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Abstract

Significance: This study is a preliminary step toward the identification of a noninvasive and
reliable tool for monitoring the presence and progress of gaiting dysfunctions.

Aim: We present the results of a pilot study for monitoring the motor cortex hemodynamic
response function (HRF) in freely walking subjects, with time-domain functional near-infrared
spectroscopy (TD fNIRS).

Approach: A compact and wearable single-channel TD fNIRS oximeter was employed. The
lower limb motor cortex area of three healthy subjects was monitored while performing two
different freely moving gaiting tasks: forward and backward walking.

Results: The time course of oxygenated and deoxygenated hemoglobin was measured during the
different walking tasks. Brain motor cortex hemodynamic activations have been analyzed
throughout an adaptive HRF fitting procedure, showing a greater involvement of motor area
in the backward walking task. By comparison with the HRF obtained in a finger-tapping task
performed in a still condition, we excluded any effect of motion artifacts in the gaiting tasks.

Conclusions: For the first time to our knowledge, the hemodynamic motor cortex response was
measured by TD fNIRS during natural, freely walking exercises. The cortical response during
forward and backward walking shows differences, possibly related to the diverse involvement of
the motor cortex in the two types of gaiting.
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1 Introduction

Gaiting is a natural skill, making humans able to move around in free space in upright position.
Almost 65% of people over 70 years old suffer from gait disorder and this issue is often linked
to neurological pathologies including Alzheimer’s, Parkinson’s, and multiple sclerosis.1,2 Falling
is a severe consequence of walking dysfunctions, frequent in elderly population.3 Other than
provoking injuries and physical debilitation, ambulatory difficulties lead to psychological prob-
lems such as depression or fear of falling.4 Gaiting disorders and related issues involve more than
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1% of the total expenses for the health care system in the USA.5 Although this phenomenon has
been widely studied,1 a satisfactory understanding of neuronal and cerebral hemodynamic proc-
esses occurring during a gaiting task is still lacking. Studies have been performed by functional
magnetic resonance imaging (fMRI) and positron emission tomography (PET) on brain activa-
tions during imaginary walking tasks, the only way to simulate gaiting due to the severe move-
ment limitations of these techniques. Less can be found on brain hemodynamic monitoring
during real gaiting in ecological experimental conditions. Different fNIRS and fMRI studies
have shown how goal-directed locomotion, such as walking on assigned steps, given path-
lengths, or walking on a straight line (real or imagined), significantly affects prefrontal cortex
hemodynamics, reason why many experiments have monitored these areas. However, the
involvement of motor cortex areas and the comparison of goal-directed locomotion with the
more natural forward walking is not clear yet.

Functional near-infrared spectroscopy (fNIRS) is a promising technique for brain monitoring
in real-life settings. Being compact, non-invasive, and easy to use, it turns out to be a good
candidate for measurements on freely moving subjects. A good number of studies have been
performed with continuous wave (CW) fNIRS instrumentations on a wide variety of walking
tasks, focusing mainly on cognitive involvement in goal-oriented gaiting and prefrontal cortex
activation.6 However, some issues are weakening the reliability of CW-fNIRS measurements in
gaiting tasks, especially high sensitivity to motion artifacts and extra-cerebral hemodynamics.7

Time-domain (TD) fNIRS is less sensitive to motion artifacts and can decouple information from
extracerebral tissues and brain cortex more easily. Moreover, TD-fNIRS instrumentation yields
absolute quantitative information on oxygenated and deoxygenated hemoglobin, known to be
both needed to accurately detect functional brain activations.8

In this work, we used a wearable, single-channel, dual wavelengths (670 nm, 830 nm)
TD-fNIRS device9 aiming at a reliable recording of the cortical hemodynamics from the motor
area during gaiting tasks in natural conditions.

2 Materials and Methods

Three healthy male participants (age 30, 55, and 50 years) were included in this pilot study.
All subjects cooperated voluntarily and provided written informed consent to the procedures of
the study, which was approved by the Ethics Committee of Politecnico di Milano. The compact
TD-NIRS device9,10 has been mounted on a backpack custom support to be comfortably worn by
the subjects. The system was battery operated and, thanks to its lightweight (<2.5 kg) and remote
control via Wi-Fi, it was possible to ensure completely free motion to all the participants.

