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Non-Invasive Functional Evaluation of the
Human Spinal Cord by Assessing the
Peri-Spinal Neurovascular Network
With Near Infrared Spectroscopy

Felipe Valenzuela, Mohit Rana, Ranganatha Sitaram, Sergio Uribe , and Antonio Eblen-Zajjur

Abstract— Current medical care lacks an effective
functional evaluation for the spinal cord. Magnetic res-
onance imaging and computed tomography mainly pro-
vide structural information of the spinal cord, while spinal
somatosensory evoked potentials are limited by a low signal
to noise ratio. We developed a non-invasive approach based
on near-infrared spectroscopy in dual-wavelength (760 and
850 nm for deoxy- or oxyhemoglobin respectively) to record
the neurovascular response (NVR) of the peri-spinal vascu-
lar network at the 7th cervical and 10th thoracic vertebral
levels of the spinal cord, triggered by unilateral median
nerve electrical stimulation (square pulse, 5-10 mA, 5 ms,
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1 pulse every 4 minutes) at the wrist. Amplitude, rise-time,
and duration of NVR were characterized in 20 healthy par-
ticipants. A single, painless stimulus was able to elicit a
high signal-to-noise ratio and multi-segmental NVR (mainly
from Oxyhemoglobin) with a fast rise time of 6.18 [4.4-10.4]
seconds (median [Percentile 25-75]) followed by a slow
decay phase for about 30 seconds toward the baseline.
Cervical NVR was earlier and larger than thoracic and no
left/right asymmetry was detected. Stimulus intensity/NVR
amplitude fitted to a 2nd order function.The characterization
and feasibility of the peri-spinal NVR strongly support the
potential clinical applications for a functional assessment
of spinal cord lesions.

Index Terms— fNIRS, functional test, nerve stimulation,
neuro-vascular coupling, neuro-vascular response, spinal
cord.

I. INTRODUCTION

THE spinal cord is a frequent target of traumatic, degenera-
tive, tumoral, compressive, or vascular lesions, but is also

involved in neuropathic pain [1]. Every year, up to 500,000
people suffer a spinal cord injury, affecting the most productive
ages of life [1], additionally, up to half of the adult population
suffers symptomatic spinal hernia [2]. Currently, there is a
relative lack of functional assessment of the spinal cord which
contrasts to the well-developed structural evaluation by Mag-
netic Resonance Imaging (MRI) or Computed Tomography
techniques [3]. Functional MRI (fMRI) that measure the Blood
Oxygenation Level-Dependent signal (BOLD), arterial spin
labeling, and diffusion-weighted imaging, have been success-
fully used to detect brain cortical activation areas associated
with cognitive, sensory, or motor activity. However, the clinical
application of these techniques to the spinal cord remains
challenging due to the small cross-section areas, strong motion
artifacts, low signal-to-noise ratio, and inhomogeneities pro-
duced in areas near the spinal cord [4]–[11]. The spinal cord
BOLD signal activation has been recorded at the correspond-
ing spinal segment applying peripheral sensory stimulation in
noxious intensity ranges [5], [7] or by long-lasting finger-
tapping motor tasks [6]. Despite these paradigms, resulting
BOLD signals showed low amplitudes compared with the
baseline signal [5], [7]. Recent developments are gradually
overcoming these challenges and increasing the potential clin-
ical applications [8]–[11].
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A functional evaluation of the spinal cord can be per-
formed using motor (MEP), somato-sensory (SEP), and spinal
evoked potentials (SSEP), giving relevant information about
spinal inter-neuronal electrical response [12]. However, SSEP
recorded from skin electrodes shows a low signal-to-noise
ratio, requiring several (>500) stimuli for signal averag-
ing [12]–[14]. Nevertheless, such stimulation increases the
risk for potentiation, sensibilization [13]–[14], discomfort,
or pain [12]. Invasive electrodes placed directly at the spinal
cord result in a better signal-to-noise-ratio, but reduces its
clinical use to monitoring the spinal cord during surgery [15].
Focal spinal lesion associated with mild symptoms like pares-
thesia or paresis, generally shows few SSEP signs, if any [12].

Brain Functional Near-Infrared Spectroscopy (fNIRS) uses
the propagation of the infrared light through tissues until the
brain cortex undergoing absorption mainly induced by oxyhe-
moglobin (HbO2) and deoxyhemoglobin (Hb) [16]. Increased
neuronal activity is linked to regional vasodilation, augmented
blood flow, and changes of HbO2 and Hb concentrations
recorded by fNIRS [17], [18].

