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ABSTRACT

When humans move both hands simultaneously, bimanual coupling or interference can occur. The circles-lines paradigm is used

to study the bimanual coupling and interference effects: Participants simultaneously draw either lines or circles with both hands
(congruent), or draw lines with one hand and circles with the other hand (incongruent condition). Despite extensive behavioral
research on bimanual coupling with this paradigm, our knowledge of the neural circuitry involved remains limited. Here, we

capitalized on the advantages provided by functional near-infrared spectroscopy to unveil the neural substrates of bimanual cou-

pling within an ecologically valid experimental setting. Behavioral results confirmed previous literature, showing that the shapes

become more oval due to the interference between the hands, causing the circle to resemble a line and vice versa. Additionally,

performance in the congruent condition correlated with performance in the incongruent condition. From a neural perspective,

we observed greater activity in sensorimotor areas and the right premotor area during the incongruent compared to the congru-
ent condition. A novel temporal analysis of the time course of oxyhemoglobin signals revealed that the right hemisphere reached
maximum amplitude before the left during the incongruent condition and revealed differences between conditions in parietal

areas, showing that bimanual interference is associated not only with motor areas but also with associative areas. Finally, right

inferior parietal lobe activity correlated with bimanual performance, suggesting a role for this area in bimanual tasks when the

motor program of one hand is influenced by sensorimotor information from the contralateral hand.

1 | Introduction

In everyday life, executing more than one task at the same time,
instead of carrying them out separately, results in decreased per-
formance, which is even worse when the tasks revolve around
the same domain. For instance, we might have little trouble
walking while having a conversation, but listening to a pod-
cast would be very detrimental to our conversation because the

same resources would be shared between activities. This phe-
nomenon, named dual-task interference, is a very popular topic
in cognitive science and can be observed even between simple
tasks (for a review see Pashler et al. 1994).

Dual-task interference also occurs when both tasks involve the
motor domain. For example, performing two different motor
tasks simultaneously with both hands results in reciprocal
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Summary

» Functional near-infrared spectroscopy (fNIRS) ena-
bles the investigation of cortical correlates of biman-
ual performance during the circles-lines paradigm,
offering an ecologically valid approach by allowing
correct participants’ drawing posture compared to
other neuroimaging techniques.

fNIRS reveals time-course differences in oxyhemo-
globin concentration between congruent and incon-
gruent conditions in parietal areas, indicating that
bimanual performance is associated with activity in
associative areas, with the right hemisphere peaking
earlier during incongruent tasks.

Right inferior parietal lobe activity correlates with bi-
manual performance, suggesting its role in effectively
evaluating sensorimotor information from the con-
tralateral hand and integrating it into the motor plan
in a way that can benefit performance.

interference. The task performed with each hand is negatively
affected by the one performed with the other hand, resulting
in a mutual deterioration in the performance of each individ-
ual hand. A behavioral paradigm that explores dual-task inter-
ference was introduced by Franz et al. (1991) and consisted of
drawing two different shapes with both hands: continuous cir-
cles with one hand and continuous lines with the other hand.
The most interesting outcome of this paradigm is that both the
circles and lines assume a more ovalized shape due to the in-
terference from the other hand drawn. Investigating the neu-
ral mechanisms underlying motor dual-tasks, as in bimanual
coordination, provides insight into how the brain manages the
simultaneous use of both hands, whether they cooperate or in-
terfere with each other. Kennedy et al. (2016) explored biman-
ual force control, showing that one limb's performance can
significantly influence the other. Rudisch et al. (2023) further
contributed to this field by examining the neural correlates of
bimanual coordination by means of electroencephalography
(EEG), highlighting the role of left frontocentral regions in
task-dependent activation and connectivity. Similarly, Rueda-
Delgado et al. (2017) found that increased task difficulty leads
to greater long-range beta band synchronization, suggesting
that neural communication across brain regions increases as
the task becomes more challenging. Serrien et al. (2004) doc-
umented distinct cortico-cortical coupling patterns during
dual-task performance, indicating that specific neural net-
works are recruited to manage the complexities of simulta-
neous motor tasks. By using fMRI, different studies observed
larger brain activity for incongruent (when hands perform
two different motor tasks simultaneously) than for congru-
ent actions (De Jong et al. 2002; Sadato et al. 1997; Ehrsson
et al. 2002; Wenderoth et al. 2004, 2005a, 2005b). In particu-
lar, Garbarini et al. (2014) showed that during the execution
of the Circles-Lines bimanual task (Franz et al. 1991) a pre-
frontal-parietal network, mostly involving the supplementary
motor area and the posterior parietal cortex (PPC), was sig-
nificantly more active in incongruent (circles with one hand
and lines with the other hand) than in congruent conditions.

Together, these studies reveal both behavioral outcomes and
the neural mechanisms supporting effective dual-task perfor-
mance. Moreover, they show that both EEG and fMRI can be
used with reasonable proficiency in this research field, but at
the same time, both techniques are hindered by crucial lim-
itations. fMRI, while offering high spatial resolution, restricts
participants’ movement, limiting natural hand movements and
being influenced by body posture within the scanner (Bisio
et al. 2016). Conversely, EEG allows more freedom of movement
but is highly prone to motion artifacts that can distort the data.
Importantly, EEG also has lower spatial resolution compared to
fMRI, which allows for more precise localization of brain ac-
tivity. Although fMRI has superior spatial resolution, it poses
ecological limitations.

