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Hand motor tasks are frequently used to assess impaired motor function in neurology and neurorehabilita-
tion. Assessments can be varied by means of hand laterality, i.e. unimanual or bimanual performance, as well
as by means of task complexity, i.e. different degrees ranging from simple to complex sequence tasks. The
resulting functional activation in human primary motor cortex (M1) has been studied intensively by
traditional neuroimaging methods.
Previous studies using functional near-infrared spectroscopy (fNIRS) investigated simple hand motor tasks.
However, it is unknown whether fNIRS can also detect changes in response to increasing task complexity. Our
hypothesis was to show that fNIRS could detect activation changes in relation to task complexity in uni- and
bimanual tasks.
Sixteen healthy right-handed subjects performed five finger-tapping tasks: unimanual left and right, simple and
complex tasks as well as bimanual complex tasks. We found significant differences in oxy-hemoglobin (O,Hb)
and deoxy-hemoglobin (HHb) concentration in the right hemisphere over M1. Largest O,Hb concentration
changes were found during complex (0.351 + 0.051 umol/1) and simple (0.275 4+ 0.054 pmol/1) right hand tasks
followed by bimanual (0.249 + 0.047 umol/1), complex (0.154 4- 0.034 pmol/1) and simple (0.110 4 0.034 umol/1)
left hand tasks. Largest HHb concentration changes were found during bimanual (— 0.138 4 0.006 umol/1) tasks,
followed by simple right hand (—0.12 £ 0.016 pmol/1), complex left (—0.0875 4 0.007 umol/1), complex right
(—0.0863 £ 0.005 pmol/1) and simple left (—0.0674 4 0.005 pmol/1) hand tasks.
We report for the first time that fNIRS detects oxygenation changes in relation to task complexity during finger-
tapping. The study aims to contribute to the establishment of fNIRS as a neuroimaging method to assess hand
motor function in clinical settings where traditional neuroimaging methods cannot be applied.

© 2009 Elsevier Inc. All rights reserved.

Introduction

complexity, i.e. different degrees of sequence difficulty. Both laterality
and complexity appear to strongly affect associated functional changes

Hand motor tasks are frequently used to train and assess impaired
motor function in neurology and neurorehabilitation. Traditional
neuroimaging methods such as functional magnetic resonance
imaging (fMRI) (Mansfield and Maudsley, 1977; Lauterbur, 1986;
Jancke et al, 2006; Horenstein et al, 2009), positron emission
tomography (PET) (Phelps et al., 1975; van Mier et al., 1998),
electroencephalography (EEG) (Gerloff and Andres, 2002), and
magneto encephalography (MEG) (Waldert et al., 2007) have there-
fore been used intensively to study hand motor tasks.

Examples of sequential hand motor tasks using finger-tapping are
single finger or thumb tapping, abduction of index finger, thumb to digit
opposition, and tapping of the thumb against single fingers. Task
conditions can thereby be varied both by means of laterality, i.e.
unimanual or bimanual performance, as well as by means of task
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in the primary motor cortex (M1, ipsilateral and contralateral) and the
broader cortical and subcortical networks engaged in motor output,
such as supplementary motor area (SMA) and premotor area (PMA).

In unimanual tasks, fMRI and PET studies show hemispheric
asymmetry with predominant activation of the contralateral hemi-
sphere controlling the tapping hand (Colebatch et al., 1991; Rao et al.,
1993; Pulvermuller et al., 1995; Solodkin et al., 2001). Ipsilateral
activation is found in M1 and additionally shifted laterally, ventrally,
and anteriorly with respect to that observed during contralateral hand
movements (Hess et al., 1986; Tinazzi and Zanette, 1998; Cramer et al.,
1999; Muellbacher et al., 2000; Verstynen et al., 2005; Shibuya and
Kuboyama, 2007). This may indicate stronger and broader activation
of primary and secondary motor cortices (Witt et al., 2008).

In complex finger-tapping tasks, hemispheric asymmetry decreases,
possibly due to additional recruitment of the ipsilateral hemisphere
(Rao et al., 1993; Solodkin et al., 2001). Likewise ipsilateral activation
results in a signal shifted laterally, ventrally, and anteriorly (Cramer et al.,
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1999; Verstynen et al., 2005). As tested in control measurements, the
stronger activation in M1 seems to be specific to complex tasks and does
not depend on the number of required muscles, i.e. the number of
fingers used in a certain task (Verstynen et al., 2005).