Animal studies in which fNIRS have been applied inva-
sively, support the notion that this technique could be relevant
for spinal cord monitoring during regional surgery, detection of
spinal cord injuries, and to follow up therapeutic interventions
for spinal lesions [19]. Even more, human intraoperative
studies suggest that the spinal neurovascular response (NVR)
is modified by spinal cord ischemia supporting its use for
human spinal cord monitoring [15].

In this work, we hypothesized that the electrical stimulation
of a peripheral nerve will induce an increased neuronal activity
at the spinal dorsal horn (SDH) triggering a vasodilation
that spreads from the spinal cord to the peri-spinal vascular
network [15], allowing a non-invasive fNIRS system to detect
HbO2 and Hb changes as a part of the NVR that could be
used as an evaluation and monitoring of the human spinal
cord function.

II. METHOD

A. Participant Recruitment

The experimental protocol was approved by the ethics
committee at Pontificia Universidad Católica de Chile (PUC-
170914003, 2017). The study involved apparently healthy
participants after their written informed consent. A total of 20
healthy participants agreed to be included in the study, gen-
der distribution was 6 females (30%) and 14 males (70%),
with an age range from 22 to 57 years old (26 [25-28.7];
median [25-75 Percentiles]). Body mass index (BMI) range
was from 21 to 30 (26.03 [22.7-27.3]).

B. Device for Recording the Spinal NVR Triggered by
Electrical Stimulation of the Median Nerve

Spinal NVR was triggered by electrical stimulation of the
left median nerve, using a bipolar transcutaneous electrical
stimulator (WPI-A310™; cathode proximal and 3 cm from
anode) applied on the skin using electroconductive gel, over
the nerve at the wrist medial midline (Fig. 1 left). The ground
electrode was placed at the dorsal face midpoint of the same

Fig. 1. Non-invasive placement of the optodes at C7 and T10 levels
(right side). E1 and E2: cervical and thoracic infrared sources placed
at spinous process of C7 and T10 respectively; D1and D2: left and
right infrared cervical detectors at 4.5 cm each from the emitter;
D3 and D4: left and right infrared thoracic detectors at 4.5 cm each from
emitter. Left: Peripheral median nerve electrical stimulation site at the
wrist using a bipolar skin surface electrode (cathode proximal; separated
3cm from the anode).

forearm. Each electrical stimulus had a constant current that
ranged from 5 to 10 mA, and a duration of 5 ms monophasic
square pulse. The pulse duration was selected after a system-
atic test of a 0.1 to 5 ms range to achieve just the maximal
NVR amplitude. These stimulus characteristics induce a clear
but painless sensation and a low to moderate medial fingers
jerk.

Stimulus intensity of up to 3 times the sensory threshold
was able to elicit adequate spinal NVR, which is similar
to the stimulus intensities used for somatosensory evoked
potentials. Since stimulating intensities in the order of 10 mA
could be uncomfortable to some participants, all of them were
informed about this possibility and a visual analog scale for
pain intensity was obtained.

C. Positioning Vertebral Optodes

Simultaneous NVR from two different spinal cord regions
elicited by the same stimuli were studied. Signals from the sur-
rounding tissues at the cervical and lumbar level were recorded
by placing optodes holders at the vertebral spinous process
of the C7 and T10 respectively using clinical non-allergic
adhesive strips over isopropyl alcohol cleaned skin. These
optode locations were selected because of their close location
to spinal cord sensory cervical and lumbar enlargements
(Fig. 1 right) that means that in the present study the NVR
recorded at T10 will be reported as lumbar to match spinal
cord segment. At each level, the source optode was placed at
the midline position (E1 and E2, Fig. 1 right) with a detector
optode on both sides (D1 and D2 for cervical, D3, and D4 for
thoracic levels, Fig. 1 right). In all cases, the source-detector
separation was fixed at 4.5 cm. This distance was found to
give the deepest recorded NIR signal at the best signal-to-
noise-ratio based on the different emitter-detector distances
from 1 to 6 cm in 5 mm steps that were tested, shorter or
larger than this distance resulted in a significant reduction of
the recorded NVR amplitude. Special optode holders placed
at the patient’s back were designed and 3D-printed. The result
was two types of holders: the cervical holder able to hold
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three optodes horizontally (one emitter and two detectors), and
three individual optode holders for the thoracic level (Fig. 1
right). The detailed description of the entire device can be
found in a recent patent application [20]. Magnetic resonance
imaging of the vertebral column, using T1, T2, and STIR
MRI sequences were acquired in 3 participants to confirm the
correct anatomical placement of the optodes, considering the
thickness of vertebral structures, amount of adipose tissue, and
musculature.