Crucially for the purpose of the present study, these issues can be
tackled by using functional near-infrared spectroscopy (fNIRS),
aneuroimaging technique that imposes negligible constraints on
participants (both in physical and motor terms), allowing partic-
ipants to freely move while providing an ecologically sound ex-
perimental setting. Although fNIRS does not provide the same
level of spatial resolution offered by fMRI and the same level of
temporal resolution offered by EEG, it is able to gather informa-
tion on cortical activity with a much higher temporal resolution
than fMRI and a much higher spatial resolution than EEG, thus
providing a unique trade-off between spatial and temporal res-
olution (see Cutini et al. 2012, for a review). Moreover, EEG and
fNIRS provide distinct types of data, with fNIRS offering com-
plementary insights to EEG by capturing different physiologi-
cal processes. While the Circles-Lines bimanual task has been
extensively studied at the behavioral level, the knowledge about
the neural circuitry involved in this task is less robust. Here, we
sought to explore the neural substrates of this bimanual task
using fNIRS. In the present study, we revisited the “Circles-
Lines” paradigm (Franz et al. 1991), employing two congruent
(both hands draw the same shape, either circles or lines) and
two incongruent (hands draw different shapes) conditions. We
recorded hemodynamic activity with fNIRS from sensorimotor,
parietal, and frontal brain regions (which have been shown to
be implicated in bimanual tasks [Lucci et al. 2014], see Table 1)
while right-handed participants performed the task of drawing
the required shapes while being comfortably seated on a chair
and blindfolded. Thus, the aim of the study was to gain a deeper
understanding of the mechanisms underlying bimanual coordi-
nation during congruent and incongruent tasks in an ecological
setting using fNIRS. Congruent conditions generally facilitate
more accurate responses due to bimanual coupling, while in-
congruent conditions often generate bimanual interference that
decreases movement accuracy. By exploring the brain activity
during this task, we might provide insights about how the brain
manages competing demands and which specific brain areas
are engaged in resolving potential conflicts between bimanual
actions. Thanks to the higher temporal resolution of {NIRS, we
could perform a more fine-grained temporal analysis compared
to what could have been performed with fMRI, which enabled
us to illustrate in detail how cortical responses evolve over time
during the bimanual task. Finally, a time-to-peak analysis was
conducted to provide new insights into the neural dynamics of
bimanual coordination, with the expectation that incongruent
tasks would require a different temporal pattern to manage sep-
arate motor programs for each hand.
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TABLE 1

| Description of the recording channels: Optode placements based on the 10-10 system, MNI coordinates, cortical regions, and
Brodmann's areas.

x y z Anatomical

Channel Label_S Label_D coordinate coordinate coordinate Hemisphere Lobe location BA

1 CP1 C1 =27 -36 71 Left Parietal  Postcentral gyrus 3

2 C3 C1 —42 =20 62 Left Frontal Precentral gyrus 4

3 FC1 FC3 —38 12 55 Left Frontal Middle frontal gyrus 6

4 FC1 FCz -13 12 67 Left Frontal Superior frontal 6
gyrus

5 FC1 C1 -26 -5 68 Left Frontal Superior frontal 6
gyrus

6 C3 FC3 =50 -3 50 Left Frontal Precentral gyrus 6

7 Cz C1 -17 =20 74 Left Frontal Precentral gyrus 6

8 CP1 P1 —24 —62 62 Left Parietal Superior parietal 7
lobule

9 CP1 CPz -16 =50 72 Left Parietal =~ Postcentral gyrus 7

10 P3 P1 -32 =73 47 Left Parietal Superior parietal 7
lobule

11 Pz P1 -13 =73 56 Left Parietal Superior parietal 7
lobule

12 FC1 F1 =23 26 56 Left Frontal Superior frontal 8
gyrus

13 F3 F1 -31 39 41 Left Frontal Middle frontal gyrus 9

14 F3 FC3 —45 25 41 Left Frontal Middle frontal gyrus 9

15 Fz F1 -9 41 50 Left Frontal Superior frontal 9
gyrus

16 Fpz Fpl -12 67 0 Left Frontal Medial frontal gyrus 10

17 AF3 Fpl —24 63 9 Left Frontal Middle frontal gyrus 10

18 AF3 AFz -12 62 23 Left Frontal Superior frontal 10
gyrus

19 AF3 F1 =23 52 32 Left Frontal Superior frontal 10
gyrus

20 P3 CP3 —46 —61 46 Left Parietal Inferior parietal 39
lobule

21 C3 CP3 -52 -34 52 Left Parietal  Postcentral gyrus 40

22 CP1 CP3 -39 —48 60 Left Parietal Inferior parietal 40
lobule

23 CP2 C2 27 -35 71 Right Parietal = Postcentral gyrus 3

24 C4 C2 42 =21 62 Right Frontal Precentral gyrus 4

25 Cz c2 17 -21 75 Right Frontal Precentral gyrus 6

26 FC2 FCz 14 13 66 Right Frontal Superior frontal 6
gyrus

27 FC2 FC4 39 12 54 Right Frontal Middle frontal gyrus 6

28 FC2 C2 27 -4 68 Right Frontal Superior frontal 6
gyrus

(Continues)
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TABLE1 | (Continued)

x y 4 Anatomical

Channel Label_S Label_D coordinate coordinate coordinate Hemisphere Lobe location BA

