns reported in the literature.

MATERIAL AND METHODS

Instrument

We used a frequency-domain spectrometer (Oxime-
ter, ISS, Champaign, IL, USA) which is described in
detail elsewhere (Fantini et al., 1995). In brief, the
instrument operates at two different wavelengths,
either 758 and 830 nm (motor stimulation) or 670 and
830 nm (visual stimulation). The light generated by 16
laser diodes (8 per wavelength) is intensity-modulated
at a frequency of 110 MHz. The light from the instru-
ment to the tissue and back to the instrument is guided
through optical fibers. The incoming light is collected
in photomultiplier tubes (PMT) and demodulated, and
its mean intensity (DC), modulation amplitude (AC),
and phase are determined. The output signals from the
PMTs are sent to a computer for data processing.

Sensor

To reach the visual cortex, which lies deeper in the
human head due to the anatomical structure, we used

FIG. 1. The effect of an isolated increase in cerebral blood flow (left), cerebral metabolic rate of oxygen (middle), or total hemoglobin
concentration (right) on the time evolution of the [O2Hb] and [HHb] as predicted by the one-compartment model. The shaded area indicates
the period when the respective parameter is increased. Increases in cerebral blood flow or cerebral metabolic rate of oxygen produce
symmetric patterns, which is not the case for an increase in total hemoglobin concentration. The latter also depends on the oxygen saturation
of the additional hemoglobin.

FIG. 2. A typical course of the traces of [O2Hb] and [HHb] during
neurovascular coupling. After the onset of the stimulation the
[O2Hb] increases and the [HHb] decreases until both components
reach a plateau. The end of the stimulation is followed by a decrease
in [O2Hb] and an increase in [HHb] until they return to baseline. The
decrease in [HHb] is approximately four times smaller than the
increase in [O2Hb]. The traces were obtained using a folding average
of the [O2Hb] and [HHb] responses to 20 repetitive visual stimula-
tion periods in location 3 (see Fig. 3) of subject 2.
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FIG. 3. The diagram of the head illustrates the arrangement of the eight locations over the visual cortex and their distances. The bottom
cross marks the inion. The graphs represent [O2Hb] and [HHb] traces averaged over 20 visual stimulation periods in subject 2 obtained at
the eight locations over the visual cortex. Note that by moving the sensor by only 0.5 cm the signal changes and almost disappears in some
instances.

FIG. 4. The same traces and locations as in Fig. 3 but [HHb] traces are plotted versus the [O2Hb] traces. Thus a remarkably linear
relationship between the two variables is revealed.
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a geometry with two crossed source detector pairs
where we combined the light of two laser diodes for
each wavelength (670 and 830 nm) to achieve a better
signal to noise ratio. This geometry had been developed
and described by our group earlier (Filiaci et al., 1998).
The source-detector distance was 3.5 cm and the probe
covered an area of 2.4 � 2.4 cm. Maps were generated
by moving the sensor sequentially from location to
location over the visual cortex and repeating the mea-
surement.

For probing the motor cortex two detector fibers and
eight paired source fibers (758 and 830 nm) were ar-
ranged in a geometry to obtain measurements from 10
channels simultaneously. The source detector distance
was 3.0 cm and the probe covered an area of 6 � 9 cm.

Protocols

For both protocols the subjects were placed in a dim
quiet room.

Visual stimulation. The optodes were placed se-
quentially at eight different locations (four over each
hemisphere) over the visual cortex using the inion as
an orientation mark (Kato et al., 1993; Meek et al.,
1995). The distance between the locations over one
hemisphere was 0.5 cm.

The stimulus was displayed on a checkerboard. The
subject was asked to close her/his eyes during the rest-
ing periods and to focus on a light-emitting diode in the
center of the checkerboard during the stimulation pe-
riods. One measurement cycle included three periods:
(1) 10 s while the checkerboard was illuminated, (2)
20 s while the checkerboard was reversing, and (3) 30 s
rest while the checkerboard was turned off. The entire
time when the checkerboard was illuminated is re-
garded as the functional stimulation. For each location
this cycle was repeated 20 times. Preceding the first
and following the last stimulation cycle a 2-min base-
line was recorded. The reversing frequency of the
checkerboard was set to 2.0 or 2.5 Hz depending on the
subject’s heart rate to avoid pulse harmonics. After
completing 20 cycles at one location the sensor was
moved to the next position and the measurement re-
peated.

Motor stimulation. The sensor was placed over the
left motor cortex (all subjects were right handed) using
the C3 position as the orientation mark according to
the international electroencephalograph 10/20 system
(Steinmetz et al., 1989). Measurements were recorded
in all 10 locations simultaneously.