D. fNIRS Data Acquisition

Spinal NVRs were recorded using a commercially avail-
able fNIRS device (NIRx Optical Neuroimaging System™,
Germany) designed for brain fNIRS and based on a continuous
wave technology. The system uses a time-multiplexed method
to combine sources and detectors without interference, with
dual wavelengths of 760 nm and 850 nm i.e., under and above
hemoglobin spectral isosbestic point within <1 pW sensitivity.

E. Experimental Setup

Each volunteer was informed about the test, then instructed
to lie down in a prone position on a massage bed with the face
inside the window of the bed in a quiet room and dimmed
lighting. The optode holders were placed as described above.
In 4 patients, small diameter adhesive electrodes for elec-
tromyographic (EMG) recording were also placed at the skin
close to detection optodes. In 3 other participants, the optodes
were placed horizontally over the ipsilateral subscapular area
for fNIRS recording far away from the spinal cord.

F. Experimental Protocol

Three protocols were used to characterize the NVR to
peripheral electrical nerve stimulation: a) Intensity-Response
relationship: Three stimuli at 5, 7.5, or 10 mA intensities
respectively were applied with a 4 minutes interstimulus
interval (ISI); b) Long inter-stimulus interval (Long-ISI): A
sequence of three stimuli at 10 mA intensity was given with
4 minutes of ISI. This low-frequency stimulation was selected
to prevent spinal cord phenomena related to potentiation,
habituation, or refractoriness; c) Short inter-stimulus interval
(Short-ISI): To evaluate the possible link between spinal trig-
gered NVR to peripheral nerve stimulation and spinal phenom-
ena related to potentiation, habituation, or refractoriness, five
stimuli were applied separated by 1 minute. At the end of each
protocol, participants were asked to quantify the subjective
intensity of stimulation by using the visual analog scale (VAS).

G. Data Processing and Analysis

Raw optical density values for each experiment were saved
in plain text files for further offline processing: a) Filtering:
The stimulus flag was used as a start mark for the time series
analysis. A shift-invariant 6-th order IIR-Butterworth filter
with cut frequencies at 0.2 Hz, in both the forward and reverse
directions, based on 31.25 Hz sampling rate, was applied to
get rid of low-frequency signals, and some attenuation for
high-frequency signals. Four level wavelet denoising was used

to filter the remaining noise. Finally, the detrending of the
data was applied to remove the effects of any systematic drift
and, b) Reconstruction and normalization: Filtered raw optical
intensities were processed using the modified Beer-Lambert
law (MBLL) to obtain HbO2 and Hb concentrations expressed
in mmol·L−1. The signal from each source-detector pair was
reconstructed separately. The four signals (Left/Right/C7/T10)
were normalized and centered around the mean of the baseline
one second before the stimulus.

H. Quantitative and Statistical Analysis

NVR was continuously recorded; a stimulus flag was used
to analyze the NVR wave quantitatively. The NVR was
characterized by its rise time (from stimulus flag to maxi-
mal peak), peak amplitude, and duration (full width at half-
maximum [FWHM]), and described using distribution-free
statistics. A mixed statistical model including both, the fixed
but also random effects were assumed. A comparison of two
groups was performed using a paired, non-parametric, two-
tailed Mann-Whitney U test (MW). Linear and non-linear
regressions were estimated between stimulus intensity and
NVR parameters. Spearman non-parametric rank-order corre-
lation coefficient rs was calculated for BMI and spinal fNIRS
parameters but also for these parameters and stimulus intensity
values. The significance level was set at p < 0.05 for all tests.

III. STUDY RESULTS

A. General Characteristics of Nerve Stimulation
Induced-Spinal NVR

A single electrical pulse (5 to 10 mA) applied unilaterally
to the median nerve elicited a full NVR at both (C7 and T10)
levels. In the majority of the participants, maximal stimulus
intensity (10mA) was able to induce a light distal jerk of 1
to 3 median fingers. VAS value was 2 [2-3.75] (median
[25-75 percentile]) for a 0 to 10 scale, only one (1/20) patient
reported the 10 mA stimulation for VAS = 7.