29 C4 FC4 52 -4 48 Right Frontal Precentral gyrus 6

30 /7 P2 15 =73 57 Right Parietal Superior parietal 7
lobule

31 P4 P2 33 -74 48 Right Parietal Superior parietal 7
lobule

32 CP2 CPz 17 =50 73 Right Parietal = Postcentral gyrus 7

33 CP2 P2 25 -62 63 Right Parietal Superior parietal 7
lobule

34 FC2 F2 24 26 55 Right Frontal Superior frontal 8
gyrus

35 Fz F2 10 41 50 Right Frontal Superior frontal 9
gyrus

36 F4 F2 30 40 41 Right Frontal Middle frontal gyrus 9

37 F4 FC4 44 25 40 Right Frontal Middle frontal gyrus 9

38 Fpz Fp2 13 67 0 Right Frontal Medial frontal gyrus 10

39 AF4 AFz 13 61 24 Right Frontal Superior frontal 10
gyrus

40 AF4 Fp2 25 63 9 Right Frontal Middle frontal gyrus 10

41 AF4 F2 22 52 33 Right Frontal Superior frontal 10
gyrus

42 P4 CP4 46 -62 47 Right Parietal Inferior parietal 39
lobule

43 CP2 CP4 39 —49 60 Right Parietal = Postcentral gyrus 40

44 C4 CpP4 52 -35 52 Right Parietal  Postcentral gyrus 40

2 | Methods iPad Pro (12.9”) placed on the left of the participant's sagittal

2.1 | Participants

Thirty-eight healthy volunteers (23 females; mean agez+SD:
32.4+12.7years) were enrolled in the study. All participants
were right-handed, as determined by the Edinburgh Handedness
Inventory (Oldfield 1971). None of the participants had a his-
tory of orthopedic or neurological illness, nor did they exhibit
any motor or sensory deficits related to the upper limb. The
experimental protocol received approval from the ethics com-
mittee of Azienda Ospedaliera “San Martino,” Genoa, Italy (P.R.
271REG2017) and was conducted following legal requirements
and international standards (Declaration of Helsinki, 1964). All
subjects provided written informed consent to participate in
the study.

2.2 | Experimental Procedure

Participants underwent the Circles-Lines Paradigm while being
monitored with fNIRS. They were seated on a chair behind a
table and asked to draw continuous circles or vertical lines with
both hands while blindfolded. The left hand drew on an Apple

midline, while the right hand drew on a drawing board on the
right of the participant's sagittal midline. The drawing board
provided the same drawing sensation for both hands, but only
the data from the left hand on the Apple iPad Pro were recorded.
Participants had to draw continuously, concurrently with the
two hands, in four experimental conditions: drawing lines with
both hands (LL), drawing circles with both hands (CC), draw-
ing lines with the left hand and circles with the right (LC), and
drawing circles with the left hand and lines with the right (CL).
When participants drew the same figures with both hands, they
performed a congruent condition (i.e., LL and CC conditions).
Instead, when they drew different shapes, they performed an
incongruent condition (i.e., LC and CL conditions). The Lines
condition included tasks in which the left hand drew only lines
(i.e., LL and LC conditions), while the Circles condition included
tasks in which the left hand drew only circles (i.e., CC and CL
conditions). Conditions were presented in a randomized order,
and 10 trials were collected for each condition, resulting in 40
trials in total. The choice of 10 trials per condition was based on
established practices in the literature. This number was deemed
sufficient to ensure reliable behavioral (e.g., Franz et al. 1991;
Garbarini et al. 2014) and fNIRS (Curzel et al. 2021; Lloyd-
Fox et al. 2010; Zhao et al. 2020; Zhou et al. 2022) measures.
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Additionally, the seated task setup and absence of vocal re-
sponses minimized potential artifacts, further supporting the
reliability of the chosen trial count. Increasing the number of tri-
als could risk introducing fatigue or adaptation effects, making
10 trials a balanced and robust choice for this study design. Both
the task duration and the rest duration were jittered to avoid
expectation (task duration=10/12s; rest duration=15%2s).
Participants were instructed to draw in time with a metronome
(f=0.6Hz): each sound of the metronome corresponded to ei-
ther a complete circle or a line drawn back and forth. During the
entire experiment, participants wore the fNIRS cap. The mon-
tage was performed at the beginning, and the average setup time
took around 30min.