A third factor influencing hemodynamic changes in hand motor
task is hand-dominance. The signal appears to be stronger when
tapping is performed with the non-dominant hand which may reflect
a lateralization effect (Cramer et al., 1999; Verstynen et al., 2005; Park
et al., 2008). Summarized, traditional neuroimaging data show that
tasks with higher sequence complexity elicit stronger and less
asymmetric activation pattern in motor areas.

Functional near-infrared spectroscopy (fNIRS) is a comparably
young neuroimaging method. fNIRS utilizes the tight coupling
between neuronal activity and regional cerebral blood flow (Villringer
and Dirnagl, 1995) to measure regional hemodynamic changes in the
brain's oxygenation state of oxy-hemoglobin (O,Hb) and deoxy-
hemoglobin (HHb) (J6bsis, 1977). Direct comparison between data
based on NIR and traditional methods is difficult unless these methods
are applied simultaneously. Therefore, single fNIRS results need to be
carefully considered as preliminary with potential further relevance. A
major potential of NIR based techniques is that they could facilitate
assessments of motor function by offering the following advantages:
NIR techniques 1) are noninvasive, 2) require low constraints of body
movements, 3) are relatively low cost and 4) provide small, flexible
and portable instrumentation for user-friendly applications in pre-
and post-treatment monitoring, in ambulatory settings and even at
the bedside (Wolf et al., 2007).

Previous studies using fNIRS confirmed results from traditional
methods demonstrating functional oxygenation changes in response
to simple motor activation tasks (Kleinschmidt et al., 1996; Maki et al.,
1996; Obrig et al., 1996; Franceschini et al., 2003; Koeneke et al., 2004;
Li et al., 2005; Sato et al., 2007; Grefkes et al., 2008; Mackert et al.,
2008; Shibuya et al., 2008). It is unknown, however, whether fNIRS
can also detect changes in response to tasks with increasing
complexity. Therefore, the aim of the present study was to provide
data from healthy subjects showing that fNIRS can be used to assess
not only activation in ipsi- and contralateral M1 in response to uni-
and bimanual tasks, but also in relation to increasing task complexity.
We expected to detect changes in blood oxygenation at different
complexity levels ranging from highest changes in complex sequence
tasks compared to lower changes in simple tasks.

The new insight revealed by this study is relevant for the diagnostic
evaluation of neurological hand motor assessments which commonly
include different degrees of task complexity. As the assessment of tasks
with different complexity is widely used in neurology and neuroreh-
abilitation (Umphred and Carlson, 2006), it remains an important
issue to establish a reliable neuroimaging method. Such a method
could be used to examine the cortical activation during the assessment
and at the same time monitor treatment progress. This is currently not
possible with traditional neuroimaging methods which are usually
time- and resources-consuming, costly, and not applicable in certain
patient populations, e.g. critical care patients or children. They require
strict movement constraints and are not portable which renders them
unsuitable for ambulatory settings and even more so for bedside use. In
contrast, NIR based techniques promise a faster evaluation of motor
function and less strenuous procedures. Especially patients requiring
frequent ambulatory assessments following brain injury and children
who cannot be assessed using traditional neuroimaging methods
would benefit from NIR based techniques.

Materials and methods
Subjects

Eighteen healthy subjects participated in the study. Informed
consent after explanation of risks and benefits was obtained from all

subjects prior to enrollment. The ethical committee of the canton of
Zurich approved the study.

Protocol

Experiments were conducted in a quiet and darkened room at the
University Hospital Zurich. Each subject was measured once in one
session. Subjects were asked to sit at a table, place their hands on the
table and face a computer screen.

The fNIRS sensor was placed on the subject's head covering C3
according to the international 10-20 system (Jaspers, 1958), con-
sidering there currently being no other recommended method for
positioning fNIRS sensors. Therefore, the international 10-20 system
is commonly used for placement with good reproducibility even if it
can only provide an approximation of the correct cortical location.

With the compact sensor of 3.75 mm length and 25 mm width, we
assumed covering the cortical areas including M1, comprising the hand
knob, as well as part of PMA. The subject's head was covered with a
custom-made cap to adjust and fixate the sensor. Hairs under the sensor
were carefully brushed away to avoid problems with signal detraction.

The experimental design comprised five conditions of finger-
tapping conducted in a block paradigm (Table 1, Fig. 1). The order of
the block paradigms was pseudo-randomized to avoid ordering
effects. Each condition started with an instruction signal (1 s) after
which stimulation periods (20 s) alternated with rest periods (20 s).
Each condition lasted approx. 10 min, resulting in 14 stimulation and
rest periods. Total measurement length for the five conditions was
approx. 50 min. Between conditions, subjects were encouraged to take
short breaks to prevent fatigue during finger-tapping.