An average from 3 NVR (Fig. 2) shows a robust response
with low dispersion. The onset of the NIRS signal occurs
after about 3 seconds delay showing a fast rise time of 6.18
[4.4-10.4] seconds (median [Percentile 25-75]) followed by a
slow decay phase for about 30 seconds toward the baseline.
This was observed for the HbO2, but about one order of
magnitude lower for the Hb (Fig. 2), therefore the subsequent
statistical analysis was performed for the HbO2 exclusively.
The average NVR from the 20 healthy participants obtained
from the long-ISI protocol is presented in Fig. 2. Cervical
responses show higher HbO2 concentration values (+7.95%
p<0.01; Table I, Figs. 2 and 3) and shorter rise time than
thoracic responses (−17.0%; p<0.01; Table I, Figs. 2 and 3).

B. Absence of Left/Right Spinal NVR Asymmetry in
Normal Participants

Although the spinal cord NVR were elicited by unilat-
eral (left) median nerve stimulation, comparison between
left and right responses (Table II and Fig. 2) did not show
significant differences in amplitude at C7 nor T10, in rise
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Fig. 2. Spinal NVR from 20 different healthy participants, elicited by
left median nerve electrical stimulation applied at time 0. Curves are
averaged responses (n=3 from each volunteer). HbO2 responses are
higher than the near-zero Hb responses. Upper panel: patterns from
Left/Right and C7/T10 recording sites. No significant difference was
detected between Left/Right values neither at C7 nor T10. Lower panel:
Left/Right pooled data to compare C7 and T10 recording sites. HbO2
C7 amplitude was significantly higher than the T10 value. No significant
differences were found among Hb responses from C7 and T10. Curves
are median (colored) with 25-75 percentiles (grey).

time at C7 nor T10, and in the duration of the response at
C7 nor T10. After these results, left/right side measurements
were pooled together and n measurement values were 40.

C. Nerve Stimulation-Induced Spinal NVR Did Not
Depend on Local Muscular Activity nor Vascular
Skin Response

Spinal NVR at C7 level was simultaneously recorded with
EMG activity using surface electrodes placed in close contact
to the fNIRS detector optodes at the medial upper area of
the trapezius, rhomboid minor, and lower area of splenius
capitis muscles. No local EMG activity was observed by the
peripheral median nerve electrical stimulation, either by a

TABLE I
DIFFERENTIAL NVR BETWEEN CERVICAL (C7) AND THORACIC (T10)
FOR AMPLITUDE, RISE TIME, AND DURATION (FWHM) PARAMETERS

OF SPINAL RECORDED NIRS SIGNALS INDUCED BY LEFT

MEDIAN NERVE ELECTRICAL STIMULATION

TABLE II
SPINAL LEFT/RIGHT RECORDINGS COMPARISON OF SPINAL CERVICAL

(C7) AND THORACIC (T10) NVR ELICIT BY LEFT UNILATERAL MEDIAN

NERVE ELECTRICAL STIMULATION FOR AMPLITUDE, RISE TIME,
AND DURATION (FWHM) PARAMETERS

single pulse at the highest verified intensity (10 mA; Fig. 4) or
with trains of 7, 13, or 25 pulses applied at 5Hz (Fig. 4). Even
voluntary contractions strong enough to extend the neck over
the horizontal line did not induce significant fNIRS changes
(Fig. 4). Optodes array placed at the ipsilateral subscapular
area were able to detect heartbeats but not any vascular
response to the maximal intensity i.e., 10 mA of repeated
median nerve stimulation during long-ISI protocol (Fig. 5).

D. Influence of Body Mass Index on NVR Values

Correlation analysis between BMI and NVR parameters
showed non-significant association under our experimental
setup, for NVR amplitude (rs=0.05; p>0.05); rise time
(rs=0.1; p>0.05) or duration (rs=0.07; p>0.05).