2.3 | fNIRS Assessment

The fNIRS signals were acquired using a portable, multichan-
nel NIRS system (NIRSport 2, NIRx Medical Technologies,
Berlin, Germany). The instrument allowed the calculation of
changes in the concentration of HbO and HbR in measure-
ment channels. Pairs of sources and detectors operating at
two continuous wavelengths of near-infrared light (760 and
850 nm) generated channels. All optodes were placed on a soft
black tissue cap (EasyCap, Germany) worn by the participant.
To ensure correct channel placement, an fNIRS cap with EEG
references was used. The participant’s head circumference
was measured to select the cap size, and the Vertex (Cz in EEG
references) was located at the midpoint between the Nasion,
Inion, and the ear tragus points for accurate positioning. The
system consisted of 16 LED illumination sources and 16 active
detectors arranged to form 44 standard channels (3cm) and
8 short-separation (SS) channels (8 mm). These channels cov-
ered the frontal, premotor, motor, sensory and parietal brain
areas. A detailed description of the standard channels, their
MNI coordinates, and the corresponding Brodmann's area
(BA) can be found in Table 1. The anatomical localizations
of the channels were determined using the Brodmann brain
atlas in the fNIRS Optodes' Location Decider (fOLD) toolbox
(Zimeo Morais et al. 2018). The sampling frequency was set
at 8.7Hz.

2.4 | Behavioral Data Analysis

Data from the left hand were collected through the Apple iPad
Pro. A custom-made MATLAB software (Biggio et al. 2021) was
used to analyze the left-hand data. Through a semi-automated
procedure, in each trial the written trace was segmented into
circles or reciprocal lines, and then the ovalization index (OT)
was computed. In particular, the onset of each trial was man-
ually identified by the experimenter in order to exclude spuri-
ous data accidentally captured by the iPad that was not part of
the written trace. The trace was then automatically segmented
using a zero-crossing algorithm applied to the y coordinate. This
allowed the identification of the different figures (both circles
and reciprocal lines) within each trial (Biggio et al. 2021). The
different steps of the analysis are shown in Figure 1. Then, for
each figure, four points were automatically identified: the first
two zero crossings, the negative peak, and the positive peak.
The distances between the points at the zero crossings and the

distances between the points at the peaks were then performed.
The ratio of these two distances was computed using the higher
number as the denominator. OI was performed as the average
of these ratios among figures belonging to the same condition.
Thus, the OI was within the range [0, 1], with 0 indicating per-
fect reciprocal lines and 1 a perfect circle. The OI allowed quan-
tifying the distortion of the trajectory from the perfect figure.
To compare the congruent and incongruent conditions for both
the Circles and Lines conditions, for the Lines condition we sub-
tracted the OI values from 1 (i.e., 1-OI), so that for both Lines
and Circles condition 1 would indicate the perfect shape. After
averaging OIs in the congruent (CC, LL) and the incongruent
(CL, LC) conditions, we obtained two behavioral parameters
for each participant. These parameters will refer to bimanual
performance (BP). A higher value indicates better performance,
which translates to higher bimanual coupling in the congruent
condition and lower interference in the incongruent condition.
According to the Anderson-Darling test, all the experimen-
tal data followed a normal distribution. A repeated measures
ANOVA with CONGR (2 levels: Congruent, Incongruent) and
FORM (2 levels: Line, Circle) as within-subject factors was per-
formed. Furthermore, the Pearson correlation coefficient was
computed between the two conditions. Then, two groups were
extracted using a data-driven approach (i.e., cluster analysis: k-
means, two groups) on the correlation coefficients. To ensure
the groups were homogeneous, we conducted an unpaired ¢
test to check for age differences and applied Fisher's exact test
to assess gender proportions between the groups. We chose k-
means clustering for the group division because it is a robust,
data-driven approach that clusters data by minimizing within-
cluster variance, ensuring individuals with similar performance
patterns are grouped together. To perform the analysis, we
used MATLAB's k-means function and selected the squared
Euclidean distance as the distance metric. For the selection of
cluster centers, the kmeans algorithm by default initializes the
centroids using the “k-means++" method, which improves the
convergence rate by choosing initial cluster centers that are well
spread out. Regarding the number of iterations, the algorithm
ran until convergence or for a maximum of 100 iterations.

Moreover, BP mean values were subjected to one-way mixed
ANOVA with Condition (two levels: Congruent, Incongruent)
as within-subjects factors and Group (two levels: HBP, LBP) as
between-subjects factors. Significant interactions in the ANOVA
were followed by post hoc Bonferroni-corrected tests.

Statistical analyses were performed with STATISTICA (StatSoft
Inc., 2011, STATISTICA, Data Analysis Software System).

2.5 | fNIRS Data Analysis

For each participant, the fNIRS signal was preprocessed
using MATLAB (MathWorks, MA, USA) with in-house scripts
and some of the Homer3 NIRS processing package functions
(Huppert et al. 2009). Channels with low signal-to-noise ratios
or with a very low optical intensity were discarded (SNR < 2); the
intensity data of the survived channels were converted to opti-
cal density changes. Motion artifacts were corrected by applying
the wavelet motion correction technique (iqr=0.5) (Molavi and
Dumont 2012). Then, residual motion artifacts were identified
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FIGURE1 |

(A) Results of the steps of the zero-crossing algorithm for the segmentation of the figures. On the left, the x-y trajectories drawn by a

sample participant in a trial in the circles-circles condition (left hand). The middle panel shows the corresponding y trajectories (y axis) over the frames

(xaxis). The red dots indicate the zero-crossing points automatically identified by the algorithm. The magenta lines indicate the y trajectory below these
points and the green lines indicate the y trajectory above these points. A pair of magenta and green lines represents the y trajectory for a single circle.
On the right is an example of the result of the zero-crossing algorithm segmentation. (B) Examples of a participant's trajectories in the four conditions.

