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Measuring the hemodynamic response with functional magnetic
resonance imaging (fMRI) together with functional near-infrared
spectroscopy (fNIRS) may overcome limitations of single-method
approaches. Accordingly, we measured the event-related hemody-
namic response with both imaging methods simultaneously in young
subjects during visual stimulation. An intertrial interval of 60 s was
chosen to include the prolonged post-stimulus undershoot of the
blood oxygenation level dependent (BOLD) signal. During visual
stimulation, the BOLD signal, oxy-, and total hemoglobin (Hb)
increased, whereas deoxy-Hb decreased. The post-stimulus period
was characterized by an undershoot of the BOLD signal, oxy-Hb,
and an overshoot of deoxy-Hb. Total Hb as measured by fNIRS
returned to baseline immediately after the end of stimulation. Results
suggest that the post-stimulus events as measured by fNIRS are
dominated by a prolonged high-level oxygen consumption in the
microvasculature. The contribution of a delayed return of blood
volume to the BOLD post-stimulus undershoot in post-capillary veins
as suggested by the Balloon and Windkessel models remains
ambiguous. Temporal changes in the BOLD signal were highly
correlated with deoxy-Hb, with lower correlation values for oxy- and
total Hb. Furthermore, data show that fNIRS covers the outer 1 cm
of the brain cortex. These results were confirmed by simultaneous
fMRI/fNIRS measurements during rest. In conclusion, multimodal
imaging approaches may contribute to the understanding of neuro-
vascular coupling.
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Introduction

Several recent studies compared the hemodynamic response to
brain activation as measured by functional near-infrared spectro-
scopy (fNIRS) with another imaging method, such as functional
magnetic resonance imaging (fMRI) (Hoge et al., 2005; Kennan et
al., 2002; Kleinschmidt et al., 1996; Mehagnoul-Schipper et al.,
2002; Obrig et al., 2000b; Seiyama et al., 2004; Siegel et al., 2003;
Strangman et al., 2002; Toronov et al., 2001a,b, 2003; Wenzel et
al., 2000) or positron emission tomography (PET) (Hock et al.,
1997; Villringer et al., 1997). While optical measurements are
poorer in spatial resolution and depth penetration than fMRI, they
are biochemical specific and, consequently, provide information
about changes in oxy-, deoxy-, and total hemoglobin (Hb) with a
high temporal resolution (Hoshi, 2003; Villringer and Chance,
1997). Moreover, it was suggested that fNIRS is particularly
sensitive to the microvasculature (Boushel et al., 2001; Cannestra
et al., 2001) because, for larger vessels such as arteries and veins,
entering light cannot escape (Liu et al., 1995a,b). The blood
oxygenation level dependent (BOLD) signal represents, on the
other hand, all spatial scales of venous vessels (Lee et al., 2001;
Strangman et al., 2002; Weisskoft, 1999). These advantages of
fNIRS can be used to better understand the nature of the
hemodynamic response to neuronal activation and the origin of
the BOLD signal. On the other hand, optical studies are limited
because anatomical information is not obtained. Simultaneously
acquired optical and fMRI data may synergize and overcome this
limitation as the MRI data provide information about the location
of the optical probes.

The present study aimed at comparing the temporal behavior
of the hemodynamic response between fMRI and fNIRS in the
visual cortex of young healthy humans. All previous studies that
combined fNIRS with another imaging method did not inves-
tigate the post-stimulus period of the hemodynamic response. To
include that period, we chose a long intertrial interval of 60 s
(Mildner et al., 2001). An event-related approach was employed
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to detect the hemodynamic response to a single trial (Burock et
al., 1998; Schroeter et al., 2002, 2004c,d). Measurements were
performed simultaneously with fMRI and fNIRS.

Materials and methods
Subjects

Twelve healthy subjects participated in the study (right-
handed, mean age 24.8 + 1 years, range 24-27, 4 female).
Written informed consent was obtained from all subjects after
complete description of the study to the subjects prior to the
session. The research protocol was approved by the ethics
committee of the University of Leipzig and was in accordance
with the latest version of the Declaration of Helsinki. All subjects
had normal or corrected-to-normal vision and normal color
vision.