Subjects performed three different experiments: forward walking, backward walking, and
control (standstill). All measurements had the same structure consisting of five trials, lasting
60 s each: 20 s baseline with subjects standing and not moving, 20 s task with subjects walking
forward/walking backward/standing still, and 20 s recovery with subjects standing still [see
Fig. 1(a)].

At the end of the five repetitions, all subjects performed 20 s of extra recovery. The total
experiment lasted ∼20 min, including system setup for each volunteer. For what concerns the
data analysis, the 20 s recovery period in each repetition has been grouped with the 20 s baseline
period of the following repetition to enlarge the total recovery time and better appreciate the
full-time dynamic of the vascular response.

Probe positioning [see Fig. 1(b)] was selected based on previous works, such as Ref. 11, in
which motor imagery is used to study cortical activation in forward and backward gaiting. The
distance between the injection and the collection fibers on the optical probe was set to 30 mm.
The region of interest was the position C1 from the EEG 10/20 system: the probe was placed
with the source-detector line, parallel to the midline coronal plane, and was secured on the scalp
of participants with a black elastic bandage around the head, avoiding ears and eyes coverage.

The acquisition frequency was set to 1 Hz, with 500 ms integration time per wavelength.
To ensure a low intrinsic variation on the retrieved oxyhemoglobin (O2Hb) and deoxyhemo-
globin (HHb) concentrations, in detail lower than 1%, the acquisition count-rate was set to
about 106 photons per second.9 Data analysis was based on the convolved photon path-length
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method, which showed to be a good tool to decouple deep from shallow layers’ information in
TD-fNIRS.12 The mean values of absorption and reduced scattering coefficients in the baseline
period (μa;0, and μ 0

s;0, respectively) are obtained by fitting the average photon distribution of
time-of-flight (DTOF) with the solution of the diffusion equation for a semi-infinite homo-
geneous medium.13 Those values are then used to calculate the time-dependent mean partial
path-length in extra-cerebral and brain cortex layers, assuming an equivalent superficial
extra-cerebral optical thickness of 0.5 cm and dividing the DTOF curve in 10 consecutive
time-gates each with 400 ps width. All gates have been used for the analysis. It was then possible
to estimate the variation of the absorption coefficient (Δμa) in the two layers for each acquisition
time point t and to compute the absorption coefficient as μaðλ; tÞ ¼ μa;0ðλÞ þ Δμaðλ; tÞ.
Hemodynamic parameters can be retrieved by Beer’s law from the resulting μaðλ; tÞ, assuming
that O2Hb and HHb are the main chromophores contributing to absorption. Throughout an adap-
tive fitting procedure, inspired by the fNIRS study presented by Uga et al.,14 we retrieved the
hemodynamic response function (HRF) for O2Hb and HHb activations in both gaiting tasks. The
HRF is formed by the sum of two gamma functions with opposite sign, depending on the fol-
lowing parameters: the amplitude (AMP) and peak position with respect to the beginning of
the task (τp) of the first gamma function, the ratio (β) between the amplitude of the two gamma
functions, and the delay of the peak of the second gamma function (τd). Following the proce-
dures depicted in the study made by Uga et al.,14 β and τd parameters have been fixed to 1/6 and
10 s, respectively.

Even if in most cases a single repetition gave a sufficient contrast-to-noise ratio (CNR) on
O2Hb and HHb, the five repetitions were averaged for every exercise and every subject, to better
appreciate the corresponding HRF. In the analysis, error bars show the standard deviation over
the five repetitions and the black asterisks highlight the measurement points in which the varia-
tion (with respect to baseline values) is significant [interval-avlue ðpÞ < 0.05]. The p-value was
evaluated using the Welch’s t-test, or unequal variances t-test, to test the hypothesis that our two
populations had equal means. The expected canonical HRF shows an increase in O2Hb and
a decrease in HHb. The fitting results have been evaluated considering Pearson’s correlation
coefficient (R): R < 0.3 translates in weak correlation, 0.3 < R < 0.7 in moderate correlation
and R > 0.7 in high correlation.