E. Peripheral Nerve Long- and Short-ISIs Modify
Spinal NVR

Increased stimulation frequency from one pulse every
4 minutes to one pulse per minute reduced NVR amplitude
at the cervical level (−8.4%, p < 0.05) but not at the thoracic
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Fig. 3. Median (center horizontal lines inside the box), 25-75 per-
centiles (box) and minimal and maximal values (whiskers) for relative
amplitude, rise time and duration (full width at half-maximum: FWHM) of
NVR recorded at C7 and T10, triggered by long- or short-inter-stimulus
interval electrical stimulation at the left median nerve. ∗∗∗ = p < 0.001;∗∗ = p < 0.01; ∗ = p < 0.05; n.s. = non-significant.

level (Table III and Fig. 3). The rise time of the NVR did
not change at the cervical level, but it did at the thoracic level
and was shorter than that observed during short-ISIs (−13.3%,
Table III and Fig. 3). The duration of spinal NVR shows a
reduction by 21.4% at the cervical level and a reduction by

Fig. 4. Spinal NVR at C7 level simultaneously recorded with surface
electromyography (EMG) from medial upper area of the trapezius. The
trapezius EMG activity subjacent to the cervical optodes was recorded
before and after median nerve single electrical pulse stimulation (traces a
to c). Stimulus artifact is marked as S. Three different stimulus intensities
were tested i.e., 5 (trace a), 7.5 (trace b), and 10 mA (trace c). None of
these stimuli was able to induce EMG activity. Even a train of 7, 13, or 25
electrical pulses at 5 Hz (trace d) applied to the median nerve at the wrist
was not able to activate EMG activity close to fNIRS optode. Voluntary
contractions of extensor muscles of the neck were recorded by EMG in
the same volunteer (trace e) showing no correlation between NVR and
EMG even during maximal voluntary neck extension.

TABLE III
EFFECT OF PERIPHERAL MEDIAN NERVE SHORT-ISIS ON SPINAL

NVR FOR AMPLITUDE, RISE TIME, AND DURATION (FWHM)

21.8% at the thoracic level for long-ISIs values (Table III and
Fig. 3). No left/right asymmetries were found during short-
ISIs stimulation.
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Fig. 5. fNIRS signals recorded at ipsilateral subscapular area during left median nerve electrical stimulation at the wrist. HbO2 (red) and Hb (blue)
concentrations (µM) are shown. Black vertical flags correspond to three single, 5 ms, 10 mA square electrical pulses applied to the median nerve at
1 pulse every 4 minutes following long-ISI protocol. Background activity shows heartbeats within oscillations of the baseline. None of these stimuli
was able to induce neither skin nor muscle vascular responses.

TABLE IV
STIMULUS INTENSITY-SPINAL NVR RELATIONSHIPS FOR AMPLITUDE

(N.U.), RISE TIME (S), AND DURATION (FWHM IN SECONDS)
PARAMETERS OF CERVICAL AND THORACIC NIRS SIGNALS

ELICITED BY LEFT MEDIAN NERVE ELECTRICAL STIMULATION

F. The Stimulus Intensity-Response Relationship Follows
a Second-Order Function

Progressive increases in the stimulation intensity of the
median nerve induced an increase in the amplitude and dura-
tion of the spinal NVR recorded at both cervical and thoracic
levels but, non-significant changes were detected for the rise
time at any recorded place (Table IV and Fig. 6). A nonlinear
second-order relationship for amplitude and duration variables
was observed for NVR to increasing stimulus intensity (Fig. 6
and Table IV for curve fitting values). The maximum stim-
ulus intensity tested (10 mA) did not reach the amplitude
plateau for the cervical NVR in contrast to the thoracic
response (Fig. 6).

IV. DISCUSSION

A. General Findings

In the present study, the spinal NVR triggered by the
unilateral median nerve electrical stimulation was recorded
in 20 healthy participants for the first time, by a non-invasive
fNIRS system. A single electrical pulse applied unilaterally
to the median nerve was able to elicit a full NVR at both

Fig. 6. Stimulus intensity-NVR relationship obtained from cervical
(C7; red) and thoracic (T10; blue) spinal recording sites and median
nerve electrical stimulation at Low (5mA), Medium (7.5 mA), or High
(10 mA) currents. Median and 25-75 percentiles (left) and jitter
diagrams (right) for amplitude, rise time, and full wave at half
maximum (FWHM) duration parameters. See Table IV for correla-
tion/regression analysis. Only significant curve fitting functions are shown
(p < 0.05).

C7 and T10) mainly based on HbO2 signal, returning to
baseline values after around 30 seconds. The recorded spinal
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NVR did not depend on local muscular activity. No left/right
asymmetry was found for spinal NVR in healthy participants,
with larger amplitude at cervical compared to the thoracic
spinal level. The amplitude of Spinal NVR depends on the
intensity and frequency of the nerve stimulation. The higher
amplitude of the HbO2 over the Hb signal agrees with those
reports where brain cortex HbO2 values are circa 33% larger
than Hb [21].