Visual stimulation

For task-induced activation, a simple visual task was
employed. During periods of control, subjects had to watch a
small gray fixation cross-positioned in the center of a black
screen. To focus attention, they had to press a button each time
they saw a small black hole appearing in the center of the
fixation-cross at randomized time intervals. During periods of
stimulation, a 12 x 14 array of red L-shapes randomly rotating at
a frequency of 8 Hz on the black background was presented as a
strong full-field visual stimulus, while the same attention task had
to be performed as during the control periods. The duration of the
visual stimulus was 6 s, and the recovery period after each
stimulus was 54 s. Ten complete cycles of visual stimulation were
recorded. Furthermore, fMRI and fNIRS data were obtained
during a resting condition of 10 min (closed eyes). Four blocks
(visual stimulation—rest—visual stimulation—rest) resulted in a
total time of 40 min.

Functional near-infrared spectroscopy

Changes in the concentration of oxy-, deoxy-Hb, and the
redox state of the cytochrome-c-oxidase (Cyt-Ox) were measured
by an NIRO-300 spectrometer (Hamamatsu Photonics K.K.,
Japan) and expressed in nanomolars. Values were calculated
according to Cope and Delpy (1988). Moreover, we calculated
changes in the concentration of total Hb (sum of oxy- and deoxy-
Hb) as a measure for changes in regional cerebral blood volume
(rCBYV). Changes in the redox state of Cyt-Ox may be biased by
cross talk, that is, a change in Hb might yield an artifactual
change in Cyt-Ox (Heekeren et al., 1999; Uludag et al., 2002).
Because continuous spectra approaches are recommended for
Cyt-Ox and the NIRO-300 uses only four wavelengths (775, 810,
850, and 910 nm), we report changes in Cyt-Ox without
discussing it. The NIRO-300 allows parallel measurement of
two channels at a sampling frequency of 6 Hz. The emitter—
detector spacing was 4 cm, and a differential pathlength factor of
6.26 was used (Duncan et al., 1995). Two emitter—detector pairs
were placed crosswise; one was oriented vertically, the other
horizontally (Fig. 1). The point of intersection between both
emitter—detector pairs was localized at position Ol of the
international 10/20 (electroencephalography) system over the left

visual cortex (Fig. 2; Homan et al., 1987; Okamoto et al., 2004).
To enable simultaneous measurements with fMRI, light was
transmitted via approximately 12 m long fiber cables (Hama-
matsu Photonics K.K., Japan) and transformed outside the room
containing the fMRI scanner.

Firstly, time courses of the different chromophores were
averaged between the horizontally and the vertically oriented
emitter—detector pairs for each subject to improve the signal-to-
noise ratio and resulting in a sampling volume centered below
the two emitter—detector pairs. Thereafter, time courses were
resampled to a frequency of 1 Hz and, for the visual stimulation,
averaged over the several stimulation cycles and across subjects.
For statistical analysis, the mean concentration changes from
‘baseline’ (—6 to —1 s before stimulation onset) to the
hemodynamic response in the ‘stimulus period’ (7—13 s after
stimulation onset) and ‘post-stimulus period” (19-33 s after
stimulation onset) were calculated for each subject by averaging
the time courses in these intervals (Fig. 3). Significance values
were calculated by Student’s ¢ tests against 0. The distance
between skin and cortical surface was measured at the point of
intersection between both emitter—detector pairs (position O1 of
the international 10/20 system over the calcarine sulcus; Homan
et al., 1987) in standard high-resolution whole-head 3D MRI
data sets (3.0 T Medspec Scanner, Bruker, Germany; TI-
weighted modified driven equilibrium Fourier transform
[MDEFT] protocol [Lee et al., 1995; Norris, 2000; Ugurbil et
al., 1993], 128 sagittal slices, 256 x 256 matrix, field of view
25.0 x 25.0 x 19.2 cm, 1.5 mm slice thickness) interpolated to
an isotropical resolution of 1 mm using a fourth-order b-spline
method (Thevenaz et al., 2000). The mean skin—cortex distance,
averaged across subjects, was 11.1 + 2.2 mm in accordance with
Okamoto et al. (2004).