To better understand the outcomes of the walking experiment, the results have been com-
pared to a standard motor exercise (finger tapping) with the same timing (20 s baseline, 20 s task,
20 s recovery) previously performed and presented in another work on the same three subjects.9

In this test, subjects were asked to sit on a chair and the probe was placed on the C3 position of
the 10/20 EEG system, probe positioning was contralateral with respect to the finger movement.

Fig. 1 (a) Sketch showing the experimental protocol used in the study. For each task (forward
walking, backward walking, and stand still), five repetitions have been performed. (b) The probe
was positioned following the electroencephalography (EEG) 10/20 map system and the position
was C1 in the motor cortex area.
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3 Results

As example raw data of one volunteer are shown in Fig. 2 for the three motor exercises: finger
tapping, forward walking, and backward walking. For each task, graphs show absolute concen-
trations of O2Hb (red) and HHb (blue) over the five repetitions. HRFs have been superimposed
to the raw data. We observe a canonical HRF (increase in O2Hb and a corresponding decrease of
HHb) for each task and nearly every repetition. The first repetition of the forward walking task
resulted in a lower activation intensity in all volunteers.

In all subjects, a substantial difference can be seen between the activation intensity related to
the forward walking task and the one related to the backward walking (see Fig. 3).

In particular, the average activation intensities for O2Hb (calculated between 20 and 50 s) of
backward walking task result almost doubled compared to those of the forward walking task.

Average (standard deviation) reconstructed optical properties in baseline conditions across
all subjects and experiments are: μa 670 nm ¼ 0.213 cm−1 (0.016), μa 830 nm ¼ 0.178 cm−1

(0.008), μs 0 670 nm ¼ 16 cm−1 (3), and μs
0 830 nm ¼ 12 cm−1 (1). Baseline values for sub-

ject 3 in the finger tapping protocol appears different from what was found in the other subjects.
Average baseline values where although confirmed in other three finger tappings experiments
performed by subject 3 the same day also after probe repositioning. We cannot exclude that such
variation occurred due to a concomitant effect of physiological variation of the subject and a
suboptimal probe positioning. No task-related activations have been revealed during the control
condition (see Fig. 4). The analysis method exploited in this study gave us the possibility to
retrieve separate information on the upper and lower layers of the probed medium. The hemo-
dynamic variations retrieved from extra-cerebral tissue (upper layer) and cerebral tissue (lower
layer) are reported in Fig. 4, in which the responses have been averaged on every subject and
every repetition. Extra-cerebral tissue did not show any task-related behavior either during
the motor tasks or in the control condition, whereas, as expected, we report significant average
activation during forward and backward walking tasks.

From Fig. 4, it is possible to ascertain that the retrieved activation is mainly a contribution
from the deeper layer, which is the cerebral cortex. On the other hand, when the subject is stand-
ing still there is no activation. In Figs. 2, 3, and 4, thicker lines show the HRF retrieved by fitting

Fig. 2 Time course of hemodynamic parameters in the three tasks for subject #3: (a) finger tap-
ping; (b) forward walking; and (c) backward walking. Data are for one subject and five repetitions.
Round dots represent raw data of O2Hb (red) and HHb (blue) absolute concentration. Thicker lines
show the fitted HRF for each repetition while gray shaded areas highlight the tasks’ periods.
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Fig. 4 Mean over three subjects, performing five repetitions of three different tasks (see columns):
standstill (control condition), forward walking, and backward walking. Round dots represent raw
data of O2Hb (red) and HHb (blue) absolute concentration in time. Thicker lines show the fitted
HRF for each repetition. Gray shaded areas highlight the task time periods, and shaded error bars
represent the standard deviation resulting from the five repetitions average and three different
subjects. Black asterisks are used to highlight significant activations (p < 0.05).