B. Characteristics of the Peri-Spinal NVR Triggered by
Peripheral Nerve Stimulation

Median nerve stimulation activates mainly C7 to C8 seg-
ments of the spinal dorsal horn. The incoming afferent volleys
along the spinal root, SDH inter-neuronal activity, and the
primary afferent depolarization processes take place leading
to neuronal synchronization [22]–[24]. We apply pulse width
longer than nerve chronaxie to reduce the impact of overlap-
ping factors such as skin resistance, amount of subcutaneous
fat, edema, inflammation, ischemia but also nerve degeneration
or denervation, which affect the nerve excitability and the
spinal cord input. This pulse duration minimizes stimulus
power at the threshold, and distribute the stimulus more homo-
geneously for short to large fibers [25]. During preliminary
tests, 1 ms pulse fails to induce spinal NVR in more than
75% of the cases.

C. Neuro-Vascular Coupling in the Spinal Cord

Spinal dorsal horn sensory neurons show strong synchro-
nous discharges induced by common inputs from primary
afferents [22]. The nerve stimulation increases spinal neu-
ronal metabolism, enzymatic activity and oxygen consump-
tion [26], [27]. Neurons release glutamate which activates
astrocytic mGluR2/3/5 receptors [28], arachidonic acid cas-
cade [13], [28]–[30], cyclooxygenases (COXs) activity and E2
prostaglandin release inducing local vasodilation and increased
regional blood flow.

Vasodilation spreads throughout the peri-spinal vascular net
by the smooth muscle functional syncytium and gap junc-
tions [28]–[30], [31] to both up- and downstream directions
from the active regions [32], [33]. The spinal cord is localized
about 5-6 cm depth from the skin and the penetration depth
of the fNIRS implemented is about 2-2.5 cm [34]. This fact
strongly supports the notion that the main source of the
recorded fNIRS signal is the more superficially spreading
peri-spinal NVR [15] consequence of the activation of the
spinal cord through the electrical stimulation of the peripheral
nerve. Furthermore, we demonstrated that even during the
local neck and upper back muscle tonic or phasic contractions
tested by EMG were unable to trigger deep fNIRS responses.
Contribution of the skin and nearby muscle activity to the
fNIRS signals would be marginal. The contribution of the
tissular fat to the NVR signal was indirectly tested applying
correlation analysis between BMI and NVR parameters, i.e.,
rise time, amplitude, or duration, showing non-significant
association under our experimental setup. Therefore, adipose
tissue and bone had negligible effects in the recorded spinal
NVR.

D. Other Potential Source of NVR

Sympathetic Skin Response has been reported to participate
in brain fNIRS responses [35] however, such contribution is
generated by noxious stimulation (VAS≥7/10) which triggers
both superficial skin (detected by shortly separated optodes)
and brain response (recorded by long separated optodes).
Our experimental setup applies non-noxious stimulation which
excludes sympathetic skin responses but additionally, the
long emitter-detector distance (4.5 cm) mainly detects signals
deeper beyond the skin [34] reducing drastically the signal
contribution from the skin.

Noxious mechanical stimulation of the skin can induce an
increase of the spinal cord blood flow by increased arterial
blood pressure and by spinal cord neuronal activation [36]
but, spinal NVR reflect neuronal activity even when large
fluctuations in blood pressure occur [37]. The median nerve
electrical stimulation was self-reported as painless, addition-
ally, our stimulation protocol was unable to increase the mean
blood pressure.

E. No Left/Right Peri-Spinal NVR in Healthy Subjects

The spinal NVR spreads bilaterally despite the unilateral
median nerve stimulation, with no statistical difference in
amplitude, rise time, and duration when recorded at either
side of the same vertebral level. Several explanations should
be considered. The first, the functional syncytium of the
peri-spinal vascular net (vide supra), the second, the well-
known inter-spinal dorsal horn connections through arcuate
fibers [13], the third, long temporal curse of NVR but, the
fourth, potential side asymmetry of the NVR in patients
with hemi-section or other unilateral spinal lesions could be
expected.

F. Multi-Segmental NVR

The fact that median nerve stimulation elicits the NVR
at cervical but also lumbar levels, can be explained by the
spinal intersegmental modulation but also by the intraspinal
and supraspinal connectivity [13], [24], [38]. The tonic
descending modulation originated at supraspinal structures
such as periaqueductal gray, locus coeruleus, rostroventral
brainstem [13], [39] is a well-known source of all spinal
segment afferences whose modulation could be changed by
non-noxious stimulation [40].