Functional magnetic resonance imaging

fMRI experiments were performed using the 3.0 T whole-body
scanner as described above. Anatomical images were obtained with
the MDEFT sequence as mentioned above. For functional imaging,
an echo planar imaging (EPI) sequence with a 64 x 64 matrix, a
field of view of 192 mm, and a repetition time of 1 s was used
(acquisition bandwidth 100 kHz, echo train length 41 ms, echo
time 30 ms). Optodes were visualized by vitamin E capsules on
individual MRIs (Fig. 2). Twelve oblique slices (thickness 4 mm,
gap 1 mm) were oriented parallel to the plane spanned between the
two emitter—detector pairs (Fig. 1).

fMRI data were processed as follows: the image time series was
first corrected for bulk motion using a motion correction routine
incorporated in the Leipzig Image Processing and Statistical
Inference Algorithms (LIPSIA) software package developed at
the Max-Planck-Institute for Human Cognitive and Brain Sciences
(Lohmann et al., 2000). A high-pass filter (0.0083 Hz) was applied
in order to remove baseline drifts. The square between the two
emitter—detector pairs was defined as the region of interest (ROI)
in every slice (Fig. 1). The ROI had the same extension in all
slices, avoiding any assumption on depth penetration of near-
infrared light and allowing a specific analysis for each slice
separately. It was located at the visual cortex as proved by
individual anatomical MRI. Signal changes in the ROI were
averaged between all voxels for every slice separately. For the
visual stimulation, resulting time courses were averaged between
the ten stimulation cycles and across subjects. Again, the mean
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Fig. 1. Sampling volume (blue) between the two emitter—detector pairs of fNIRS in relation to the slices of fMRI (white). Emitter—detector pairs of fNIRS
were placed crosswise, one oriented vertically, the other horizontally. The point of intersection was localized at position O1 of the international 10/20
(electroencephalography) system over the left visual cortex. The fMRI slices were oriented parallel to the plane spanned between the four optodes. The BOLD
signal was analyzed for each slice in the respective region of interest. Highest correlation between oxy-/deoxy-hemoglobin and the BOLD signal is expected for
the slice in the center of the banana-shaped fNIRS sampling volume. Note that illustration is schematic only.

concentration changes of the BOLD signal from ‘baseline’ to the
hemodynamic response in the ‘stimulus period’ and ‘post-stimulus
period’ were calculated for each subject in the averaged time
courses. Significance values were calculated by Student’s 7 tests
against 0.

To visualize activated brain regions in one subject, activated
voxels were selected by correlating the time course of each voxel
with a design function representing the characteristics of the
stimulus (Fig. 2A). The time points of the design function from 6
to 12 s after stimulation onset were referred to as the activated
state, and the last 25 s of the resting period were referred to as
the resting state. Other time points during the transition period
between the activated and the resting states were ignored,
avoiding any assumptions for the post-stimulus period. Further-
more, the time course of the concentration change of deoxy-Hb
was used as a design function in the same subject (Fig. 2B).
Results are generally reported as mean + SD, if not stated
otherwise.

Results

All subjects sustained their attention during visual stimulation
(496.8 + 40.8 ms mean reaction time and 4 + 3.5% mean error
rate). As illustrated in Fig. 2A for one subject by correlation with
a boxcar function, visual stimulation led to an activation in the
visual cortex bilaterally around the calcarine sulcus. If the time

course of deoxy-Hb as measured by fNIRS was used as a design
function, the same area was activated, although with slightly
lower correlation coefficients presumably due to random fluctua-
tion of the optical properties in the non-brain slices in the
sampling volume of the near-infrared light (Fig. 2B). Visual
stimulation led to a significant increase of oxy-Hb, total Hb, and
Cyt-Ox right after stimulation onset (Fig. 3, Table 1). Further-
more, deoxy-Hb decreased significantly. The BOLD signal
increased in each slice (Table 1), when the signal was averaged
in the square between the two emitter—detector pairs as an ROIL.
The hemodynamic response peaked 11 s and reached baseline
values roughly 15 s after stimulation onset (Fig. 3).

