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ABSTRACT
The force of gravity critically impacts locomotion regulation while walking on inclined surfaces. To construct an updated assess-
ment about the gravitational consequences and change gait patterns accordingly, the central nervous system (CNS) integrates 
multiple sensorial cues, including vestibular and proprioceptive (i.e., body-based cues) and visual. Not much is known about the 
contribution of the autonomic nervous system (ANS) to locomotion regulation, especially when multiple types of sensorial cues 
are involved. Here we examine the responsiveness of the ANS, as reflected by cardiac reactivity, for example heart rate (HR) 
and heart rate variability (HRV), to coherent versus non-coherent sensorimotor signaling. Fourteen healthy young participants 
completed level, uphill, and downhill self-paced walking trials in a virtual reality (VR) environment in which the incline of the 
visual scene was either congruent or incongruent with the physical incline of the walking surface. We found that during level 
walking, incongruent visual cues (i.e., up/downhill scenery) triggered alterations in ANS balance, reflected in HRV decrease and 
in a residual increase of HR. Taken together with the fact that an ultimate change in gait patterns requires alterations in cardiac 
resources, we speculate that ANS function and its responsive modes of action are, in fact, facilitating adaptive behavior.

1   |   Introduction

1.1   |   Gait Modulations During Walking on 
Inclined Surfaces

Functional locomotion on inclined surfaces is subjected to grav-
itational forces, which change the spatial perspective, postural 
equilibrium, power demands, and consequently, the required 
movement production of the walker (Lacquaniti et  al.  2014; 
Cavagna et  al.  2000). Downhill walking (when gravitational 

acceleration aligns with the propulsion generated by walking) 
and uphill walking (when the gravitational acceleration is act-
ing in the opposite direction of walking) are critically impacted 
by the force of gravity (Kimel-Naor et  al.  2017). To maintain 
postural stability in these circumstances, locomotion control re-
lies on an ‘internal model of gravity (IMG)’ that enables the ac-
commodation of behavior to the consequential effects of gravity 
(Lacquaniti et al. 2014; Balestrucci et al. 2017). The central ner-
vous system (CNS) addresses multiple sensory cues, including 
vestibular and proprioceptive (known together as body-based 
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cues), and visual cues, which are being integrated across time 
and in a differentially weighted manner to construct an updated 
percept of the gravity-related environmental state. This multi-
sensory information is being assessed against accumulated 
experience and prior practice to generate adequate gait mod-
ulations in accordance with the updated precept (Lacquaniti 
et  al.  2014; Balestrucci et  al.  2017; Campos et  al.  2014; Larra 
et al. 2020).

The initial reaction to a destabilizing environmental change in 
locomotion regulation was explained by the indirect prediction 
model (O'Connor and Donelan 2012; Pearson 2004; Cano Porras 
et al. 2020) which relies mostly on prior experience. This model 
suggests that neural constructs controlling locomotion promptly 
trigger pre-programmed gait patterns following destabilizing 
events, which are detected by fast perceived cues (i.e., visual) 
(Cano Porras et al. 2020; Lacquaniti et al. 2015; O'Connor and 
Donelan 2012). The predictive coding concept posits that these 
initial visually induced changes in gait patterns are the con-
sequences of model-dependent top-down behavior regulation 
(Owens, Friston, et  al.  2018; Dobrushina et  al.  2021). Hence, 
during downhill walking, downhill visual cues activate the 
‘braking effect’ in anticipation of gravity-related acceleration, 
and during uphill walking, uphill visual cues promote an ‘exer-
tion effect’ in anticipation of gravity-related deceleration (Cano 
Porras et al. 2020), which is accompanied by an increase in met-
abolic cost (Minetti et al. 2002).

The descending (i.e., top-down) prediction is being con-
stantly compared against new incoming sensory inputs (i.e., 
stimulus-dependent bottom-up evidence set) in a prediction 
error method (Skaggs 2023; Huang and Rao 2011). An itera-
tive recalibration process of the relative influence of all sen-
sorial cues (intended to minimize the prediction error) leads 
to a gradual re-stabilization of walking patterns, also known 
as sensory reweighting (Campos et  al.  2014; O'Connor and 
Donelan 2012; Assländer and Peterka 2016). This functional 
architecture allows the system to engage adaptive behavior 
by balancing between priors and external stimuli in order 
to maintain postural stability (Owens, Friston, et  al.  2018; 
Owens, Allen, et al. 2018; Thayer et al. 2012).