Fig. 3 Time courses of O2Hb (red) and HHb (blue) for the three different subjects during the three
different tasks. Plots report the mean (filled dots) and standard deviation (shaded area) over the
five repetitions for each time point. Black asterisks are used to highlight significant activations with
respect to the baseline (p < 0.05). Solid lines represent the result of the adaptive HRF fit over the
averaged repetitions.
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the raw data points of the hemodynamic parameters. The fitting method resulted more efficient in
the case of the finger-tapping motor task, showing higher Pearson’s correlation coefficient
(R ¼ 0.92 for finger tapping, R ¼ 0.78 for forward walking and R ¼ 0.80 for backward walk-
ing; averaged over the three subjects). As suggested by Fig. 3, the fitting looks less optimal in
case of forward and backward walking tasks, in which the activation seems prolonged in time
compared to the case of contralateral finger tapping. The HRF fit results suboptimal especially in
case of the HHb behavior in the gaiting tasks. Table 1 reports the mean HRF parameters for both
O2Hb and Hb resulting from the average of the subject’s activations in the three motor exercises.
From Table 1 it is possible to confirm that the amplitude (AMP) of the O2Hb response in back-
ward walking is significantly different (nearly double) compared to forward walking. The behav-
ior of HHb looks generally delayed in time, showing a larger delay (τp) for the HHb compared to
the O2Hb.

4 Discussion

Three male adults have been recruited to test the capability of a TD-NIRS portable instrument to
study motor cortex activation in forward and backward natural gaiting tasks. The time-courses of
absolute concentrations of O2Hb and HHb have been measured in intracerebral tissue. An adap-
tive HRF method has been applied to preliminary characterize the responses. Results from the
gaiting tasks are in good accordance with many studies performed with fMRI on motor imagery
of gaiting task.15–18 Motor imagery is known to be a reliable method to investigate cortical acti-
vations during locomotion within fMRI scanners, and studies have confirmed that similar and
identical brain areas are activated as if the movement was actually being performed. As it is
clearly depicted in Ref. 11, a wider area of supplementary motor area and primary motor cortex
supplementary motor area (SMA)/primary motor cortices (PM1) activates during imaginary
backward gaiting together with a more intense blood oxygenation level-dependent (BOLD) sig-
nal. Our study, in which the single-channel probe was placed close to the barycentre of the acti-
vation seen in Ref. 11, indicates that even in real gaiting tasks the activation is greater (almost
double) in case of backward walking. In the same work,11 an earlier decrease of the BOLD fMRI
signal was seen in case of forward walking, resulting in a shorter activation response to the
imaginary task. Comparable results were drawn from our measurements, where backward walk-
ing shows prolonged activation compared to forward gaiting for O2Hb concentration. Godde and
Voelcker-Rehage11 also showed that the barycentre of both imaginary gaiting tasks is ∼2.5-cm
deep, which is within our TD-NIRS system capabilities. Our results are in accordance with other
CW-fNIRS studies, even if performed in less natural and ecological environments.19

CW-fNIRS relies on measuring light attenuation and this is prone to artifacts due to poor or
loose coupling of the sensors with the scalp. Indeed a poor or loose coupling can change the
measured attenuation in a way that might not be distinguishable from a change induced by, e.g., a
functional activation. Noticeably, motion artifacts can be identified on the basis of the temporal
evolution of the NIRS signal, being the HRF rather slow, any fast or abrut change can be attrib-
uted to motion artifacts.7 On the contrary, a change due to poor or loose coupling of the probe
might be well tolerated by TD NIRS if it simply determines a change in the collected photon

Table 1 Resulting HRF parameters (AMP and τp) relative to motor exercises, averaged over
three healthy subjects. Variables are grouped for O2Hb and HHb. Parameters β and τd are fixed
to 1/6 and 10 s, respectively, according to Uga et al.14

Contralateral
finger tapping

Forward
walking

Backward
walking

O2Hb AMP (STD) (μM) 1.22 (0.28) 1.11 (0.51) 2.76 (0.76)

τp (STD) (s) 7.55 (0.36) 7.63 (3.66) 7.45 (1.47)

HHb AMP (STD) (μM) −0.40 (0.11) −0.33 (0.13) −0.49 (0.18)

τp (STD) (s) 8.59 (2.35) 18.71 (6.90) 19.15 (9.65)
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count rate. This change will affect in a similar way both early and late photons and by a proper
regression procedure it can be compensated. On the other hand, if the motion artifact is related
to stray laser light not passing trough the tissue, it will introduce a distortion in the DTOF
(e.g., early peak or time broadening) and it can be easily identified.