During the post-stimulus period, oxy-Hb decreased below,
whereas deoxy-Hb increased above baseline values (Fig. 3, Table
1). Concentration of total Hb and the redox state of the Cyt-Ox did
not change significantly during this period. The BOLD signal
decreased below baseline values. The post-stimulus hemodynamic
response peaked roughly at 23 s and reached baseline values about
40 s after stimulation onset (Fig. 3).

To estimate signal-to-noise ratios across subjects, variation
coefficients were calculated as standard deviation divided by
mean values as reported in Table 1 (Bortz, 1999). Regarding
optical parameters, signal-to-noise ratio was generally highest for
deoxy-Hb compared with oxy-Hb, Cyt-Ox, and total Hb (for the
stimulus period: 0.57, 1.02, 1.07, 2.46; for the post-stimulus
period: 1.42, 1.92, 8.46, 5.57, respectively; calculated according
to Bortz, 1999). Obviously, changes during the stimulation
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Fig. 2. Averaged correlation maps for one subject. BOLD contrast. (A) If a boxcar function (not convolved with a hemodynamic response function and shifted
by 6 s) was used as a design function (0.85 < » < 0.95). (B) If the time course of deoxy-hemoglobin as measured by fNIRS was used as a design function
(0.8 < r < 0.83). Optode positions are marked by vitamin E capsules (see first row in panel A).

period had a higher signal-to-noise ratio than post-stimulus
changes, which was also the case for the BOLD signal (variation
coefficient for the stimulus period 0.38, for the post-stimulus
period 0.87). Therefore, it may be concluded that the post-
stimulus period had a higher inter-individual variability than the
stimulus period in agreement with Mildner et al. (2001).

To analyze depth penetration of fNIRS, we correlated the event-
related time courses for deoxy-Hb with the BOLD time courses
individually for each slice and subject during visual stimulation (11
s before to 48 s after stimulation onset). Deoxy-Hb was chosen
because the BOLD signal arises mainly from this chromophore
(Buxton et al., 1998; Ogawa et al., 1993). Furthermore, a partial
correlation was calculated adjusted for concentration changes of
total Hb as the BOLD signal is influenced by changes of rCBV
according to Ogawa et al. (1993) and the Balloon model (Buxton et
al., 1998). Individual » values were normalized with a Fisher’s Z
transformation before averaging. As illustrated in Fig. 4, normal-
ized Pearson correlation coefficients differed significantly between
the several slices during visual stimulation (repeated measure
ANOVA df =8, F =8.16, P <0.001). The highest correlation was
found for a depth of 15 mm, which was significantly higher than in

the adjoining slices. Adjustment for changes of total Hb led again
to significant differences between the several slices (df = 8, F =
8.76, P < 0.001) and, overall, increased correlation coefficients
compared with non-adjusted Z values. Correlation of oxy-Hb with
the BOLD signal was lower than that of deoxy-Hb, reaching a
maximal Z value of 0.69 + 0.54 in a depth of 20 mm and showing
the same depth dependence like deoxy-Hb (not shown). Correla-
tion was lowest for total Hb and Cyt-Ox (maximal Z value 0.31 +
0.29, 0.41 + 0.38, respectively).

To analyze whether correlation values were different during the
stimulus and post-stimulus periods, we repeated the correlation
analysis as described above for both periods separately (stimulus
period 0—15 s, post-stimulus period 15—48 s after stimulation
onset). The analysis was limited to the slice 15 mm below the
optode layer because this slice showed the highest correlation
between chromophores and the BOLD signal (see Fig. 4). As
illustrated in Table 2, (absolute) mean correlation coefficients were
higher for the stimulus period compared with post-stimulus events
(oxy-Hb P < 0.01; deoxy-Hb and Cyt-Ox P < 0.001; total Hb not
significant; 1-tailed paired Student’s ¢ tests). Furthermore, (abso-
lute) mean correlation coefticients were highest for deoxy-Hb in
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Fig. 3. Concentration changes of oxy-, deoxy, total hemoglobin (Hb), and cytochrome-c-oxidase (Cyt-Ox) as measured by fNIRS and the BOLD signal as
measured by fMRI (time courses for the square area between the four optodes, averaged over all measured slices and for every slice separately). Visual

stimulation started at 0 s and continued until 6 s. Mean + SD.