1.2   |   The Role of the Autonomic Nervous System

All communications between the CNS that is where plans are 
initiated and re-evaluated, and the body that is the executing 
effectors, are mediated also through the autonomic nervous 
system (ANS) (Critchley and Garfinkel 2015). ANS function is 
known to be involved both in bottom-up signaling ascending 
the neuro-axis, that is conveying ‘somatic feedback’ to the CNS 
(Critchley and Garfinkel  2015; De Kloet et  al.  1999; Critchley 
and Harrison 2013), and in the top-down brain signaling influ-
encing autonomic response through efferent autonomic output 
(Owens  2020). However, while ANS modulations are clearly 
involved in the process of modulating gait patterns (e.g., heart 
rate—gait speed relation), the mechanisms by which ANS con-
tributes to locomotion regulation are not fully understood.

The most frequently used measure of ANS activity is heart rate 
(HR), which is antagonistically controlled by the sympathetic and 

parasympathetic branches of the ANS (Hagemann et al. 2003) 
as follows: At rest, parasympathetic inhibitory effects predomi-
nate, reducing HR. Early demands for metabolic resources (e.g., 
with an increase in physical activity) initiate the removal of the 
parasympathetic inhibition, which enables a gradual increase 
in HR. As physical stress proceeds, sympathetic stimulation el-
evates to accelerate the HR further. The independent regulation 
of the sympathetic nervous system (SNS) and the parasympa-
thetic nervous system (PNS) creates a diverse pool of possible 
shifts in dominance as both sympathetic and parasympathetic 
activity can increase or decrease at any given time, either to the 
same extent or in different ratios (see expansion on the topic in 
the Discussion section  (4), subsection  4.5: Parasympathetic—
sympathetic balance during sensorimotor integration). The 
ability to engage in different ANS activity patterns allows for 
flexible modulation of cardiac activity to meet diverse environ-
mental demands (Weissman and Mendes 2021).

Heart rate variability (HRV), the variation in time intervals be-
tween consecutive heartbeats, is an indicator of cardiac vagal 
tone, which represents the contribution of the parasympathetic 
nervous system to cardiac regulation (Laborde et al. 2017; Malik 
et  al.  1996). An optimal (high) level of resting HRV indicates 
healthy function and predicts efficient self-regulatory capacity 
(McCraty and Shaffer 2015). Conditions where self-regulation is 
needed (e.g., when the individual is facing a physical or men-
tal stressor) typically result in HR acceleration due to a dom-
inance shift in ANS mode of action from PNS to SNS control, 
triggered also by a high level of vagal withdrawal (decrease in 
HRV) (Holzman and Bridgett 2017). The magnitude of the drop 
in HRV indicates adaptability and the inherent capacity of the 
individual to switch between safety and threat states (Smith 
et al. 2020). Consequently, HRV is considered a measure of neu-
rocardiac function that reflects the extent to which the system 
provides flexible and adaptive regulation of its periphery to pro-
vide the needed resources to face upcoming events (McCraty 
and Shaffer 2015).

1.3   |   Virtual Reality-Based Sensorimotor  
Incongruence Paradigm to Delineate Autonomic 
Nervous System (ANS)–Sensory–Locomotion 
Interactions