Descending diffuse noxious inhibitory controls (DNIC)
from the brainstem reticular formation [40] as well other
spinal intersegmental modulations [13], [24], [38], should
not be involved because the stimulus intensity should be
in the noxious range to trigger the modulation. Experi-
mental data showed that electrical stimulation of the oral
trigeminal area with cervical input, induces robust cord
dorsum evoked potentials at the lumbar segment [41] and
modification of lumbar reflex [42]. All these facts support
the notion of a multiple, simultaneous (excitatory but also
inhibitory) and dynamic descending modulation to all spinal
segments [5], [39] with stimulus-induced changes, even to
non-noxious stimulation [43] potentially involved in the spinal
NVR recorded in the present study at cervical and thoracic
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levels to match the sensory enlargements of the spinal cord,
however, other vertebral levels in between, display similar
NVR to the median nerve electrical stimulation (data not
shown).

Previous studies have shown that stimulus increased syn-
chronization of SDH neuronal activity and spinal multi-
segmental modulation [13], [14], [24], [38] which is exerted
by a longitudinally, bilaterally ensemble of functionally inter-
connected spinal neurons leading to a sensory modulation of
the information transmitted by afferents to other segmental and
supraspinal networks [22]–[24], [40], [44].

The spinal evoked potentials directly measure post-synaptic
dorsal horn potentials [13], [22], [24], [38] on the other hand,
fNIRS measures not only the dorsal horn response but also the
neurovascular coupling process which are involved in several
pathological processes.

The current optodes placement was chosen to increase
potential detection of NVR asymmetry induced by unilateral
spinal lesion i.e., traumatic hemi-section, unilateral compres-
sion, side gradient lesion, etc. We are currently testing different
optodes arrays i.e., linearly vertical, rhomboidal with emitters
at vertical vertices, etc., each of them could show differential
sensitivity to the lesion location.

G. Short-ISI Stimulation Induces Reduction of the
Peri-Spinal NVR

Spinal phenomena such as long-term depression (LTD) [45]
is induced by lower neuronal depolarization, lower intracellu-
lar calcium increases, and lower stimulation frequency [45]
than those required to induce long term potentiation
(LTP) [13], [40]. It is well known that both LTD and LPT
phenomena can be exhibited by SDH neurons which receive
primary afferent synapses [13], [45], and that low-frequency
stimulation i.e., 1 Hz, can induce LTD in neurons from
the superficial SDH neurons [45]. The fact that increased
stimulation frequency induced a reduction of duration at C7
and T10 levels, rise-time at T10, and amplitude at C7 of the
NVR support the notion for the existence of LTD influencing
the NVR.

H. Spinal Cord Descending Modulation

The longer rise time at T10 than at C7 can be explained
by the fact that the median nerve stimulation activates a
cervical, supraspinal, and descending spinal loop with diffuse
modulatory effect [39] but requiring more time to reach the
thoracic level. On the short-ISI protocol, we did not see this
difference (Fig. 5) suggesting that the system, if excited too
often, becomes potentiated in its responses. Similar behavior
had been reported in cortex fNIRS of infants [35]. In contrast,
the duration of spinal NVR is about the same for C7 and T10.
This suggests that the response is stereotypically homogeneous
at different metameres. In this regard, the decay phase of the
spinal NVR was longer than the rise time which strongly
suggests that: 1) a gradual reduction in the neuronal activity
has occurred; 2) the return of neuronal and glial intracellular
calcium to the rest concentration [28], [29] and, 3) a washout

effect that reduces gradually the peri-vascular concentration of
vasodilator agents has occurred.

I. Stimulus Intensity-Response Relationship

The amplitude of the NVR is directly related to the intensity
of the stimulus. For spinal evoked potentials this phenomenon
is well known [13], [14]. NVR amplitude was fitted to a
logarithmic function showing a slowing down of the response
at high stimulation intensity. This result agrees to the report
that the BOLD response in the spinal cord shows linear
properties for long-lasting stimuli duration (at least 21 s),
whereas, for shorter stimulations, the amplitude of the signal
differs from the linear model [6]. Similar nonlinearity has been
reported in the brain to be generated from the neurovascular
coupling process where a saturation of the neuronal activity on
cerebral blood flow changes [6]. The fact that the maximum
stimulus intensity tested (10 mA) was unable to reach a
plateau for the cervical NVR could be due to the non-noxious
intensity of the stimulation as shown a mean VAS value
lower than 2.6/10. Higher stimulation intensities in the noxious
range or long-lasting stimulation, probably will reach the
amplitude plateau of the spinal NVR in a similar way as
shown in fNIRS [6] electrophysiological [13], [14] but also by
MRI-BOLD [5], [6], [7] techniques.