comparison with all other chromophores (stimulus period: deoxy-
Hb vs. oxy-Hb P < 0.01, vs. total Hb and Cyt-Ox P < 0.001; post-
stimulus period: deoxy-Hb vs. oxy-Hb P < 0.1, vs. total Hb and
Cyt-Ox P < 0.005). Correlation coefficients were higher for oxy-
Hb than total Hb (stimulus period: P < 0.001; post-stimulus period:
P < 0.005) and higher for Cyt-Ox than total Hb during the stimulus
period (P < 0.01).

Moreover, we correlated the individual total time courses for
deoxy-Hb and the BOLD signal during rest (closed eyes). As
during stimulation, correlation coefficients differed between the
several slices (df =8, F =4.13, P <0.001), with highest values in a
depth of 15 mm (Fig. 4). Adjusting for changes in total Hb led once
more to significant differences between slices (df =8, F=3.94, P <
0.001) and elevated correlation coefficients. Correlation coeffi-
cients of oxy-Hb, total Hb, and Cyt-Ox with the BOLD signal were

again lower than those of deoxy-Hb (maximal Z values of 0.16 +
0.18, 0.12 £ 0.16, and 0.07 * 0.1, respectively).

Discussion

During stimulation, the BOLD signal, oxy-, total Hb, and Cyt-
Ox increased, whereas deoxy-Hb decreased in accordance with
recent studies (Buxton et al., 1998; Heekeren et al., 1999; Obrig et
al., 2000b; Schroeter et al., 2004a; Seiyama et al., 2004; Wobst et
al., 2001), indicating an increase in regional cerebral blood flow
(rCBF) and rCBV due to neurovascular coupling (Villringer and
Dirnagl, 1995). The post-stimulus undershoot of the BOLD signal
was accompanied by a decrease of oxy-Hb and an increase of
deoxy-Hb. Interestingly, a few previous fNIRS studies reported
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Table 1

Changes of oxy-, deoxy-, total hemoglobin (Hb), cytochrome-c-oxidase
(Cyt-Ox), and the blood oxygenation level dependent (BOLD) signal
during visual stimulation

Method Chromophore
fNIRS  Oxy-Hb

Stimulus period

235.7 £ 240.3 nM*®*  —95.1 + 182.6 nM**

Post-stimulus period

Deoxy-Hb —154.5 + 87.8 nM*** 71.6 + 101.7 nM**
Total Hb 81.2 £ 199.8 nM* —23.5£130.9 nM
Cyt-Ox 54.1 £ 58 nM*** 54 £457 nM
fMRI  Averaged BOLD 1.04 £ 0.4%*+* —0.23 £ 0.2%***
10 mm 2.07 + 1%k —0.32 £ 0.84%*
15 mm 1.48 + 0.54%*** —0.37 £ 0.32%***
20 mm 1.23 + 0.64%*+* —0.34 + 0.25%***
25 mm 1.09 + 0.6%*** —0.25 + 0.24%***
30 mm 1.04 + 0.58%*** —0.21 + 0.19%***
35 mm 0.86 + 0.5%*** —0.2 £ 0.16%***
40 mm 0.66 + 0.36%*** —0.16 + 0.15%***
45 mm 0.35 + 0.23%*** —0.09 + 0.14%**
50 mm 0.16 £ 0.18%** —0.07 £ 0.15%*

For the BOLD signal, values for each slice are reported beside the averaged
value. Distance of the slice to the optode layer is indicated. 1-tailed
Student’s ¢ test against 0. Mean differences between vascular response
(stimulus period 7 to 13 s, post-stimulus period 19-33 s after begin of
stimulation) and baseline (—6 to —1 s before begin of stimulation).
* P <0.05.
P <0.01.
wk P <0.001.

similar changes of oxy- and deoxy-Hb during the post-stimulus
period. These studies investigated whisker deflection in the rat
(Lindauer et al., 2001, 2003) or visual and motor stimulation in
humans (Jasdzewski et al., 2003; Schroeter et al., 2004a).