All finger-tapping tasks were self-paced, however subjects were
asked to perform finger-tapping with frequencies of approx. 3 Hz.
Subjects were instructed to perform all tasks as precise and as fast as
possible while avoiding errors. During all periods, subjects were
reminded to avoid any movements not associated with the required
tasks. Each subject performed finger-tapping tasks with increasing
complexity as employed by previous studies (Hausmann et al., 2004;
Lissek et al., 2007): two ‘simple’ unimanual (condition 1 and 2) and
two ‘complex’ unimanual (condition 3 and 4) sequence finger-tapping
tasks each first using the right and then the left hand. Each subject also
performed one ‘complex’ bimanual (condition 5) sequence finger-
tapping task using both hands.

In the unimanual ‘simple’ motor tasks, subjects were asked to press
one button on a keyboard repetitively using their thumb over the
whole stimulation period; first with their right hand (condition 1) and
with their left hand (condition 2). In the unimanual ‘complex’ motor
tasks, subjects were asked to press five buttons on the keyboard using
all fingers in a predefined sequence; again, first with their right
(condition 3) and then their left hand (condition 4): thumb, middle,
pinky, index, ring finger, i.e. “1-3-5-2-4". This task is similar to that
used in various fMRI studies of stroke and stroke recovery (Chollet et
al,, 1991; Weiller et al., 1993; Cao et al., 1998; Seitz et al., 1998). In the
‘complex’ bimanual motor task, subjects were asked to press eight
buttons alternating with their right and left hand (condition 5):
thumb, middle, index, ring finger, i.e. “1-3-2-4",

Table 1
Five conditions of uni- and bimanual, simple, complex, finger-tapping tasks.

Condition Hand side Task complexity

1 (SR) Unimanual simple right Single: thumb (1)

2 (SL) Unimanual simple left Single: thumb (1)

3 (CR) Unimanual complex right Sequence: thumb, middle, pinky,
index, ring finger (1-3-5-2-4)

4 (CL) Unimanual complex left Sequence: thumb, middle, pinky,
index, ring finger (1-3-5-2-4)

5 (B) Bimanual complex both Sequence, alternating: thumb, middle,

index, ring finger (1-3-2-4)
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Fig. 1. Experimental design. Each condition consisted of 14 stimulation (20 s) alternating with rest periods (20 s). Duration of each condition was 10 min.

All tasks were carried out using a wireless numerical keyboard
(Logitech® Cordless Number Pad) which allows measurement of
finger-tapping using all five fingers. However, the bimanual task did
not include the fifth finger, since tapping would have otherwise
required a too large dislocation of the whole arm in relation to the
keyboard. Subjects were trained for 5-10 min prior to measurements.
All keystrokes were recorded and transferred to PC via USB and stored
for further analysis.

Previous results demonstrated that the application of visual pacing
stimuli results in a higher motor activation related to finger-tapping
tasks than without pacing stimuli (Witt et al., 2008). In this study, all
conditions were paced by visual stimuli generated by the software
Presentation® and presented on a screen facing the subject. The visual
stimulus ‘GO’ requested subjects to start finger-tapping at the beginning
of the stimulation period, the visual stimulus ‘STOP’ requested subjects
to stop finger-tapping at the beginning of the rest period.

Behavioral measures

Prior to the experiment, all subjects completed the Edinburgh
Inventory (EHI) (Oldfield, 1971). During each condition, behavioral
performances of the correct order of tapped sequences (target keys)
were recorded and stored in the log files of Presentation® for further
analysis.

Instrumentation

A multi-channel continuous-wave (CW) fNIRS instrument, the
MCP-II, developed by the Biomedical Optics Research Laboratory
(BORL) was used (Haensse et al., 2005). In general, current available
commercial and custom-built fNIRS differ with respect to their use and
engineering, in particular regarding light sources, detectors, and
instrument electronics. Three distinct types of fNIRS systems, each
with its own strengths and limitations, have been developed: time-
resolved, frequency-domain, and CW systems — the latter type being
used in the present study. CW systems apply continuous or slow-pulse
light to tissue and measure the amplitude attenuation of the incident
light (Strangman et al., 2002a; Hoshi, 2003; Obrig and Villringer, 2003).
Although CW instruments have certain limitations, such as providing
less information than time-resolved or frequency-domain systems,
they offer two advantages compared to time-resolved and frequency-
domain systems that are beneficial for use in clinical and research
settings: 1) the manufacturing is less expensive, and 2) the size of the
sensor can be very small. We benefited from both advantages in the
development of our fNIRS system. (For review and discussion over

existing methods and systems, see Strangman et al., 2002a; Hoshi,
2003; Obrig and Villringer, 2003; Boas et al., 2004; Wolf et al., 2007).