J. Spinal Origin of the NVR Triggered by Painless
Peripheral Nerve Stimulation

Iso-potential mapping of the field potentials (N wave)
generated within the spinal grey by non-noxious electrical
stimulation of a cutaneous or mixed peripheral nerve reveals
activation loci at Rexed’s laminae IV-V of the dorsal horn
coincident to Aα and Aβ fibers targets, additionally, the field
potential reverses in sign in the ventral horn [46]. Several facts
strongly suggest that the contribution of electrical antidromic
activation or voluntary activation of the spinal motoneurons,
to spinal NVR, when present, was marginal, i.e., a) the light
motor response (tree fingers jerk) observed only at 10 mA
(maximal intensity used); b) an intense voluntary motor task
such as tightly closing of one hand for 60 s or 5 strong
hand claps failed to trigger a spinal NVR (data not showed);
c) in the cat experimental model, orthodromic stimulation
of the dorsal root induced an average increase in spinal
blood flow of 128% above control values, whereas, antidromic
(ventral root) motoneuron activation failed to produce any
significant changes in spinal blood flow [47]; and d) tactile
stimulus-evoked BOLD signals covaried with electrophysio-
logical recording of neuronal multiunit activity and local field
potentials in the ipsilateral spinal dorsal horn in primates [10]
thus, the main source of the NVR would be the spinal dorsal
horn. Therefore, the spinal NVR reported here is probably
generated mainly by sensory orthodromic stimulation of the
dorsal horn interneurons and spread through the peri-spinal
vascular network.

K. Future Work

Previous fNIRS applications were aimed to monitor indi-
rectly the spinal cord perfusion/oxygenation status during
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surgical procedures [48]. In contrast, our novel approach is
aimed at a direct recording of the peri-spinal NVR trig-
gered by a peripheral nerve electrical stimulation. Hence,
it is useful for evaluating spinal sensory neuronal population
activity, a key factor for the neurovascular coupling phe-
nomena. Reduction on the SDH neuronal population due to
traumatic, degenerative, or pharmacologic effects may reduce
the spinal NVR, but increases in neuronal excitability i.e., neu-
ropathic pain, probably will increase this response [13], [14]
allowing its detection and quantification. Additionally, the
fNIRS could monitor the spinal pharmacological response
to non-steroidal anti-inflammatory drugs and/or evaluation of
treatment approaches [28], [29], [48]. Potential diagnostic
application of this method on spinal motor response should be
tested, by increasing the intensity of the electrical stimulation
to reach motor fiber threshold or by intense and/or long-lasting
motor tasks, however, this approach requires handle motion
artifacts and could activate the unspecific sympathetic skin
response.

Further data is needed to evaluate spinal NVR to posterior
tibialis nerve alone or combined to median nerve stimula-
tion for orthodromic/antidromic protocols to get more phys-
iological insight. Group-specific data such as by sex, age,
or pathology i.e., diabetes, arterial hypertension, neuropathic
pain, spinal cord injury, is needed for more clinically relevant
data. In the present study, different experimental stimulation
protocols were tested to characterize the spinal NVR by fNIRS
which prolongs the individual test to around 30 minutes. It is
probably that selection of the clinically relevant protocol will
reduce this test time to less than 10 minutes, well shorter than
a standard spine MRI test, and almost similar than an SSEP
test.

Non-invasive NVR recording shows the potential applica-
tion as a functional evaluation of the spinal cord. The potential
use of this relatively low-cost, low maintenance, short test time
and potentially mobile technology of fNIRS to obtain relevant
functional insights would be a clear breakthrough in spinal
cord monitoring. However, the fNIRS shows a lower spatial
(anatomical) resolution compared to MRI due to intrinsic
scattering of the near infrared light and spreading nature of
the NVR. Additionally, the signal-to-noise ratio for a spinal
response recorded by our fNIRS is better than that reported
up to date for spinal fMRI.
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