Generally, three mechanisms may contribute to the post-
stimulus undershoot of the BOLD signal (Aubert and Costalat,
2002; Buxton et al., 1999). First, tCBV may return later to baseline
than rCBF due to delayed venous compliance as proposed by the
Balloon and Windkessel models. Second, the undershoot may
reflect the persistence of a high oxygen consumption after rCBF
has returned to baseline. Third, an undershoot of the rCBF could
contribute to the BOLD signal undershoot.

In accordance with the Balloon (Buxton et al., 1998) and
Windkessel models (Mandeville et al., 1998, 1999), the post-
stimulus undershoot of the BOLD signal was accompanied by
reverse changes of deoxy-Hb, namely, a post-stimulus overshoot of
that chromophore in our study. However, there are three incon-
sistencies with the assumption of a delayed venous compliance.
Firstly, in our experiments, total Hb did not show significant post-
stimulus changes', although it may be regarded as an equivalent of
(corpuscular) rCBV. Second, concentration of oxy-Hb fell below
baseline levels during the post-stimulus period, whereas one could
expect from the Balloon and Windkessel models values above
baseline. Finally, as calculated from results in Table 1, the ratio
between post-stimulus and stimulus changes was much higher for
oxy- and deoxy-Hb (0.4, 0.46) compared with the averaged BOLD
signal (0.22; means during the post-stimulus period divided by
means during the stimulus period, absolute values). These results

! One might object that our study missed the post-stimulus elevation of
rCBV due to the low signal-to-noise ratio of total Hb in comparison with
oxy- and deoxy-Hb (Table 1, Fig. 3). However, the time course of total Hb
shows during the post-stimulus period values slightly below baseline,
indicating that increasing the signal-to-noise ratio will not show a post-
stimulus elevation of rCBV.

indicate relatively higher post-stimulus effects for the optical
parameters.

As illustrated in Fig. 1, one can assume that changes of the
optical and BOLD signals originated from similar macroscopic
brain regions in our study. However, fNIRS and fMRI are sensitive
to different vascular compartments. It has been suggested that
optical methods, such as fNIRS, are sensitive to the micro-
vasculature, namely, to arterioles, capillaries, and venules (Boushel
et al.,, 2001; Cannestra et al., 2001; Schroeter et al., 2004b),
because, for larger vessels such as arteries and veins, entering light
cannot escape (Liu et al., 1995a,b). Recently, Lu et al. (2003, 2004)
showed by vascular space occupancy dependent fMRI that, in the
human brain, rCBV returned immediately after visual stimulation
to baseline values if the signal’s origin was limited to the
microvasculature. Jasdzewski et al. (2003) reported similar results
for total Hb after visual and motor stimulation in humans. These
results fit very well with our data.

During the post-stimulus period, we observed a significant
undershoot of oxy-Hb (beside the overshoot of deoxy-Hb) that
cannot be explained by a delayed return of rCBV to baseline levels.
Hence, the post-stimulus changes of oxy- and deoxy-Hb may
reflect the persistence of a high-level oxygen consumption after
rCBF has returned to baseline (Aubert and Costalat, 2002; Buxton
et al., 1999; Frahm et al., 1996). A high oxygen consumption
diminishes the BOLD signal and concentrations of oxy-Hb and
elevates deoxy-Hb without influencing total Hb. Therefore, it can
explain the post-stimulus events. This argument is strongly
supported by a recent multimodal fMRI study (Lu et al., 2003,
2004). Investigating visual stimulation in humans, the authors
reported that the long post-stimulus undershoot of the BOLD
signal of approximately 30 s, such as in our study, was
accompanied by a prolonged elevation of oxygen utilization with
the same time course. Microvascular rCBYV, in contrast, returned
immediately after stimulation to baseline values (see above).