by the hmrR_MotionArtifact function. If the identified motion
artifacts were within —5 and 10s post task onset, the trial in
question was discarded from further analysis. A band-pass filter
(0.01-3 Hz) was applied to remove slow drifts and very high fre-
quencies. An age-dependent differential pathlength factor was
computed for each participant (Scholkmann and Wolf 2013),
and then both the HbO and the HbR concentration changes
were computed through the modified Beer-Lambert law
(Delpy 1988). The mean HRF for each task block, participant,
and channel was recovered using a General Linear Model (GLM)
approach. The GLM was solved using an iterative weighted least
squares approach (Barker et al. 2013). Temporal basis compo-
nents for the hemodynamic response function (HRF) consisted
of a consecutive sequence of Gaussian profiles with a spacing
and standard deviation of 2s. The block average interval for the
hemodynamic response computation was set from —2 to 23s. To
remove the physiological noise, an additional regressor in the
GLM was added. For each standard channel, the most correlated
SS channel was used as aregressor.

Then, the HRF of channels belonging to the same BA was aver-
aged, thus obtaining the HRFs of 18 regions of interest (Table 1).

2.6 | fNIRS Global Analysis

For each participant, condition, and BA, the average of the HbO/
HDbR mean hemodynamic responses in the range between 5 and
17s after stimulus onset was computed and chosen as a metric
for statistical analyses. Active BAs were defined as those regions
with statistically significant positive changes in HbO concentra-
tion (one-tail ¢ test, FDR correction for multiple comparisons)
and statistically significant negative changes in HbR concen-
tration during the task, compared to zero (one-tail ¢ test, FDR
correction for multiple comparisons). Further statistical analy-
ses were performed only on the BA found to be active in at least
one condition. To compare the four different conditions, con-
centration changes were analyzed by means of repeated mea-
sures ANOVA with CONGR (2 levels: Congruent Incongruent),
FORM (2 levels: Line, Circle) and BA (13 levels: active BAs) as

within-subject factors. Post hoc analysis was performed using
Fisher's least significant difference (LSD) test. Statistical anal-
yses were performed with STATISTICA (StatSoft Inc., 2011,
STATISTICA, Data Analysis Software System).

2.7 | fNIRS Temporal Analysis

For the first time, two temporal analyses exploiting the charac-
teristics of the fNIRS signal were developed and applied, allow-
ing us to investigate brain dynamics. First, to understand the
evolution of hemodynamic activity over the course of execution
and provide valuable insights on the unfolding of the process
and the neural system involved, a temporal bin analysis was
performed. We divided the entire temporal period of the HRF
into four 5s-windows (0-5; 5-10; 10-15; 15-20s; where 0s cor-
responds to the beginning of the task) to unveil whether activity
patterns differed in different temporal ranges. For each range,
active BAs were calculated following the procedure detailed
above, and then the average HRF within the temporal window
was submitted to repeated measures ANOVA with CONGR (2
levels: Congruent Incongruent), FORM (2 levels: Line, Circle),
BA (13 levels: active BAs), and BIN (3 levels: 5-10; 10-15; 15-205s)
as the first within-subject factor. Range 0-5s revealed no active
BAs; thus, it was neglected from further analysis. Then, we fo-
cused our attention on the 5-10s window, the one which reveals
the early hemodynamic response related to cortical activity.
This analysis allowed us to reveal potential additional areas that
exhibited differences in activity between the congruent and in-
congruent tasks.

Second, we performed an even finer temporal analysis to find the
time-to-peak activation for each BA. For each sample, condition,
and BA, we compared the hemodynamic responses of individual
subjects, both HbO and HbR, after stimulus onset to zero using
two one-sample ¢ tests (one for positive and one for negative re-
sponses, HbO and HbR, respectively). This allowed us to iden-
tify active BAs in each condition and frame (we used the FDR
multiple comparison correction). For each BA, the active frame
range started with the first frame (after the stimulus onset) and
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concluded with the last frame (by the 20ths), for which the BA
was found active in at least one condition for both HbO and HbR
concentration changes. These active frame ranges were used for
the time-to-peak analysis. The time-to-peak of a function is the
time at which the function reaches its maximum value. For each
participant, condition, and BA, the maximum positive value of
the HbO HRF was detected in its active frame range and the cor-
responding time was saved. Then, to compare the time-to-peak
values, a repeated measures ANOVA with CONGR (2 levels:
Congruent, Incongruent), FORM (2 levels: Line, Circle), and BA
(13 levels: active BAs) as a within-subject factor was performed.
In this case, the active BAs are the ones that have at least one ac-
tive frame in one condition. Statistical analyses were performed
with STATISTICA (StatSoft Inc., 2011, STATISTICA, Data
Analysis Software System).

2.8 | fNIRS And Behavioral Analysis

To explore a possible relationship between hemodynamic activ-
ity and behavioral data, we correlated the BP index with the BAs
that were found to be statistically active in the global analysis.
For each of these BAs, we calculated the Pearson correlation co-
efficient, and we applied the Bonferroni correction method for
multiple comparisons. Then, BAs with a significant correlation
with the BP index were compared between the two groups using
an unpaired ¢ test.