During stimulation periods the subject performed a
palm-squeezing task with the right hand following the
tact (1.5 Hz) presented by a metronome. One measure-
ment cycle included a 20-s stimulation time and a 20-s
resting period. This cycle was repeated 10 times. Be-
fore starting the measurement cycles and after finish-
ing all 10 cycles, a 2-min baseline was recorded. Both

protocols were approved by the Institutional Review
Board of the University of Illinois at Urbana–Cham-
paign.

Data Analysis

The raw optical data for AC were converted into
values for [O2Hb] and [HHb] using the differential
pathlength factor (DPF) method (Delpy et al., 1988;
Wray et al., 1988). We chose the AC for the calculation
instead of the DC to reduce noise because the AC is not
sensitive to ambient light; i.e., we can exclude any
direct interference from the light used for the visual
stimulation with the reflected light. The values for the
DPFs for the adult head of 6.2 at 758 nm and 5.9 at 830
nm were taken from the literature (Duncan et al.,
1995) and that of 6.95 at 670 nm from our own mea-
surements (unpublished data). The changes in absorp-
tion (��a wavelength) were converted into changes in
[O2Hb] and [HHb] using the equations

Visual cortex:

�O2Hb� � �0.1226 � ��a 670 nm � 0.4818 � ��a 830 nm

�HHb� � 0.1593 � ��a 670 nm � 0.0674 � ��a 830 nm and

Motor cortex:

�O2Hb� � �0.2842 � ��a 758 nm � 0.6131 � ��a 830 nm

�HHb� � 0.3674 � ��a 758 nm � 0.2342 � ��a 830 nm.

The raw data were recorded at a sample rate of 64 or
80 Hz, which was averaged down to 2.0 or 2.5 Hz to
reduce noise for the visual stimulation. It was synchro-
nized to the reversing rate of the stimulation. The
sample rate for the motor stimulation was 1.6 Hz. For
each location and subject separately, the repeated
stimulation periods and resting periods were averaged
time locked with respect to the stimulation (folding
average). This method removes physiological changes
in [O2Hb] and [HHb] due to the heart rate, breathing,
or vasomotion which are not associated with neuronal
activity. Since the algorithm quantifies relative con-
centration changes in [O2Hb] and [HHb]; i.e., the base-
line is arbitrary, an offset was added to the [O2Hb] and
[HHb] traces to get a zero value instantaneously before
the onset of the stimulation. A moving average over
five data points was calculated. The [HHb] trace was
compared to the [O2Hb] trace using a linear regression.

Subjects

For the visual stimulation protocol three (two fe-
male, one male) and for the motor stimulation protocol
four (four male) healthy volunteers with an age range
of 18–37 years were included. Written informed con-
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sent was obtained from all subjects prior to the exper-
iments.

RESULTS

Visual Stimulation

In the visual cortex we found a remarkably strong
correlation between the [O2Hb] and the [HHb] patterns
(Figs. 2–4). In 13 of a total of 24 locations the correla-
tion coefficient was high (r2 � 0.8). The mean slope of
the linear regression, i.e., the scaling factor, between
[O2Hb] and [HHb] was �3.93 � 0.31 (SE). In 20 loca-
tions the change in [O2Hb] was larger than 0.25 �M.

Motor Stimulation

The patterns of the [O2Hb] and [HHb] traces are
quite different over the motor cortex compared to those
over the visual cortex (Figs. 5–7). This is confirmed by
the linear regression analysis between [O2Hb] and
[HHb], where in none of the 40 locations (10 loca-
tions � 4 subjects) is the r2 larger than 0.8. The mean
slope of the regression line is �1.76 � 0.20 (SE). The
slopes of the regression lines from the visual cortex are
highly significantly lower than those from the motor
cortex (P 	 0.0000001; Mann–Whitney test). In 20
locations the change in [O2Hb] is larger than 0.25 �M.
Detailed data for both cortices are displayed in Table 1.