Lastly, it needs an explanation why the post-stimulus effects (as
measured by the ratio between post-stimulus and stimulus changes)
were relatively stronger for the optical parameters in comparison
with the BOLD signal in our study. Obviously, oxygen is
consumed mainly in capillaries. If optical methods are particularly
sensitive to the microvasculature (Boushel et al., 2001; Cannestra
et al., 2001; Liu et al., 1995a,b; Schroeter et al., 2004b) whereas
the BOLD signal represents all spatial scales of venous vessels
(Lee et al., 2001; Strangman et al., 2002), a prolonged post-
stimulus elevation of oxygen utilization would be more visible in
the optical parameters. A recent study found a negligible signal
attenuation of the BOLD signal by diffusion weighting at 3.0 T
during the post-stimulus undershoot, supporting the assumption of
an extravascular origin of the BOLD post-stimulus undershoot
(Mildner et al., 2001). Results suggest that the post-stimulus
undershoot of the BOLD signal is related to an elevated vessel
volume as suggested by the Balloon and Windkessel models and
excludes an increase in the concentration of deoxy-Hb in post-
capillary venous vessels. Jones (1999) measured changes in the
relaxation times R, and R,* at 1.5 T during the post-stimulus
period of the BOLD signal. Jones et al. concluded that intra-
vascular signals, if present in this period, stem from small vessels
(not affected by diffusion weighting). Although this fits well with
our assumptions, the elevation in the concentration of deoxy-Hb by
an increased oxygen consumption in capillaries without affecting
the concentration of deoxy-Hb in post-capillary veins remains to be
explained.
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The post-stimulus changes of oxy- and deoxy-Hb may also be
explained by a reduced post-stimulus rCBF (Aubert and Costalat,
2002; Buxton et al., 1999), which is possibly preceded by an
inhibition of neural activity after stimulation (Logothetis et al.,
2001; Wenzel et al., 2000). Our study did not measure simulta-
neously changes in rCBF, which should be done in future
experiments. The post-stimulus undershoot of rCBF occurs only
in a minority of subjects, is highly variable (Irikura et al., 1994; Ma
et al., 1996), task-dependent (Hoge et al., 1999), and can even be
explained as an artifact of delayed rCBV changes (Mandeville et

Table 2

al.,, 1999). Furthermore, the ratio between post-stimulus and
stimulus changes of rCBF, as calculated from these studies,
reaches only values between approximately 0.15 and 0.3 (Hoge
et al. 1999; Irikura et al., 1994; Ma et al., 1996). Hence, it cannot
explain the fNIRS data of our study. One can conclude that the
above mechanisms cannot be the main source for the post-stimulus
changes.

In summary, our study is the first one that investigated the post-
stimulus period by both fNIRS and fMRI. This multimodal
approach investigates simultaneously events in the microvascular

Correlation between the blood oxygenation level dependent (BOLD) signal and oxy-, deoxy-, total hemoglobin (Hb), and cytochrome-c-oxidase (Cyt-Ox)

during visual stimulation

Subject Stimulus period Post-stimulus period
Oxy-Hb Deoxy-Hb Total Hb Cyt-Ox Oxy-Hb Deoxy-Hb Total Hb Cyt-Ox

1 1.31 —1.33 0.87 0.41 1.11 —0.89 0.62 0.02
2 0.73 —0.87 —0.14 0.56 0.20 —0.50 —0.02 0.17
3 0.27 —0.41 0.03 0.05 —0.11 0.02 —0.09 0.05
4 0.86 —1.23 0.11 0.86 —0.40 —-0.29 —0.46 0.23
5 0.36 —0.71 —0.19 0.39 0.19 —0.14 0.10 0.07
6 1.31 —1.01 0.68 0.23 0.39 —0.66 —0.15 0.13
7 0.30 —0.62 —0.09 0.26 —0.41 -0.37 —0.45 —0.09
8 0.32 —1.35 —0.28 0.95 0.70 —-0.39 0.52 —0.15
9 0.31 —0.95 —0.19 0.28 0.28 —0.01 0.15 -0.27
10 —0.23 -0.97 —0.54 0.55 0.13 —0.31 —0.01 —0.05
11 0.63 —1.27 0.07 0.19 —0.69 —0.31 —0.78 0.27
12 1.46 —1.26 0.54 1.38 0.55 —0.46 0.13 0.43
Mean + SD 0.64 + 0.52 —-1+03 0.07 + 0.42 0.51 +0.38 0.16 + 0.51 —0.36 £ 0.26 —0.04 + 0.4 0.07 +0.19