3 | Results
3.1 | Behavioral Analysis

The results indicated that performance was higher during the
congruent task compared to the incongruent one (Congruent vs.
Incongruent, 0.89 vs. 0.81, t(37):9.97, p<0.001). Furthermore,
by correlating the behavioral data obtained during the

congruent and incongruent tasks, it was observed that partici-
pants who revealed a high performance in the congruent task
also exhibited a high performance in the incongruent task
(r=0.71, p<0.001). Then, the k-means algorithm highlighted:
one group with higher BP in both conditions (high biman-
ual performance—HBP) (23 participants, 16 females; mean
age+ SD: 31.7+9.8years) and another group with lower BP in
both conditions (low bimanual performance—LBP) (15 partic-
ipants, 7 females; mean age = SD: 35.9 £ 16.3years) (Figure 2B).
No significant differences were found in age (p=0.39) or in
gender proportions between the groups (p=0.19). Investigating
differences among groups and conditions (mixed ANOVA; be-
tween groups, two levels: HBP, LBP; within groups, two levels:
Congruent, Incongruent), we found a statistical difference be-
tween groups (HBP>LBP, F, ;) =105.57,0.88 vs. 0.80, p <0.001)
and conditions (Congruent >Incongruent, F, 35)=200.98, 0.89
vs. 0.81, p <0.001). Moreover, a significant interaction was found
(F(1,36=29.95, p<0.001). For each group, Congruent BP was sig-
nificantly higher than Incongruent BP (HBP, 0.91 vs. 0.86; LBP,
0.86 vs. 0.74; p<0.001) and, for each condition, HBP was sig-
nificantly higher than the LBP group (Congruent, 0.91 vs. 0.86,
p<0.001; Incongruent, 0.86 vs. 0.74, p<0.001) (see Figure 2B).
We also performed a ¢ test on the delta values in order to high-
light in detail the core of the interaction between the group and
the condition: for each group, we subtracted the BP value in
the incongruent condition from the BP value in the congruent
condition. This ¢ test revealed that the performance of the LBP
group was more negatively affected by congruency, with a delta
BP equal to 0.11, than the HBP group, with a delta BP equal to
0.06 (t35,=2.31, p=0.03).

3.2 | fNIRS—Global Analysis

As for behavioral data, hemodynamic activity was analyzed in
detail as well. Thirteen BAs out of the 18 were found to be ac-
tive. Exploring differences in changes in HbO concentration,
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FIGURE2 | (A)Experimental paradigm: The congruent conditions, while both hands draw the same shape and the incongruent conditions, while

the two hands draw different shapes. (B) Behavioral results: On the left side, statistical difference between congruent and incongruent conditions;

in the middle, the correlation between the conditions, light-blue dots represent the high bimanual performance—HBP group, while the purple dots

represent the low bimanual performance—LBP group; on the right side, statistical differences within and between subgroups.
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a significant main effect of the BA factor (F(12’444)=14.74,
p<0.001) and the interaction CONGR*BA (Faz, 4aqy= 189,
p=0.034) were found. The interaction effect revealed that L-
BA4, R-BA4, L-BA3, R-BA3, and R-BA6 showed significantly
stronger activation in the incongruent condition compared
to the congruent one (L-BA4, 0.065 vs. 0.058 uM, p=0.029; L-
BA3, 0.059 vs. 0.052uM, p=0.031; R-BA6, 0.048 vs. 0.041uM,
p=0.029; R-BA4, 0.060 vs. 0.051 uM, p=0.008 and R-BA3, 0.060
vs. 0.048 uM, p <0.001) (Figure 3) (see Supporting Information
for HbR concentration changes results).

3.3 | fNIRS—Temporal Analysis

In the bin analysis, 14 BAs were found to be active in at least
one bin, whereas L-BA10, L-BA9, L-BAS8, and R-BA10 never re-
sulted active and were, therefore, excluded from the bin analysis.
Exploring differences between conditions for HbO concentration
changes in the 5-10s bin, a significantly greater value in the in-
congruent compared to the congruent condition (BIN* CONGR
*BA, F(ze,%z): 2.21, p<0.001) was found again in L-BA4 (0.087
vs. 0.075uM, p<0.001), L-BA3 (0.079 vs. 0.071uM, p=0.03),
R-BA6 (0.04 vs. 0.03uM, p<0.001), R-BA4 (0.06 vs. 0.046 uM,
p<0.001), R-BA3 (0.079 vs. 0.06 uM, p<0.001), but also in L-
BA7 (0.085 vs. 0.056 uM, p=0.01), R-BA7 (0.047 vs. 0.035uM,
p<0.001), R-BA39 (0.031 vs. 0.019uM, p<0.001), and R-BA40
(0.052 vs. 0.04uM, p<0.001) (see Supporting Information for
HbR concentration changes results).