DISCUSSION

Our results with regard to the [O2Hb] and [HHb]
traces for both the visual and the motor cortices during
functional stimulation are consistent with those of
other publications (Hirth et al., 1997; Obrig and
Villringer, 1997). We will interpret the results of our
study on the basis of the one-compartment model de-
scribed in the Introduction. Increased neuronal activ-
ity leads to a higher CMRO2 (Hoge et al., 1999; Kim et
al., 1999). However, we do not see a pattern as in Fig.
1 (middle) (isolated CMRO2 increase) because the CBF
increases immediately after the onset of the stimula-
tion. Our data showed no evidence of a delay between
the CMRO2 and the CBF increases. In other words we
did not observe a short increase in [HHb] appearing at
the onset of the stimulation, also known as “dip” (Ma-
lonek and Grinvald, 1996). Since the increase in CBF
exceeds the increase in CMRO2, [O2Hb] increases and
[HHb] decreases. The increase in [O2Hb] is larger than
the decrease in [HHb]; i.e., there is an increase in
[tHb].

In the visual cortex the increase in the [tHb] does not
perturb the symmetrical pattern of the [O2Hb] and
[HHb]; it causes only a different scaling of [O2Hb] and
[HHb]. In contrast, in the motor cortex the symmetry of
the [O2Hb] and [HHb] traces is abolished. This leads to

the conclusion that the regulation of the [tHb] is dif-
ferent in the two cortices.

These differences in the neurovascular coupling be-
tween the visual and the motor cortices are further
confirmed by the statistics, which show a high correla-
tion coefficient (r2 � 0.8) in more than half of the
locations over the visual cortex and in none of the
locations over the motor cortex. Furthermore the
slopes of the regression line are highly significantly
different for the two cortices (P 	 0.0000001).

To estimate the proportion of the change in CMRO2

compared to the change in CBF, let us consider the
following model. To keep the model simple we initially
assume a negligible change in CMRO2. Furthermore,
we suppose a mean absolute [tHb] of 73.8 �mol/L (Wolf
et al., 1997) and a mean CBF of 46.7 ml/100 g � min
according to Meltzer et al. (2000) (59 ml/100 g � min)
and Wirestam et al. (2000) (48 and 33 ml/100 g � min),
which corresponds approximately to a cerebral hemo-
globin flow (CHbF) of 749.9 �mol/min (Wolf et al.,
1997), mean increases in [tHb] of 0.59 �mol/L during
visual and 0.11 �mol/L during motor stimulation, and
mean decreases in [HHb] of 0.23 �mol/L (visual) and
0.18 �mol/L (motor). According to the central volume
principle, the mean transit time (MTT) 
 CBV/CBF 

tHb/CHbF 
 0.098 min. During stimulation the in-
crease in [tHb] corresponds to 0.80% (visual) and 0.15%
(motor) compared to the absolute value of the [tHb] of
73.8 �mol/L. Considering that arterial blood is com-
pletely oxygenated, we can deduct the change in CHbF
from the decrease in [HHb], which corresponds to the
amount of hemoglobin washed out during a period of
one MTT. The CHbF has to be increased exactly by
that amount, which leads to an increase in CHbF of
0.31% (visual) and 0.24% (motor). The [tHb] can in-
crease either by dilation of the blood vessels or by
opening of additional blood vessels. The volume of the
vessels is � � r2 � L � n, where r is the radius, L is the
length of a vessel, and n is the number of vessels. In the
case of dilation the r � [tHb]1/2; i.e., r increases propor-
tionally to the squareroot of the [tHb]. Thus the radius
would increase by 0.40% (visual) and by 0.075% (mo-
tor). The resistance of the vessels for a fluid is R 

(8 � � � L)/(� � r4), where � is the viscosity; i.e., the R �
1/r4. In our case the R would decrease by 1.6% (visual)
or by 0.3% (motor). A decrease in R would lead to an
equal increase in CHbF. This means that for the visual
cortex we would expect a four-times-higher increase in
CHbF than we have observed. This can be explained by
an increase in CMRO2, which compensates 3/4 of the
decrease in [HHb] (Fig. 1). For the motor cortex we get
approximately the correct change in CHbF, which im-
plies that the CMRO2 changes little during stimula-
tion.

In the case of additional blood vessels opening up
without any change in their diameter, the change in R
will be inversely proportional to the number of blood
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vessels; i.e., R decreases by 0.80% (visual) and by
0.15% (motor), which again leads to an equal increase
in CHbF. For the visual cortex we find an increase in
CHbF, which is bigger than the one we actually find.
However, for the motor cortex, we would expect from
the change in [tHb] a lower increase in CHbF than we
observe. This can be explained either by a reduction in
CMRO2, which is very unlikely, or by the fact that the
increase in [tHb] is caused by a dilation of vessels
rather than by an opening of additional vessels. Grubb
et al. (1974) suggested that the change in [tHb] is
coupled to a change in CBF by the equation CBV 

0.8 � CBF0.38. This type of relation would lead to asym-

metric transients between [O2Hb] and [HHb] traces,
particularly shortly after a change in CBF (Fig. 8). In
fact any change in [tHb], which is directly coupled to
CBF, would lead to asymmetric patterns. Grubb et al.’s
equation is valid only for steady state conditions and
not during transients as in our case. The symmetric
patterns seen in the visual cortex (Figs. 2–4) are par-
ticular. The symmetry can be maintained only if the
[tHb] increase is in exact relation to the proportion of
the compartment that has already been washed out.
One possibility is that the [tHb] is related to the oxy-
genation of the compartment.