The entrance of virtual reality (VR) paradigms to the behavioral 
neuroscience arena enables the delineation of the integrative 
perception-action behaviors across motor and sensory func-
tional domains (Elor and Kurniawan  2020; Alameda-Pineda 
et al. 2019). VR environments immerse participants in scenarios 
that resemble the real world while allowing them to manipulate 
sensory inputs, consequently inducing physiological responses 
otherwise not possible. At the same time, our ability to control 
artificially the content and the sensory inputs in the VR environ-
ments allows us to ‘tease out’ the relative roles of the different 
functional modalities in perception and action, as we previously 
demonstrated with the role of vision in gait modulation. In this 
previous work, which aimed at describing the different contri-
butions of sensorial cues to inclined walking modulations, we 
formed a fully immersive VR environment that enables dissoci-
ation of the impact of visual and physical body-based cues, that 
is allowing sensorimotor incongruence. We tested conditions in 
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which the inclination of the visual scene is either congruent or 
incongruent with the physical inclination of the walking surface. 
Our results demonstrated that purely visual cues (from virtual-
only inclines) induce consistent locomotor adaptations to counter 
expected gravity-based changes, following the indirect prediction 
principles that is downhill virtual visual cues activate the brak-
ing effect, reflected in a temporal trough in gait speed, and uphill 
virtual visual cues promote an exertion effect, reflected by a tem-
poral peak in gait speed (Cano Porras et al. 2020; Benady, Zadik, 
Ben-Gal, et al. 2021; Benady, Zadik, Zeilig, et al. 2021).

In the present work, the interrelations between locomotion con-
trol, gravity-related sensory inputs, and ANS function are at the 
focus. We aim to investigate the sensitivity of the ANS to con-
gruent versus non-congruent visual information, as expressed 
by HR and HRV measures. Following our previous results, in 
which we showed that purely visual cues triggered adaptive gait 
patterns (i.e., braking and exertion effects), we expect to observe 
alterations in ANS action modes that are driven by visual-only 
cues. This is an exploratory study; however, we hypothesize that 
during non-congruent conditions, the PNS-SNS balance will be 
shifted toward PNS withdrawal.

2   |   Materials and Methods

2.1   |   Participants

We analyzed ECG data of participants performing the 
‘Sensorimotor incongruence’ paradigm, which was performed 
using a large-scale VR environment developed in our lab, 
incorporating a movable platform with an embedded tread-
mill (TM) (Cano Porras et al. 2020; Benady, Zadik, Ben-Gal, 
et al. 2021).

Data of young healthy adults (n = 14; age 26.07 ± 3.08 
(mean ± SD); 6 females) were collected in two similar exper-
imental procedures (Benady, Zadik, Ben-Gal, et  al.  2021; 
Benady, Zadik, Zeilig, et  al.  2021) (see Procedure section 
below and section A, Table S1). Results of gait analysis derived 
from this data collection are reported elsewhere (Benady, 
Zadik, Ben-Gal, et al. 2021; Benady, Zadik, Zeilig, et al. 2021). 
Exclusion criteria were physical and visual restrictions, motor 
impairments, or cognitive and psychiatric conditions that 
could potentially affect locomotion or the capability to com-
ply with instructions. An exploratory sample size strategy 
was adopted due to the absence of prior comparable studies 
quantifying ANS responses from participants subjected to 
physical-visual sensory incongruence. In choosing this ap-
proach, we prioritized hypothesis generation assuming effect 
size in the medium range, that is 0.1 in partial Eta square 
terms (ηp

2 = 0.1). Sample size estimation was performed using 
GPower (Faul et al. 2007) employing a within-subject repeated 
measures model with six different conditions (2 visual manip-
ulations and 3 behavioral periods) and two primary outcomes 
(i.e., HR and HRV). To account for multiple comparisons by 
adjusting Alpha (0.05), our calculations suggest that data from 
a minimum of 12 participants is needed. The experimental 
protocol was approved by the Sheba Medical Center institu-
tional review board (IRB). All participants signed a written 
informed consent prior to enrolling in the study.

2.2   |   Apparatus

2.2.1   |   Virtual Reality System

A fully immersive virtual reality system (CAREN High-End, 
Motek Medical, The Netherlands) projected the virtual en-
vironment stimuli on a full-room dome-shaped screen sur-
rounding the participant. The system is equipped with a 
movable platform with six degrees of freedom, which enables 
changing the inclination of the walking surface (e.g., level, up-
hill, downhill). The platform has an embedded treadmill that 
operates in a self-paced (SP) mode, allowing participants to 
walk naturally (Kimel-Naor et al. 2017; Plotnik et al. 2015), in 
synchronization with the 3D virtual environment (Figure 1A). 
A tachometer in the TM's motor provided the velocity signals 
from the TM's belts. Elements of the experimental system are 
shown in Figure 1A.