3.4 | fNIRS—Time-to-Peak Analysis

Thirteen BAs out of 18 were found to be active looking at the
time-to-peak analysis. We observed a significant main effect for

p<0.001) and an interaction effect CONGR*BA (F(lz‘ a40y=297,
p<0.001). The CONGR effect revealed that in general the incon-
gruent condition anticipated the congruent one (8.54 vs. 9.15s,
p=0.01). In both conditions, the first area to reach the peak was
R-BAJY, followed by R-BA7 and L-BA7. In the congruent condition,
the remaining brain areas exhibited a distinctive pattern: some
areas, including L-BA40, BA4, L-BA3, and L-BA6, show an early
peak in activity, while others reach their peak later. In the incon-
gruent condition, however, it appears that after the same initial
pattern (R-BA9 followed by R-BA7 and L-BA7), all the remaining
areas revealed less significant differences in reaching their peak
(see the gray boxes in Figure 4). In fact, during the incongruent
task, there was an anticipation of the time-to-peak in the right
hemisphere areas, specifically R-BA3 (9.06 vs. 10.35s, p<0.001),
R-BA40 (9.82 vs. 10.78s, p=0.013), R-BA8 (10.40 vs. 11.43s,
p=0.007), and R-BA39 (9.73 vs. 12.03s, p<0.001) (see Figure 4).

3.5 | fNIRS and Behavioral Analysis

A significant correlation, surviving Bonferroni correction
(p=0.004), between the BP and R-BA40 was found (congruent
condition: r=0.52, p<0.003; incongruent condition: r=0.48,
p <0.003). Specifically, individuals who activated R-BA40 more
had a higher BP in both the congruent and incongruent tasks
(Figure 5). Using the clustering into groups obtained in the
behavioral analysis, we compared the fNIRS signal of R-BA40
between the two groups. The HBP group demonstrated greater
activity in R-BA40 than the LBP group (Figure 5).

4 | Discussion

As our first result, we found a worse performance (i.e., lower

the factor CONGR (F{, ;) =7.32,p=0.01) and BA (F, ;,,=42.31, BP) during the incongruent compared to the congruent
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01 01 0.1 0.1 01 01 01 01
£5
€= 005 0.05 0.05 0.05 005 0.05 0.05 0.05)
£ 8
‘g e3= L/ HEReA o SR
g I FTE N -= = £\~ 4B NI e
Eé 0/%\/ 0 0 0 \ . 0 > 0 bl 0 e | L
005 5
005 0 5 10 15 20 0.05 0 5 10 15 20 005 0 5 10 15 20 005 0 5 10 15 20 005 0 5 10 15 20 005 0 5 10 15 20 0 5 10 15 20 0.0 0 5 10 15 20
L-BA3 L-BA4 R-BA3 R-BA4
01 01 01
§5
& = 0.05 0.05] 0.05]
% Nob= Mg fog=
0.05 005 5 0.05
0 5 10 15 20 0 5 10 15 20 0 5 10 15 20 0 5 10 15 20
L-BA7 L-BA39 R-BA7 R-BA39 R-BA40
0.1 01 01 01
65 Brodmann area
0.05 0.05
A e B SN TAN]
Se==- 0 -«A}@— OIN ) A O~ -
=T P | HbO-Congr HbO-Incongr : z== o dal e i ded -
= = = HbR-Congr = = = HbR-Incongr
V06—
0 s 1015 20 °® 0 5 10 15 20 0 5 10 15 20 V05— 520 %0 5 1015 20 %55 5 10 15 20
Time [s] Time [s] Time [s] Time [s] Time [s] Time [s]
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peak values among participants and the standard deviation equal to the standard deviation of time-to-peak values among participants.

condition, triggered by a sizeable behavioral interference. This
finding demonstrates the influence of one hand on the other
during the circles and lines paradigm, which is in line with
the literature (Biggio et al. 2021; Franz et al. 1991; Garbarini
et al. 2014).

Furthermore, from a behavioral standpoint, it was observed
that performance in the congruent condition predicted perfor-
mance in the incongruent condition. Specifically, participants
with HBP in the congruent condition also had higher biman-
ual performance in the incongruent condition. This suggests
that each participant's performance (during the congruent or
incongruent condition) reflects their ability to modulate sig-
nals from the opposite hemisphere. This observation led usto
divide the whole group into two subgroups, one characterized
by higher BP and the other by lower BP in both conditions,
based on behavioral data, in order to investigate the cortical
correlates underlying their performance differences and to de-
termine whether specific cortical resources contribute to the
observed differences in bimanual coordination between the
two conditions.

From a neural perspective, differences between the congruent
and incongruent tasks were also observed. When examining
the overall signal, it was noticed that the sensorimotor areas
(BA4 and BA3) and the right premotor cortex (R-BA6) were
more active during the incongruent condition. Moreover, the
development of the two novel temporal analyses allowed us
to unveil new insights. First, the bin temporal analysis high-
lighted differences between conditions also in parietal areas,
particularly in BA7 and in right BA39 and BA40. This allowed
us to associate bimanual interference not only with motor areas
but also with associative areas. Second, the dynamics of reach-
ing the peak showed that during the incongruent task, the right
hemisphere tends to reach the maximum amplitude before the
left hemisphere. This result is reported for the first time, and
it is conceivable to argue that when both hands are engaged in
different tasks, the right hemisphere needs to suppress signals

coming from the dominant left hemisphere to assert its own
command.