The CW system used in this study, described in detail by Haensse
et al. (2005), consists of a sensor and a data acquisition unit. The
sensor incorporates emission and detection of NIR light using four
light sources and four detectors covering an area of 25 mm by
37.5 mm (Fig. 2). Each light source comprises light emitting diodes
(LED) with wavelengths of 750 nm, 800 nm and 875 nm. The light
sources are time multiplexed; i.e. only one source is on at a time.
Detectors consisting of silicon PIN photodiodes detect the light. Two
detectors can measure the light of each LED simultaneously, allowing
the measurement of O,Hb and HHb concentration changes in up to
16 different locations simultaneously. For the current study, the 11
light paths shown in Fig. 2 were considered. One of these channels
was measured twice (Fig. 2: L4-D4) (which is a consequence of the
instrumentation's configuration) and one was used to remove
systemic physiological signals by reducing the effect of superficial
layers (Fig. 2: L2-D3). Ten channels were considered for analysis after
the subtraction procedure.

The light sources and detectors are mounted onto a rigid-flexible
printed circuit board (PCB) which is cast in a highly flexible cover made
of medical grade silicone rubber. The flexibility of the sensor allows it
to be aligned to curved body surfaces such as the head. Even though the
source-detector distance is fixed, the flexibility of the sensor may
imply that the exact source-detector distance varies within several

37.5 mm
|
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1
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-3 X
-4 D1 D2
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Fig. 2. Arrangement of light sources (L1, L2, L3, and L4) and detectors (D1, D2, D3, and
D4) on the sensor. The centre of the sensor was positioned over C3. Ten channels were
considered for analysis (red, one was measured twice (orange)), one was used to
remove systemic physiological signals (grey).
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millimetres. The sensor is connected to the data acquisition unit, which
transfers data to a laptop to store for further analysis.

The data acquisition unit of the MCP-II allows the simultaneous
measurement of up to 48 channels with a sampling rate of 100 Hz and
low noise. According to the in vitro studies of Haensse et al. (2005), for
the current protocol the instrumental detection limit for a change in
pa is <0.00002 [1/cm], which corresponds to a concentration change
of 0.005 uM. A notebook computer was used to record and display the
data. The stimulation software Presentation® was used to present the
visual stimuli to the subjects and synchronize them to the data
acquisition unit.

Data analysis
Behavioral data

Behavioral performance was analyzed using SPSS® (Version 16.0)
as described previously (Horenstein et al., 2009). Number of finger
taps, error rate, and left/right asymmetry during the bimanual task
were calculated for each individual subject by counting incorrect
sequences. An error was defined as any finger taps occurring outside
the one of the prescribed sequences and the error rate was defined as
the (total number of errors)/(total number of finger taps). The
asymmetry score, defined as the absolute value of ((1— error rate left
hand) — (1 —error rate right hand)) / ((1 — error rate left hand) + (1
— error rate right hand)), was calculated based on the error rates from
the bimanual finger-tapping task.

fNIRS data

Albeit the room was dark itself, the monitors required by the tasks
and by the instrumentation illuminate the room, indirectly. To account
both for light intensity changes caused by monitors and to be able to
observe the noise generated by the detectors, background measure-
ments are performed.

fNIRS raw data contain the relative intensities of NIR light for all
light-source/detector/wavelength combinations in use, intensities of
background light and event markers. With the intensity information
of different NIR wavelengths at a particular location, it is possible to
determine changes in concentration of O,Hb and HHb, representing
the dominant chromophores in human tissue at the range of NIR light.
This is feasible for O,Hb and HHb as their absorption coefficients in
dependence of wavelength are known (Wray et al, 1988). The
transformation from changes in light intensity to changes in
concentration is accomplished by application of the modified Beer-
Lambert law (MBLL) which furthermore accounts for scattering
properties of tissue (Delpy et al., 1988).