2.2.2   |   Physiological Measures Recording—
Electrocardiogram (ECG)

To assess cardiac dynamics, the electrical activity of the heart 
was recorded during experimental sessions using an electrocar-
diogram (ECG). Surface-wired self-adhesive electrodes were at-
tached under the right clavicle and over the heart apex prior to 
testing, along with a recording amplifier. HR was continuously 
recorded at 1024 Hz using a portable system (eego sports, ANT 
Neuro, the Netherlands) that was automatically synchronized 
with session events for post hoc analysis.

2.3   |   Procedure

The experimental procedure is fully described in previously 
published work (Benady, Zadik, Ben-Gal, et  al.  2021; Benady, 
Zadik, Zeilig, et al. 2021). Herein, it is briefly described.

2.3.1   |   Habituation to Self-Paced Treadmill Walking

First, participants were given free time for level walking to be-
come familiar with the system and feel comfortable walking in 
SP. Afterwards, they completed three training trials in which 
they performed SP walking in the three visual-motor congruent 
inclines (e.g., visual and motor both in a level position, uphill or 
downhill).

2.3.2   |   Sensorimotor Incongruence Paradigm

The visual scene of the sensorimotor incongruence paradigm 
included a park landscape with the participant walking on a 
3.6-m-wide path. The visual field progressed at a similar rate to 
the participant's walking speed. The visual (virtual) incline ef-
fect was achieved by projecting the path with an upward incline, 
that is above the virtual horizon line (uphill; Figure 1B, left col-
umn), or with a downward incline, that is under the virtual hori-
zon line (downhill; Figure 1B, right column). When simulating 
leveled scenery, the path converged with the line of the virtual 
horizon (leveled; Figure 1B, middle column).
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Participants began all trials from a standstill position and 
started walking with both the TM and the visual scene leveled 
until reaching steady state velocity (SSV; a consecutive period 
of 12 s with walking speed coefficient of variance less than 2%). 
Following that, a transition (of the platform and/or visuals) oc-
curred to one of the experimental conditions as described below. 
Prior to each of the experimental conditions, participants were 
given the instructions to walk “as naturally as possible” and that 
“the incline might change during walking”. Post-transition, par-
ticipants walked for an additional 65 s.

The experimental protocol included nine randomly presented 
experimental conditions, in which the inclination of the visual 
scene was either congruent or incongruent with the physical in-
clination of the TM. The TM (T) and/or visual scene (V) transi-
tioned to +10° uphill (U), remained in a level position at 0° (L), 
or transitioned to −10° downhill (D). Figure  1B describes the 
experimental conditions where rows represent the TM incline, 
and columns represent the visual scene incline. TM and visual 
scene congruent conditions (baseline conditions) appear on the 
diagonal for uphill (TUVU), level (TLVL), and downhill (TDVD) 
walking. TM and visual scene incongruent conditions include 
the following: while the TM was in an uphill incline, the visual 
scene was leveled (TUVL) or downhill (TUVD); while the TM was 
leveled, the visual scene was uphill (TLVU) or downhill (TLVD); 
and lastly, while the treadmill was in a downhill incline, the vi-
sual scene was leveled (TDVL) or uphill (TDVU).

2.4   |   Outcome Measures and Analyses

The analysis described in this work was focused on the ANS 
function reflected in the cardiac reactivity of participants sub-
jected to visual-physical incongruence. The analyses were con-
ducted using MATLAB software (version R2020b, MathWorks 
Inc., Natick, MA, USA). Specifically, we established the physi-
ological baseline of participants walking in the level congruent 
condition (i.e., no physical nor visual inclines) and compared it 
to incongruent conditions in which the treadmill was level, but 
visuals indicated uphill or downhill. In addition, we expanded 
the analysis to explore the effect of visual-physical incongru-
ence also for uphill and downhill TM conditions (i.e., inclined 
walking).