We also speculate that in more complex tasks, the right hemi-
sphere might play a crucial role due to an increased attentional
demand. Specifically, Wenderoth et al. (2005b) have shown that
higher activity in the precuneus can be explained by continuous
shifts of attention across limbs, aiming to monitor their specific
trajectories. Finally, considering the complexity of both behav-
ioral and neural data, combining their information together
helped us to understand how they are connected. The results
indicate greater activity in the right inferior parietal lobe (R-
BA40) when performance was higher, both in the congruent
and incongruent conditions. Specifically, the HBP group exhib-
ited higher activity in the right inferior parietal lobe (R-BA40)
compared to the LBP group. This suggests a pivotal role for the
right inferior parietal lobe (R-BA40) in bimanual tasks, con-
firmed by the fact that the right inferior parietal lobe (R-BA40)
shows a conspicuous activity—sustained during almost the en-
tire duration of the task—which is correlated with behavioral
outcomes. We could speculate that this constant demand for
oxygen throughout the entire task may be related to a contin-
uous monitoring of behavior: indeed, PPC plays an important
role in egocentric coordinate transformation during the whole
motor task (Bai et al. 2021; Buneo and Andersen 2006). In hu-
mans, the PPC—especially the right one—encodes egocentric
information during the perception and exploration of the perip-
ersonal space (Chokron 2003; Sherrill et al. 2015). Structural
changes, hypoperfusion, and decreased metabolism of PPC have
been shown to undermine the performance of the drawing tests
(Matsuoka et al. 2011). Also, decreased regional cerebral glucose
metabolism in the right inferior parietal lobe is associated with
poor performance on the clock drawing test in patients with
Alzheimer's disease (Lee et al. 2008).

From these findings, we could consider the right inferior pa-
rietal lobe (R-BA40) as an area involved in the monitoring of
the sensorimotor states, including the integration of intention,

9o0f12



Congruent

Higher A !
Q |09}
o]
5 5
< é 0.8+
£
M ¢
A 0.7}
r=0.52
p=0.0007
Lower
0.6 — : . .
-0.05 0 0.05 0.1
Right BA40 AC [uM]
R-BA40
o — 0.1 | |
=
= = 0.05|
= wn
= O
O &0
O £
S <
O .o i ——
ORS)

-0.05

Incongruent

.0 .
p =0.002
0.6 ' : '
005 0 005 0.1
Right BA40 AC [uM]
R-BA40
0.1} ' '
0.05 | -

High Bimanual Performance Group
Low Bimanual Performance Group

FIGURE 5 | On the top, correlations between R-BA40 HbO concentration changes and the behavioral index for each condition (on the left side,
congruent condition; on the right side, incongruent condition). Purple dots correspond to LBP group, while light blue dots correspond to HBP group.

On the bottom, Hemodynamic Response Functions for R-BA40 for each condition (on the left side, congruent condition; on the right side, incongru-
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action, and sensory feedback (Fink et al. 1999). Indeed, goal-
directed actions necessitate a mechanism that monitors senso-
rimotor inputs to ensure that motor outputs are congruent with
current intentions. The simultaneous execution of two different
motor tasks with both hands (i.e., dual motor task) results in a
reciprocal interference, inducing a mutual degradation in the
performance of each individual hand. It has been shown that
the parietal cortex is a crucial hub where different spatial fea-
tures are integrated, and it might be one of the candidate regions
from which interference arises when directionally incompat-
ible movements are performed (Wenderoth et al. 2004). Thus,
we can assume that, in this task, the role of the right inferior
parietal lobe (R-BA40) is to detect a possible incongruence in
the motor program of one hand influenced by the sensorimotor

information coming from the contralateral hand, likely through
the callosal communication between homologous areas of the
two hemispheres (Biggio et al. 2021). Moreover, it is also worth
noting that the inferior parietal lobe (BA40) plays a crucial role
in drawing. Consequently, the relationship between BP and
BAA40 activity may also be linked to the visuomotor nature of the
task (see Raimo et al. 2021 for a review).

Interestingly, in a work aimed at studying the functional con-
nectivity during monitoring for visuomotor incongruence, it
was found that the right inferior parietal lobe had a strong func-
tional connectivity with the right dorsolateral prefrontal cortex.
In this vein, the authors suggested that a cooperative activation
of the dorsolateral prefrontal cortex, in coordination with the
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PPC, is necessary to detect a mismatch when performing an in-
congruence task (Ohashi et al. 2018).

Consequently, it is conceivable to hypothesize that the activity
in the right inferior parietal lobe (R-BA40), higher in the HBP
group with respect to the LBP group, could be transferred to
the motor areas (BA4) as a signal to cope with the contralateral
hand influence in the dual motor task.

5 | Conclusion

In conclusion, we demonstrated that fNIRS can overcome the
spatial constraints of fMRI that may influence motor perfor-
mance during the circles-lines paradigm. For the first time, two
different analyses of the time course of the oxyhemoglobin con-
centration were carried out, exploiting the high sample rate of
fNIRS. We found that the right hemisphere reached its oxyhe-
moglobin concentration peak earlier during incongruent tasks.
Furthermore, our results showed that activity in the right in-
ferior parietal lobe (R-BA40) correlated with BP, suggesting its
crucial role in effectively evaluating sensorimotor information
from the contralateral hand and integrating it into the motor
plan in a way that can benefit performance.
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