A customized code implemented in MATLAB® (Version 2008a)
performed the signal processing and the transformation of the raw
data into changes in concentration of O,Hb and HHD as follows:

Signal processing began with subtracting the background light and
calculating the logarithm. The next step in data processing was
dedicated to remove systemic physiological signals. Changes in
concentrations of chromophores (HHB and O,Hb) in superficial tissue
layers superimpose on the signals of the brain tissue. To reduce the
effect of superficial layers, data of the light-source/detector pair
(DLSDP) with shortest source-detector separation (2 cm) were used as
reference and subtracted from each DLSDP according to Saager and
Berger (2005). The reference channel for the superficial layer (channel
with minimum source-detector distance) was fitted to each channel.
The fitted results was then subtracted form the channel. To exclude
intervals of extreme intensity changes from further analysis, each
channel was then broken into 1.5 s long segments, temporarily. The
variance within each segment of a channel was determined for the
purpose of calculating the median value (MV) over the given variances.
All segments that led to a greater variance as the MV multiplied by 5,

could be marked as artifacts, safely. This way each reassembled
channel was freed from extreme changes in light intensities.

Before changes of O,Hb and HHb (differential path length factor
(DPF) 6.46) (Kohl et al., 1998) were determined using DLSDP, the
preprocessed raw data were low pass filtered (windowed linear-phase
finite impulse response filter, order: 160, fc: 0.4 Hz). Finally, the traces
of concentrations were smoothed by a Savitzky-Golay filter (order: 1,
window-length: 5 s).

Data were then transferred to SPSS® (Version 16.0). From the
resulting signals, the O,Hb and HHb concentrations during the last
10 s of each artifact free stimulation period were averaged and
compared to the concentrations during the last 10 s of each rest
period. For each condition and channel, the average change in O,Hb
and HHb concentrations was calculated. Within each subject, the
statistical significance of the O,Hb and HHb differences between the
stimulation and the rest periods were assessed using the paired
Wilcoxon sign rank test. Within each subject and between all subjects,
the statistical significance of the O,Hb and HHb differences between
the five conditions were further assessed using one-way ANOVA.
Significance alpha-value was set to 0.05, and the Bonferroni correction
was used for ANOVA.

Results
Subjects

Data of 16 subjects (5 male, 11 female, ages ranged from 21 to
58 years) were included for statistical analysis. Two further subjects
were excluded from analysis due to missing signal detection. After
sensor positioning, the raw signal strength was examined on-line. If
the signal strength was low, positioning was repeated. After the first
two conditions the signal was averaged on-line using MATLAB® to
provide an impression of a detectable signal. The criterion for a
detectable signal was the relative value between stimulation and
baseline, i.e. increase in O,Hb and decrease in HHb. If at this point no
signal could be detected, the subject was disqualified from data
analysis. Reasons for the observed failure to obtain sufficient signal
may be hair color as well as dark skin pigmentation in one of the
subjects. It is further known that there are still unsolved inter-
individual anatomical and/or physiological differences occurring in
NIRS which may lead to failure of sufficient signal (Hiroki et al., 2005;
Wassenaar and Van den Brand, 2005).

Behavioral data

All 16 subjects were right-handed according to the Edinburgh
Handedness Inventory (EHI) with a mean EHI of 77 (range 26-100).
All subjects had finger-tapping frequencies of approx. 3 Hz. There
were no significant differences in the error rates between left and
right hands (significance level p<0.05). Behavioral data of all subjects
are shown in Table 2: total number of finger taps varied little between
the five conditions without significant difference. During right hand
tasks (SR, CR), subjects performed slightly more finger taps, i.e. were
slightly faster, and showed slightly lower mean error rates compared
to left hand (SL, CL) and bimanual (B) tasks. Slightly more errors
occurred with the left hand during the bimanual task, indicated by

Table 2
Behavioral data of all subjects.

Condition Mean total taps Mean error rates Mean asymmetry score
Simple right 1009 + 194 0.000

Simple left 8934393 0.000

Complex right 956 £+ 290 0.02 4 0.02

Complex left 902 £+ 267 0.03 +0.04

Bimanual 8974239 0.02 +0.02 —0.003 £ 0.006




L. Holper et al. / Neurolmage 46 (2009) 1105-1113

negative value of mean asymmetry score. During unimanual tasks, the
experimenter documented no detectable movements of the contral-
ateral hand.

fNIRS data

In all subjects and conditions, significant increases in O,Hb and
significant decreases in HHb were found in one or more channels over
M1. During simple unimanual right and left motor tasks, significant
differences of O,Hb and HHb concentration changes between
stimulation and rest periods were found in both contra- and ipsilateral
M1 within and between subjects. O,Hb concentration changes during
ipsilateral (left hand) hand motor tasks were significantly smaller
than those observed during contralateral (right hand) unimanual
motor tasks. A similar distribution was found in HHb concentration
changes, where right hand tasks resulted in significant greater
decrease of HHb than left hand tasks.