A detailed analysis of the neural circuitry and pathways responsible for the greater acti-
vation detected in the motor cortex during backward walking is outside the scope of the present
article. However, as a preliminary hypothesis, we emphasize that forward walking relies on
visual cues and involves the corticospinal tract20 with possible involvement of the pattern
generators in the brainstem. Backward walking, on the other hand, lacks visual directions,
requires increased consideration of proprioceptive signals, direct pyramidal control of muscle
coordination, and possibly suppression of extra-pyramidal activities and consequent motor
schemes.21 The net result of these latter actions may convey in an increased direct activity of
the motor cortex.

Nearly all subjects showed significant cerebral activation in every motor exercise. Only in the
case of subject 1, the average activation resulting from the forward walking protocol was not
strong enough to be considered significant. This could be due to the easiness of the proposed
exercise that could be performed mechanically and almost instinctively by the subject.

Many studies have been performed on the correlation between gaiting speed and motor
cortex activation intensities22,23 showing greater involvement of SMA and SM1 areas in case
of shorter stride-time.19 It was therefore our concern to keep the walking speed as constant
as possible to prevent additional variations related to different gaiting speeds in both tasks:
forward and backward gaiting. The preparatory phase was assessed to be determinant in pre-
frontal and SMA cortex hemodynamic before and during the gaiting task, showing increased
activations in case of presence of preparatory instructions.24 We, therefore, decided to have an
identical preparatory section in all the three protocols regarding forward walking, backward
walking, and control. Preparatory time consisted of 3 s, included in the baseline section,
in which the supervisor of the experiment counted backward from 3 to 1 and gave the start
command.

The main limitation of our study is the number of measured subjects, nevertheless, this issue
has been partially solved by the high CNR retrieved from the measurements, the high number of
task blocks taken into account (45 blocks, 15 per subject), and the presence of a control con-
dition. A further limitation can be addressed to the single-channel probe. Even if the target area
was specifically the lower limb motor cortex (the region around C1/C2 EEG 10-20 system), one
single channel limits the probability of positioning the probe in the right spot. In particular,
for the forward gaiting, in which a smaller brain region is expected to activate, it cannot be
excluded that the location of the probe was sub-optimal, causing a less efficient acquisition
of the hemodynamic variations. In future studies, more channels would ensure a more robust
positioning of the probe, and a wider cohort of subjects would lead to a complete characterization
of the HRF for backward and forward gaiting.

Most of the fNIRS studies involving gaiting tasks have been designed with the use of extra
mechanical equipment, such as treadmill,25 preventing the ecological environment that offers
natural waking. Moreover, to the best of our knowledge, no studies have yet applied TD-
fNIRS brain monitoring to freely walking subjects, probably due to lack of compact TD-
fNIRS devices. Nevertheless, such a technique could give great advantages to the removal
of moving artifacts. Compact, accurate, and reliable TD-fNIRS instrumentation could eventually
lead to the possibility of diagnosing gaiting pathologies or related neurological issues, with less
economic impact on the health system. In the future, diagnostic-oriented studies can eventually
focus on the activation variability that has been found in older adults, compared to younger ones,
for what concerns complex gaiting tasks. In fact, elderly individuals show less selective recruit-
ment of brain areas than younger.26 Stronger activations of sparse brain areas can suggest a lower
capability to appropriately address specific neuronal mechanisms.27 In such a population, and
also in neurological patients, it can be hypothesized that the difference in the activation between
the two studied tasks is lowered due to the recruitment of different zones limiting the implication
of the M1 area. A quantitative test, such as the one proposed in this study, can be a possible
diagnostic tool to evaluate the entity and evolution of those neurological pathologies that directly
affect stable gaiting.
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5 Conclusion

In this work, we used a wearable, single-channel TD-fNIRS device, developed at Politecnico di
Milano,9,10 for a pilot study on volunteers during forward and backward walking. The system
was mounted in a backpack configuration and proved to be rugged and reliable, allowing the
estimation of cortical hemodynamics from the motor area during gaiting tasks in natural con-
ditions. The cortical response was fitted to an HRF model, and different parameters were
obtained during forward and backward walking, possibly related to the diverse involvement
of the motor cortex in gaiting. Future work will be focused on increasing the number of channels
for mapping the motor cortex and on recording from healthy and pathological subjects.