2.4.1   |   Heart Rate Related Outcome Measures—Level 
Walking Conditions

2.4.1.1   |   Baseline Relation Between Heart Rate (HR) 
and Gait Speed—Linear Calibration.  To account for HR 
changes which were driven by changes in walking speed 
(and not due to the sensorimotor incongruence), we calcu-
lated the HR to gait-speed baseline relation (linear calibration; 
HR = aV + b; where V is the gait speed) for each participant 
through his/her data from level congruent walking condi-
tions. The calibration was based on data points extracted 

FIGURE 1    |    Apparatus and experimental conditions. (A) A fully immersive virtual reality system projected the virtual environment stimuli on 
a full-room dome-shaped screen surrounding the participant. The system includes a movable platform with six degrees of freedom, which enables 
changing the inclination of the walking surface (e.g., level, uphill, downhill). (B) The testing protocol included nine randomly presented experimen-
tal conditions, in which the inclination of the visual scene was either congruent or incongruent with the physical inclination of the treadmill (TM). 
In B, rows represent TM inclination, and columns represent visual scene inclination. TM and visual scene congruent conditions appear on the di-
agonal for uphill (TUVU), level (TLVL), and downhill (TDVD) walking. TM and visual scene incongruent conditions include the following: While the 
TM was in an uphill incline, the visual scene was leveled (TUVL) or downhill (TUVD); while the TM was leveled, the visual scene was uphill (TLVU) 
or downhill (TLVD); and lastly, while the treadmill was in a downhill incline, the visual scene was leveled (TDVL) or uphill (TDVU). Adopted from 
(Cano Porras et al. 2020).
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from all congruent level walking periods, per participant that 
is one full session of level walking (TLVL; Figure 1B, middle 
panel) and eight more time-segments spanning from the start 
of the test until start of transition (all other experimental con-
ditions; Figure 1B, all surrounding panels), which were also 
times of congruent level walking. During these periods, we 
assigned time stamps to each heartbeat (according to the R 
peaks locations in the ECG, ti; i- running index) and extracted 
the time differences between consecutive heartbeats (i.e., RR 
intervals; RRi+1 = ti+1 − ti). To avoid false detections due to 
noise, we then pre-processed the RR vectors by handling out-
liers. We used the ‘mean’ method to detect the outliers (i.e., 
detecting elements more than 3 standard deviations above 
the mean) and replaced them with the average of neighboring 
RR's, resulting in an NN intervals vector (normal to normal 
intervals). Instantaneous HR values (beats per min; BPM) 
from the pool of congruent level data points, for each partici-
pant, were then calculated based on the formula:

where the value of the instantaneous HR was assigned to the 
occurrence of the second heartbeat (at time ti+1). Each instan-
taneous HR value was paired with a gait speed value (V), 
which is the mean gait speed in the same time interval [ti, ti+1
]. With these two vectors of values, instantaneous HR and V, 
we turned to define the linear relation. We used the linear fit 
function (HR = aV + b) to determine, for each participant, the 

relation between HR and gait speed. The entire process is il-
lustrated in Figure 2. All linear calibrations were statistically 
significant (p < 0.001), and Pearson's r indicated a positive 
linear relation for all participants (i.e., higher HR for higher 
velocity).

2.4.1.2   |   Real-to-Expected Heart Rate Delta.  Once 
we established the individual baseline relation between HR 
and gait speed in the level congruent condition for each par-
ticipant, we calculated the variation between the recorded 
HR from the incongruent conditions to that expected accord-
ing to the linear calibration curve. We calculated the rela-
tive difference (percentile) between measured HR (i.e., real 
HR) and the values estimated by the calibration curve (i.e., 
expected HR) as follows:

This metric, which contains the residual alteration of HR driven 
by the sensorimotor incongruence, is referred to here as the rel-
ative real-expected HR delta (see Figure 3A).