In complex tasks, we found significant differences of O,Hb and
HHb concentration changes with increasing complexity of the
sequence task within and between subjects. Both during right and
left hand tasks, complex tasks elicited significant larger O,Hb changes
than simple tasks. Whereas HHb concentration changes showed a
correlation during simple tasks, the corresponding distribution could
not be found during complex tasks. Overall, bimanual tasks showed
lower M1 activation than unimanual right hand tasks, but greater
activation than left hand tasks.

Fig. 3 shows examples of O,Hb and HHb changes during the five
conditions taken from one subject representing all others.

Changes in O,Hb and HHb concentration during motor stimulation
are shown in Table 3 for each subject. The last two rows of Table 3
show that the average increase of O,Hb of all significant responses
among all channels and subjects were largest during complex right
task, followed by simple right, bimanual, complex and simple left task.
The decrease of HHb was largest during bimanual, followed by simple
right, complex right, complex and simple left tasks.

Table 4 summarizes the number of changes in O,Hb and HHb
concentration between stimulation and rest period for each subject
during each of the five conditions. Varying in number, significant
differences of O,Hb and HHb were found between all five conditions.
The significance level was p<0.05.

Fig. 4 shows the mean significant differences in O,Hb and HHb
concentration over all subjects during each of the five conditions. The
significance level for the paired Wilcoxon sign rank test was p<0.05;
error bars indicate standard deviation (SD). Average increase of O,Hb
(Fig. 4, top) of all significant responses among all channels and
subjects was largest during complex right task, followed by simple
right, bimanual, complex and simple left task. The decrease of HHb
(Fig. 4, bottom) was largest during bimanual, followed by simple right,
complex right, complex and simple left tasks.

Signal variability of O,Hb and HHb concentration changes were
found in five (approx. 30%) subjects. This signal variability can best be
described as an inversion of the typical oxygenation signal. Inversion
in this context means that the values of the O,Hb and HHb
concentration changes are inverted i.e. decrease of O,Hb and increase
of HHb concentration changes, as compared to the typical activation
pattern i.e. increase in O,Hb and decrease in HHb. Similar signal
discrepancies have previously described as partial volume effect (Boas
et al., 2001). Consequently, our results for the characterization of the
signal variability however show an overall decrease of O,Hb after

Fig. 3. Examples of the five conditions (1= simple right (SR) taken from subject ID =6,
2 =complex right (CR), 3 =simple left (SL), 4= complex left (CL), 5=bimanual (B))
from one subject. Relative changes (umol/1) of HHb = deoxy-hemoglobin (blue curve),
0,Hb = oxy-hemoglobin (red curve), Stim = stimulation period (including instruction
signal (1 s)) alternating with rest periods, averaged over 10 min.
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Mean changes (umol/1) and number of channels with significant differences in O,Hb and HHb concentration in response to motor stimulation for each subject (subject identification
number (ID)) in the five conditions (1 = simple right (SR), 2 = simple left (SL), 3 = complex right (CR), 4 = complex left (CL), 5= bimanual (B)), only given for significant (p<0.05)

changes in O,Hb and HHb assessed using paired Wilcoxon sign rank test (p<0.05).

ID Sex Age Simple task Complex task Bimanual
Contralateral (1) Ipsilateral (2) Contralateral (3) Ipsilateral (4) Bimanual (5)

1 f 25 9 4 8 9 6

2 f 23 10 8 4 2 9

3 f 25 6 5 8 9 9

4 f 30 10 2 10 4 10

5 f 26 7 7 7 5 4

6 f 28 9 10 8 8 10

7 m 32 10 6 10 4 10

8 m 21 7 1 5 1 7

<) m 28 2 3 8 2 2

10 f 21 4 2 8 3 2

11 f 24 9 7 9 8 6

12 m 31 8 6 8 4 9

13 f 58 6 7 9 7 5

14 m 26 6 5 10 3 5

15 f 24 9 2 10 4 10

16 f 29 10 2 10 4 10

Significant channels 122 (86.25%) 77 (48.125%) 137 (82.35%) 77 (48.125%) 114 (71.25%)

Mean changes O,Hb (pmol/1) 0.27540.054 0.110+0.034 0.35140.051 0.15440.034 0.249 4+ 0.047

Mean changes HHb (pmol/1) —0.1240.016 —0.0674 £ 0.005 —0.0863 +0.005 —0.0875+0.007 —0.1384+-0.006

Numbers were rounded to three decimal digits.

stimulus onset followed by increase after stimulus offset averaged
over the whole time course of 10 min. HHb concentration increases or
decreases after stimulus onset.