Disclosures

M.L., M.B., A.D.M., F.Z., A.P, A.T., A.T., and D.C. are co-founders of pioNIRS s.r.l., a spin-off
company from Politecnico di Milano (Italy). Other authors declare that there are no conflicts of
interest related to this article.

Acknowledgments

This work has received funding from the European Union’s Horizon 2020 Research and
Innovation Programme under grant agreement No 688303 (“LUCA” project, which is an ini-
tiative of the Photonics Public-Private Partnership).

Code, Data, and Materials Availability

The data that support the findings of this study are available from the corresponding author,
D. Contini, upon reasonable request.

References

1. D. Hamacher et al., “Brain activity during walking: a systematic revie,” Neurosci. Biobehav.
Rev. 57, 310–327 (2015).

2. J. Verghese et al., “Epidemiology of gait disorders in community-residing older adults,”
J. Am. Geriatr. Soc. 54(2), 255–261 (2006).

3. J. Verghese et al., “Quantitative gait markers and incident fall risk in older adults,”
J. Gerontol.—Ser. A Biol. Sci. Med. Sci. 64(8), 896–901 (2009).

4. A. Kruse et al., Themenheft 10” Gesundheit im Alter, Robert Koch-Institut (2002).
5. S. Heinrich et al., “Cost of falls in old age: a systematic review,” Osteoporos. Int. 21(6),

891–902 (2010).
6. P. H. S. Pelicioni et al., “Prefrontal cortical activation measured by fNIRS during walking:

effects of age, disease and secondary task,” PeerJ 7(1), e6833 (2019).
7. S. Brigadoi et al., “Motion artifacts in functional near-infrared spectroscopy: a comparison

of motion correction techniques applied to real cognitive data,” Neuroimage 85(pt 1(0 1)),
181–191 (2014).

8. A. Torricelli et al., “Time domain functional NIRS imaging for human brain mapping,”
Neuroimage 85(1), 28–50 (2014).

9. M. Lacerenza et al., “Wearable and wireless time-domain near-infrared spectroscopy system
for brain and muscle hemodynamic monitoring,” Biomed. Opt. Express 11(10), 5934–5949
(2020).

10. M. Buttafava et al., “A compact two-wavelength time-domain NIRS system based on SiPM
and pulsed diode lasers,” IEEE Photonics J. 9(1), 1–14 (2017).

11. B. Godde and C. Voelcker-Rehage, “More automation and less cognitive control of imag-
ined walking movements in high- versus low-fit older adults,” Front. Aging Neurosci.
2(139), 1–13 (2010).

Lacerenza et al.: Monitoring the motor cortex hemodynamic response function. . .

Neurophotonics 015006-8 Jan–Mar 2021 • Vol. 8(1)

https://doi.org/10.1016/j.neubiorev.2015.08.002
https://doi.org/10.1016/j.neubiorev.2015.08.002
https://doi.org/10.1111/j.1532-5415.2005.00580.x
https://doi.org/10.1093/gerona/glp033
https://doi.org/10.1007/s00198-009-1100-1
https://doi.org/10.7717/peerj.6833
https://doi.org/10.1016/j.neuroimage.2013.04.082
https://doi.org/10.1016/j.neuroimage.2013.05.106
https://doi.org/10.1364/BOE.403327
https://doi.org/10.1109/JPHOT.2016.2632061
https://doi.org/10.3389/fnagi.2010.00139


12. L. Zucchelli et al., “Method for the discrimination of superficial and deep absorption
variations by time domain fNIRS,” Biomed. Opt. Express 4(12), 2893–2910 (2013).

13. R. Cubeddu et al., “Experimental test of theoretical models for time-resolved reflectance,”
Med. Phys. 23(9), 1625–1633 (1996).