The pattern in the motor cortex where the increase
in the [O2Hb] reaches its maximum faster than the
decrease in [HHb] reaches its minimum can be ex-
plained by a decoupling of the [tHb] increase and the
washout. The [tHb] increases faster than the washout
occurs.

We have not used the same sample rates for the
visual and motor cortices; i.e., we have more data
points for the stimulation and rest periods for the vi-
sual cortex than for the motor cortex. A higher number
of data points generally reduces r2 but does not affect
the ratio of a linear regression. Thus using the same
sample rate would have increased the difference in r2

between the visual and the motor cortices. It is difficult
to compare the signal-to-noise ratio of the measure-
ments between the two cortices, because it depends on

FIG. 5. A typical pattern of [O2Hb] and [HHb] during a motor
stimulation. The traces represent the folding average over 10 repet-
itive stimulation periods of location 6 in subject 7. The increase in
[O2Hb] reaches its maximum much earlier than the decrease in
[HHb] reaches its minimum.

FIG. 6. A simultaneously obtained map of the entire region covered by the probe (6 � 9 cm). The changes in [O2Hb] are similar for the
entire region. The changes in [HHb] express more variation depending on the location. The traces represent the folding average over 10
stimulations periods in subject 7.
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factors which are difficult to assess, such as the abso-
lute intensity of the detected light, the optical proper-
ties of the tissue, and the physiological background
noise.

Could the strong correlation between [O2Hb] and
[HHb] in the visual cortex be due to an artifact? The
crossed source detector pairs could be subject to a par-
tial volume effect; i.e., the light bundles are probing
different volumes of tissue. This is always the case to
some extent, even if the probes are not crossed as in the
motor cortex setup, because different wavelengths
probe different volumes of tissue. In addition the
source detector distance affects the penetration depth
of the light bundle. From the diffusion approximation
of light transport through tissue, we estimate that the
variability in mean penetration depth caused by differ-
ent source detector distances and different wave-
lengths are minute (	1 mm). Furthermore, if the
strong correlation was caused by a partial volume ef-
fect, we would expect different slopes in the regression
lines, depending on the location in the map, which is
clearly not the case. Furthermore, in every location the
raw optical intensities at both wavelengths changed in
opposite directions. This excludes many other effects,
such as movement artifacts or changes in light scatter-
ing, where the intensity at both wavelengths would
shift in the same direction. In addition when using a

�-sensor on the motor cortex we did not find the strong
correlations found for the visual cortex.

Toronov et al. (2001) compared simultaneous fNIRS
and fMRI measurements during a motor activation
task. They found a good temporal correlation and col-
location of the changes in [HHb] measured by fNIRS
with the BOLD signal measured by fMRI and were
able to demonstrate the intracranial origin of the NIRS
signal.

FIG. 7. The [HHb] traces were plotted against the [O2Hb] traces. The pattern looks very different compared to that for the visual cortex
(Fig. 4). The round shape of the pattern indicates a time lag between the two traces. The increase in the [O2Hb] reaches its maximum much
faster than the decrease in the [HHb] reaches its minimum. Furthermore the [O2Hb] returns earlier to the baseline than [HHb].

FIG. 8. Hypothetical traces of [O2Hb] and [HHb] under the as-
sumption of Grubb et al. (1974) that total hemoglobin concentration
and cerebral blood flow increase simultaneously (shaded area). The
pattern exhibits characteristic features which were not found in vivo.
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The [O2Hb] signals in the motor cortex have two max-
ima during the stimulation. This effect has been found
previously (Hirth et al., 1997; Obrig and Villringer, 1997;
Colier et al., 1999) and appears to be typical for the motor
cortex. In Figs. 5 and 6 the [O2Hb] starts to increase
approximately 2 s prior to the finger-tapping exercise.
This effect has been demonstrated previously (Roth et al.,
1996; Colier et al., 1999) and is probably due to the
mental simulation of movements in anticipation of the
exercise. It has been found in 66% of the subjects.