Discussion
Behavioral data

Analog to a previous fMRI study, our motor task required subjects
to repeatedly tap simple (thumb only) and complex sequences
(thumb-middle-pinky-index-ring finger) with separate hands and
by alternating the right and the left hand (Horenstein et al., 2009). Our
results are consistent with previous findings demonstrating that
behavioral hand performance generally shows a low asymmetry, i.e. a
slight superiority of the dominant hand (Borod et al., 1984; Provins
and Magliaro, 1993; Bryden, 2000).

Simple task

The well-known lateralization to contralateral M1 during unim-
anual simple tasks was confirmed showing smaller O,Hb changes for
ipsi- compared to contralateral movements. Overall, although our
study applied analog finger-tapping tasks as used in fMRI (Horenstein
et al., 2009), results can generally only partially be compared to MRI
findings.

Using traditional imaging methods, it has been shown that simple
motor tasks involving repetitive finger movements such as flexion-
extension (Rao et al., 1993; Cramer et al., 1999; Verstynen et al., 2005)
or abduction-adduction (Kobayashi et al., 2003) require less effort in
motor execution and may therefore result in reduced ipsilateral
activation. The ipsilateral activation cannot be detected in all subjects
(Rao et al, 1993; Kobayashi et al., 2003) and is more prominent
following movements performed by the non-dominant hand (Kim et
al., 1993; Kobayashi et al., 2003; Hanakawa et al., 2005). Overall, the
observed significant concentration changes of O,Hb and HHb during
unimanual motor tasks in our study show the expected activation of
ipsi- and contralateral M1 (Horenstein et al., 2009).

Complex task

Motor tasks in our study were varied by means of increasing task
complexity. It is generally unresolved whether activation changes in

motor areas observed during complex tasks are related to increased
task complexity or to the use of additional fingers, covering broader
cortical areas that could account for stronger signals. However, as
tested in control measurements, it has been suggested that the
stronger activation in M1 is specific to complex movements and does
not depend on the number of required muscles, i.e. the number of
fingers used in a certain task (Verstynen et al., 2005).

Overall, our findings are consistent with fMRI showing greater M1
activation as a result of increasing task complexity. This result
contrasts a previous fNIRS study that showed no task-related changes
in oxy-hemoglobin (Kleinschmidt et al., 1996).

The number of finger transitions in a sequence, i.e. moving one
finger and then another, was found to be positively correlated with
increased activation, in accordance with a previous study (Harrington
et al.,, 2000). As in our study, it has been described that tapping of
sequences results in greater activation than tapping of chords, where
multiple fingers are moved simultaneously. Also, both of these tasks
produce greater activation than simple finger-tapping (Verstynen et
al., 2005; Witt et al., 2008).

Bimanual task

We found significant lower oxygenation changes in M1 during
bimanual compared to unimanual tasks that are in line with activation
patterns described in traditional imaging studies. The phenomenon of
lower bimanual activation has been suggested to be a consequence of
inter-hemispheric inhibition, hemispheric asymmetry and task-
dependence of motor activation (Taniguchi et al., 2001; Ghacibeh et
al., 2007). Our bimanual tasks required subjects to move fingers in

Table 4

Number of significant differences between the five conditions over all subjects, given for
significant (p<0.05) changes in O,Hb (red) and HHb (blue) assessed using ANOVA,
Bonferroni correction.

Condition 0O,Hb
1 2 3 4 5
HHb 1 12 15 12 11
2 14 13 7 10
3 14 13 15 14
4 15 16 15 12
5 15 14 14 15
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Mean O,Hb changes all subjects per condition
4.00E-01
3.50E-01
3.00E-01

-
2.50E-01
2.00E-01
1.50E-01
1.00E-01
0.50E-01
0.00E-01
1 2 3 4 5

conditions

O,Hb (umolf)

Mean HHb changes all subjects per condition

0-
-2.00E-02

-4.00E-02

-6.00E-02 1

-8.00E-02 1

s
o
£
=
o -1.00E-011
=
I -1.20E-011

-1.40E-01

-1.60E-01

1 2 3 4 5
conditions

Fig. 4. Mean significant differences (mmol/l) in O,Hb (top) and HHb (bottom)
concentration for all subjects (ID 1-16) in five conditions (1=simple right (122
channels), 2 =simple left (77 channels), 3 = complex right (137 channels), 4= com-
plex left (77 channels), 5 =bimanual (114 channels)). Significant (p<0.05) changes in
0,Hb and HHb assessed using paired Wilcoxon sign rank test (p<0.05) are represented.
Error bars indicate standard deviation (SD).