14. M. Uga et al., “Optimizing the general linear model for functional near-infrared spectros-
copy: an adaptive hemodynamic response function approach,” Neurophotonics 1(1), 015004
(2014).

15. K. M. Stephan et al., “Functional anatomy of the mental representation of upper extremity
movements in healthy subjects,” J. Neurophysiol. 73(1), 373–386 (1995).

16. M. Lotze et al., “Activation of cortical and cerebellar motor areas during executed and imag-
ined hand movements: an fMRI study,” J. Cogn. Neurosci. 11(5), 491–501 (1999).

17. C. Sahyoun et al., “Towards an understanding of gait control: brain activation during the
anticipation, preparation and execution of foot movements,” Neuroimage 21(2), 568–575
(2004).

18. C. La Fougère et al., “Real versus imagined locomotion: a [18F]-FDG PET-fMRI compari-
son,” Neuroimage 50(4), 1589–1598 (2010).

19. M. J. Kurz, T. W. Wilson, and D. J. Arpin, “Stride-time variability and sensorimotor cortical
activation during walking,” Neuroimage 59(2), 1602–1607 (2012).

20. C. Capaday et al., “Studies on the corticospinal control of human walking. I. Responses
to focal transcranial magnetic stimulation of the motor cortex,” J. Neurophysiol. 81(1),
129–139 (1999).

21. R. de Oliveira-Souza, “The human extrapyramidal system,” Med. Hypotheses 79(6),
843–852 (2012).

22. K. Jahn et al., “Brain activation patterns during imagined stance and locomotion in func-
tional magnetic resonance imaging,” Neuroimage 22(4), 1722–1731 (2004).

23. C. Sauvage et al., “Brain areas involved in the control of speed during a motor sequence
of the foot: real movement versus mental imagery,” J. Neuroradiol. 40(4), 267–280 (2013).

24. M. Suzuki et al., “Activities in the frontal cortex and gait performance are modulated by
preparation. An fNIRS study,” Neuroimage 39(2), 600–607 (2008).

25. B. R. Groff et al., “Stride-time variability is related to sensorimotor cortical activation during
forward and backward walking,” Neurosci. Lett. 692(Sept. 2018), 150–158 (2019).

26. R. D. Seidler et al., “Motor control and aging: links to age-related brain structural, func-
tional, and biochemical effects,” Neurosci. Biobehav. Rev. 34(5), 721–733 (2010).

27. J. M. Logan et al., “Under-recruitment and nonselective recruitment: dissociable neural
mechanisms associated with aging,” Neuron 33(5), 827–840 (2002).

Michele Lacerenza received his MSc degree in physics engineering, nano-optics, and photonics
from Politecnico di Milano in 2018. He is now pursuing a PhD at the same institute. His doctoral
research involves hardware and software development for compact, wearable time-domain near-
Infrared spectroscopy (TD-NIRS) systems with applications in brain and tissue hemodynamic
analysis. He is cofounder of pioNIRS s.r.l. a start-up company with the aim of making TD-NIRS
accessible to the world. His backpack is filled with international experience, he has worked in
various countries around the world, including the US, UK, Europe, and South America.

Lorenzo Spinelli received his MS and PhD degrees in physics from University of Milan, Italy,
in 1994 and 1999, respectively. Since 1999 he has been a postdoc at Department of Physics at
University of Milan. In 2001 he became a researcher for the Italian Research National Council at
Institute of Photonics and Nanotechnologies. His research interests are devoted to the study of
photon migration in turbid media for optical biopsy and imaging.

Mauro Buttafava received his MSc degree in electronics engineering and his PhD in informa-
tion technology from the Politecnico di Milano in 2013 and 2017, respectively. He is currently a
postdoctoral researcher with the Department of Electronics, Information and Bioengineering,
Politecnico di Milano. His research activity focuses on design and characterization of time-
resolved, gated-mode single-photon counting systems. His expertise covers different applica-
tions in research, industrial, and biomedical fields: optical spectroscopy, time-of-flight imaging
and fluorescence microscopy.

Lacerenza et al.: Monitoring the motor cortex hemodynamic response function. . .