Analysis was performed for the slice 15 mm below the optode layer. Correlation between the BOLD signal and the chromophores was performed separately for
the stimulus period (0—15 s) and the post-stimulus period (15—48 s after stimulation onset). Pearson correlation coefficients were normalized with a Fisher’s Z

transformation.
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(NIRS) and the post-capillary venous compartment (BOLD
fMRI). Results suggest that the post-stimulus events as measured
by fNIRS are dominated by a prolonged high-level oxygen
consumption in the microvasculature. The contribution of a
delayed return of rCBV to the BOLD post-stimulus undershoot
in post-capillary veins as suggested by the Balloon and Windkessel
models remains ambiguous.

During visual stimulation, we found the strongest correlation
between the BOLD signal and deoxy-Hb, which was highest in a
depth of 15 mm beneath the skin. Oxy-, total Hb, and Cyt-Ox were
correlated with the BOLD signal as well, although with smaller
correlation coefficients. Our data agree well with Ogawa et al.
(1993) and Buxton et al. (1998), which assume that the BOLD
signal arises mainly from magnetic disturbances caused by the
paramagnetic deoxy-Hb. Our data are also consistent with
simultaneous fMRI and fNIRS experiments showing a high
correlation between the BOLD signal and deoxy-Hb (Kida et al.,
1996; Mehagnoul-Schipper et al., 2002; Punwani et al., 1997,
1998; Toronov et al., 2003) and with Pouratian et al. (2002) who
showed a high temporal and spatial correlation between the BOLD
signal and optical intrinsic signals measured at 610 nm (partic-
ularly sensitive to deoxy-Hb) in humans. Differences to Strangman
et al. (2002), who found a lower correlation of the BOLD signal
with deoxy- compared with oxy-Hb during finger flexion/
extension motor activation, may be explained by their less (three)
subjects, different (block) design, their shorter emitter—detector
separation (Germon et al., 1999), and non-linear changes of oxy-
Hb in relation to deoxy-Hb in the motor cortex (Wolf et al., 2002).
Because of the known linear relationship between changes of oxy-
and deoxy-Hb in the visual cortex (Fig. 3; Wolf et al., 2002), we
decided to apply a visual paradigm in contrast to their study.

Crucially, we investigated for the first time simultaneously the
BOLD signal and changes of fNIRS chromophores during rest and
found that deoxy-Hb was again tightly related to the BOLD signal.
This analysis covered un-averaged data and was independent of
functional stimulation that may bias results. Correlation during rest
is presumably based on spontaneous vascular oscillations related to
vasomotion, such as low and very low frequency oscillations and
on oscillations related to respiration (Colantuoni et al., 1994; Obrig
et al., 2000a; Schroeter et al., 2004b, 2005). With an effective
sampling rate of 1 Hz, oscillations due to heart pulsations did not
influence our measurements.

We found the highest correlation between deoxy-Hb and the
BOLD signal in a depth of 1.5 cm. One may conclude that fNIRS
covers the outer 1 cm of the brain cortex, which is in good
accordance with two simultaneous fNIRS/HA°O-PET studies
measuring the hemodynamic response in the parietal cortex of
patients with Alzheimer’s disease during a Stroop task (Hock et al.,
1997) and in the forehead of healthy elderly subjects during
calculation and a Stroop task (Villringer et al., 1997). It is well
known that the hemodynamic response declines in associative
cortices with aging (Schroeter et al., 2003, 2004b). Hence, aging
effects may have biased the results of both PET studies in contrast
to our study.

Conclusion

Our study investigated for the first time the post-stimulus
undershoot in a simultaneous fMRI/fNIRS study in humans during
visual stimulation. Results suggest that the post-stimulus events as

measured by fNIRS are dominated by a prolonged high-level
oxygen consumption in the microvasculature. The contribution of a
delayed return of blood volume to the BOLD post-stimulus
undershoot in post-capillary veins as suggested by the Balloon
and Windkessel models remains ambiguous. Temporal changes in
the BOLD signal were highly correlated with deoxy-Hb, with
lower correlation values for oxy- and total Hb. Furthermore, data
show that fNIRS covers the outer 1 cm of the brain cortex.
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