alternating sequences. Consistent with our results, this kind of
bimanual coordination task, i.e. in which homologous muscles are
alternately engaged, has been shown to result in lower M1 activation
compared to those in which homologous muscles are active
simultaneously (Swinnen et al., 1997; Aramaki et al., 2006). This
may be attributable to stronger involvement of the dominant motor
cortex in ipsilateral hand movements via interaction with the non-
dominant motor system, known as neural crosstalk. The concept of
inter-manual crosstalk (Marteniuk and MacKenzie, 1980) assumes
two independent motor plans where a fraction of the motor command
sent to one hand is dispatched as a mirror image to the other hand
(Cattaert et al., 1999). This phenomenon may have contributed to our
findings of lower M1 activation during bimanual motor tasks.

Partial volume effect

In approx. 30% of subjects signal variability of O,Hb and HHb
concentration changes were found. This signal variability can best be
described as an inversion of the typical oxygenation signal by means
of inverted values of the O,Hb and HHb concentration changes.
Typical oxygenation signals show an increase in O,Hb and decrease in
HHb. The characterization of the signal variability however can be
described as an overall decrease of O,Hb after stimulus onset
followed by an increase after stimulus offset averaged over the
whole time course of 10 min. HHb concentration increases or decreases
after stimulus onset.

Similar discrepancies have been described further as partial
volume effect (Boas et al., 2001, Strangman et al., 2002b; Huppert et
al., 2006; Xu et al., 2007). Partial volume effect is the effect wherein
insufficient image resolution leads to a mixing of different tissue
types. This effect has been explained as a partial volume error arising
from source-detector positions relative to activation site, depth of

activation, scalp and skull thickness, and baseline optical properties
that can all potentially cause discrepancy in the NIRS estimate of
hemoglobin concentration changes among subjects. A partial volume
error in a NIRS measurement can result in an underestimate of the
amplitude of the hemodynamic response (Okada et al., 1997; Boas et
al., 2001). Further, spectral differences in the partial volume effect can
cause crosstalk in the estimated hemoglobin changes (Boas et al.,
2001; Uludag et al., 2002), i.e. changes in O,Hb can appear as HHb
changes and vice versa. Consequently accurate statements about the
relative magnitudes of the O,Hb and HHb changes cannot always
be made.

Study limitations

The main limitation of this study is that the NIRS data cannot be
directly compared with another neuroimaging technique, e.g. fMRIL
Although our study applied the same finger-tapping tasks as used in
a previous fMRI study (Horenstein et al, 2009), comparing our
current data with published fMRI studies is problematic due to diffe-
rences in spatial resolution and statistical approaches used to study the
motor system.

Individual subjects showed a variable activation pattern during
finger-tapping which may be obscured during analysis at the group
level. Inter-individuality has been described in previous fNIRS studies
of inter-subject (Hiroki et al., 2005; Sato et al., 2005) and inter-session
reliability (Plichta et al., 2006; Strangman et al., 2006; Plichta et al.,
2007). Subjects in our study were measured only once. Therefore, we
could not test reproducibility. Possible causes for variability or
insufficient signal detection may be inter-individual differences in
physiological baseline properties, task performance, attention, moti-
vation, and task difficulty. Additional work is needed to investigate the
origin of inter-individual variability.

We only included right-handed subjects who were measured over
the left hemisphere. This approach was chosen according to the
finding that ipsilateral M1 appears to be strongly activated during
performance with the non-dominant hand (Cramer et al., 1999;
Verstynen et al., 2005; Park et al., 2008). This possible effect of hand-
dominance may result in different findings when investigating the
other hemisphere of left-handed subjects.

Conclusion

We present the first fNIRS study measuring finger-tapping in
relation to increasing task complexity. We found significant differ-
ences in O,Hb and HHb concentration changes between all conditions
of simple, complex and bimanual tasks. We report largest oxygenation
changes during right hand tasks, followed by bimanual and left hand
tasks. Additionally, we observed signal variability in M1 activation
pattern as it has been previously described by means of the partial
volume effect. Our observations are in accordance with traditional
neuroimaging studies. The new insight revealed by this study is
relevant for the diagnostic evaluation of neurological hand motor
assessments which commonly include different degrees of task
complexity. The results reflect new knowledge on the capabilities of
NIRS in clinical diagnosis demonstrating that NIRS is able to measure
differences in oxygenation changes, which could be directly used
within the clinical assessment of hand motor function. fNIRS as a
neuroimaging method could facilitate the assessment and the
monitoring of treatment progress of the human motor system in
patient populations and clinical settings where traditional neuroima-
ging methods cannot be applied.
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