Neurophotonics 015006-9 Jan–Mar 2021 • Vol. 8(1)

https://doi.org/10.1364/BOE.4.002893
https://doi.org/10.1118/1.597739
https://doi.org/10.1117/1.NPh.1.1.015004
https://doi.org/10.1152/jn.1995.73.1.373
https://doi.org/10.1162/089892999563553
https://doi.org/10.1016/j.neuroimage.2003.09.065
https://doi.org/10.1016/j.neuroimage.2009.12.060
https://doi.org/10.1016/j.neuroimage.2011.08.084
https://doi.org/10.1152/jn.1999.81.1.129
https://doi.org/10.1016/j.mehy.2012.09.004
https://doi.org/10.1016/j.neuroimage.2004.05.017
https://doi.org/10.1016/j.neurad.2012.10.001
https://doi.org/10.1016/j.neuroimage.2007.08.044
https://doi.org/10.1016/j.neulet.2018.10.022
https://doi.org/10.1016/j.neubiorev.2009.10.005
https://doi.org/10.1016/S0896-6273(02)00612-8


Alberto Dalla Mora received his MS degree in electronics engineering and his PhD in
Information and Communication Technology from Politecnico di Milano, Italy, in 2006 and
2010, respectively. He is currently an associate professor at the Physics Department of
Politecnico di Milano. He has authored about 160 papers in international peer-reviewed journals
and conference proceedings. His research interests are mainly related to the development of inno-
vative time-resolved diffuse optics techniques and instrumentation for biomedical applications.

Franco Zappa is full professor at Department of Electronics of Politecnico di Milano (Italy),
where he received his MSEE degree in 1989 and the PhD in 1993. His research activities focus
on microelectronics and instrumentation for single-photon avalanche diode (SPAD) imagers and
applications. He has coauthored more than 270 papers published in peer-reviewed journals and
in proceedings of international conferences, 5 textbooks, and 8 patents.

Antonio Pifferi is full professor of physics at Politecnico di Milano, Department of Physics, and
director of the “Center for Ultrafast Science and Biomedical Optics” (CUSBO). His research
activity is focused on the study of photon propagation through diffusive media (diffuse optics)
using time-resolved techniques. Diffuse optics has been explored vertically–from basic research
up to exploitation of new application directions–and horizontally–covering diverse applications,
including optical mammography, functional brain imaging, food analysis, wood optics.

Alberto Tosi is an associate professor of electronics with the Politecnico di Milano, Italy, since
2014. He received his master’s degree in electronics engineering and his PhD in information
technology engineering from the Politecnico di Milano in 2001 and 2005, respectively. His
research interests are focused on silicon, InGaAs/InP and germanium single-photon avalanche
diodes (SPADs), including arrays for 2D and 3D applications, and time-correlated single-
photon counting electronics for a wide range of applications.

Bruno Cozzi is a professor of veterinary anatomy and head of the Department of Comparative
Biomedicine and Food Science at the University of Padova. He obtained his degree in Veterinary
Medicine in 1980 (Milan) and his PhD (Health Sciences) in 1993 (Copenhagen). Over 100 of his
papers on the functional neuroanatomy of large herbivores, marine mammals, and man appear in
PubMed. His books have been written or translated into Italian, English, German and Japanese.

Alessandro Torricelli is a full professor at the Department of Physics, Politecnico di Milano
(Italy). He received his MS degree in electronic engineering from Politecnico di Milano in 1994,
and his PhD in physics from Politecnico di Torino in 1999. He is the author of more than 100
papers in international peer-reviewed journals. His current research interests include photon
migration in diffusive media, functional near-infrared spectroscopy, and noninvasive diffuse
spectroscopy with time domain systems.

Davide Contini received his MS degree in electronic engineering and his PhD in physics from
Politecnico di Milano in 2004 and 2007, respectively. He is an associate professor in the
Department of Physics, Politecnico di Milano, Italy. He is the author of more than 200 papers
in international peer-reviewed journals and conference proceedings. His research activity is
focused on time-resolved spectroscopy of highly diffusive media for applications in biology
and medicine.

Lacerenza et al.: Monitoring the motor cortex hemodynamic response function. . .

Neurophotonics 015006-10 Jan–Mar 2021 • Vol. 8(1)