The fact that the patterns are more localized in the
visual cortex than in the motor cortex can also be
attributed in part to the crossed source detector pair

arrangement, which is expected to give a better spatial
resolution (Filiaci et al., 1998).

CONCLUSION

In the visual cortex the pattern of the [O2Hb] is
strongly linearly correlated to the pattern of [HHb],
which is not the case for the motor cortex. This implies
that the regulation of perfusion in the visual cortex is
different from that in the motor cortex. There is evi-
dence that the CMRO2 increases substantially in the
visual cortex, while it remains virtually unchanged in
the motor cortex.

TABLE 1

Detailed Data of the Response to Visual and Motor Stimulation

Visual cortex Motor cortex

Subject Location O2HB HHb Slope r2 Subject Location O2HB HHb Slope r2

1 1 0.19 �0.08 �1.59 0.17 4 1 0.19 �0.15 �0.53 0.13
1 2 0.69 �0.22 �3.53 0.96 4 2 0.24 �0.17 �0.53 0.05
1 3 0.57 �0.21 �3.15 0.97 4 3 0.16 �0.07 �0.38 0.01
1 4 0.98 �0.35 �3.32 0.93 4 4 0.33 �0.36 �0.85 0.63
1 5 0.07 �0.11 �0.67 0.17 4 5 0.16 �0.08 0.00 0.00
1 6 0.22 �0.21 �1.10 0.90 4 6 0.22 �0.16 �0.81 0.28
1 7 0.28 �0.20 �1.47 0.96 4 7 0.24 �0.12 �0.26 0.01
1 8 0.25 �0.16 �1.25 0.53 4 8 0.07 �0.08 �0.50 0.03
2 1 2.56 �0.56 �4.16 0.98 4 9 0.08 �0.07 �0.45 0.02
2 2 2.63 �0.59 �4.21 0.99 4 10 0.11 �0.05 �1.83 0.44
2 3 2.07 �0.45 �3.97 0.98 5 1 0.47 �0.25 �2.12 0.47
2 4 1.39 �0.33 �4.27 0.98 5 2 0.47 �0.14 �0.94 0.02
2 5 1.32 �0.29 �3.56 0.73 5 3 0.17 �0.36 0.11 0.01
2 6 0.79 �0.17 �3.20 0.64 5 4 0.33 �0.21 �0.90 0.19
2 7 1.23 �0.28 �4.05 0.81 5 5 0.24 �0.22 �0.38 0.02
2 8 0.26 �0.25 �1.12 0.58 5 6 0.20 �0.25 0.57 0.07
3 1 0.79 �0.18 �4.45 0.89 5 7 0.02 �0.11 1.01 0.10
3 2 0.59 �0.20 �3.43 0.88 5 8 0.28 �0.44 0.96 0.43
3 3 0.49 �0.14 �3.72 0.77 5 9 0.11 �0.15 1.44 0.20
3 4 0.74 �0.12 �3.89 0.59 5 10 0.12 �0.17 1.58 0.28
3 5 0.52 �0.12 �4.96 0.82 6 1 0.31 �0.12 �1.95 0.49
3 6 0.36 �0.11 �4.43 0.34 6 2 0.38 �0.12 �3.10 0.51
3 7 0.49 �0.09 �7.81 0.79 6 3 0.26 �0.09 �2.50 0.56
3 8 0.36 �0.10 �5.85 0.49 6 4 0.28 �0.14 �2.49 0.56

6 5 0.43 �0.13 �2.56 0.58
6 6 0.41 �0.20 �1.29 0.36
6 7 0.52 �0.25 �1.92 0.68
6 8 0.27 �0.11 �1.58 0.37
6 9 0.24 �0.15 �1.15 0.41
6 10 0.58 �0.22 �1.94 0.56
7 1 0.74 �0.23 �1.97 0.15
7 2 0.08 �0.17 �2.69 0.34
7 3 0.18 �0.28 �2.17 0.56
7 4 0.85 �0.37 �2.11 0.67
7 5 0.55 �0.33 �2.14 0.78
7 6 0.27 �0.17 �2.05 0.56
7 7 0.45 �0.23 �2.33 0.55
7 8 0.30 �0.21 �1.39 0.23
7 9 0.10 �0.07 �2.69 0.38
7 10 0.15 �0.09 �2.54 0.70

Note. The maximum change in [O2Hb], the minimum of the change in [HHb], the slope for the linear regression, and the respective
correlation coefficient are given. The location numbers correspond to those depicted in Figs. 3 and 4 or in Figs. 5 and 6.
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