2.4.1.3   |   Heart Rate Variability.  To characterize HR reac-
tivity and sensitivity to sensorimotor incongruence, we used 
the time differences between consecutive heartbeats (i.e., RR 
intervals) to calculate heart rate variability (HRV) measures 
in the time and frequency domains. We calculated the root 
mean square of successive NN interval differences (RMSSD) 

(1)instantaneous HR
(

ti+1
)

[BPM]= 60∕(NNi+1)

(2)HR Diff [%] = 100 × (HR observed−HR expected∕HR expected)

FIGURE 2    |    Heart rate to gait-speed baseline relation calculation scheme. A demonstration of the calibration calculation, which was based on 
ECG data extracted from congruent level walking periods, for each participant (top panel; 5 s sample from one participant). During these periods, 
we assigned time stamps to each heartbeat (ti; red bars) and calculated the time differences between consecutive heartbeats (i.e., RR interval; top 
panel) from which we further calculated the instantaneous HR values. Each instantaneous HR value was paired with a gait speed value, which is the 
mean gait speed during the same time interval [ti, ti+1] (middle panel). We used the linear fit function (HR = aV + b ; where V denotes gait speed) to 
determine, for each participant, the relation between HR and gait speed (bottom panel; in this example, the Pearson's coefficient is r = 0.61, p < 0.001). 
Circled data points (bottom panel) correspond to the heartbeats and average velocity values marked in red bars (top and middle panels, respectively). 
BMP-beats per min.
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and the High frequency (HF) power bands (see Supporting Infor-
mation, Section B, for methodological description of calcula-
tion) both reflecting parasympathetic activity, and the standard 
deviation of consecutive NN intervals (SDNN) which assesses 
both sympathetic and parasympathetic contributions (Laborde 
et al. 2017; Malik et al. 1996; Shaffer and Ginsberg 2017). The 
RMSSD outcome measure was chosen here as a representa-
tive metric for HRV due to the following reasons: (i) RMSSD is 
directly related to the parasympathetic system, reflecting vagal 
tone; (ii) Although being highly correlated to the high frequency 
power band, reflecting also the vagal tone, the RMSSD is rela-
tively free of respiratory influences (Laborde et al. 2017; McCraty 
and Shaffer 2015; Kleiger et al. 2005; Dionne et al. 2002; Larsen 
et  al.  2010); and (iii) RMSSD provides meaningful informa-
tion also in short and ultra-short time intervals (i.e., 10–50 s) 
(Laborde et al. 2017; Salahuddin et al. 2007; Munoz et al. 2015). 
The average length of recordings (across participants, per condi-
tion) is described in the Section C–Table S2. In general, samples 
were longer than 10 s. In the body of the article, we report on 

RMSSD. SDNN and HF results are brought in the Supporting 
Information, sections B, G–I; see the results (3) for more details.

2.4.1.4   |   Segmentation of Walking Sessions Into 
Behavioral Periods.  We implemented Laborde et al. (2017) 
approach to HRV analysis, which advises that cardiac data 
sets should be divided into—and compared between—three 
behavioral domains, namely, resting (i.e., baseline), reactivity 
(i.e., immediate response to an event) and recovery. Accord-
ingly, we segmented all level walking sessions as follows: (i) 
congruent period that is baseline; defined as the time between 
the beginning of the experiment, through the 12 s of SSV until 
transition that is the change in the visual scenery to inclined 
path. The consecutive 65 s timeframe after transition was also 
segmented into (ii) indirect prediction (IP) period that is reac-
tivity to the change in the visual flow; time period between 
transition until twice the duration of reaching the maxi-
mal change in walking speed from steady state (either peak 
or trough) and (iii) sensory reweighting (SR) period that 

FIGURE 3    |    Altered cardiac function during incongruent periods of level walking. (A) Calculation of the HR to gait-speed linear calibration for 
each participant using his/her data from congruent walking conditions (black dots; data of one participant). Differences between measured HR ex-
tracted from the incongruent periods (colored circles) and the expected HR (fitted line) are calculated as real-expected HR delta (in %). Average values 
of the real-expected HR delta and the RMSSD across participants (n = 14) are presented in (B). Asterisks indicate a statistically significant difference 
between a pair of means (p < 0.001), error bars represent standard errors. (C) Grouped marginal distributions of the real-expected HR delta against 
the normalized walking speed, across participants (n = 14). Black dots represent the congruent data set extracted from all participants (in histograms- 
black line). Colored dots represent the incongruent periods of visual uphill (upper panel; red dots and lines) and downhill (bottom panel; green dots 
and lines). Solid versus dotted lines represent the IP and SR periods, respectively. This figure demonstrates that visual-physical incongruence is as-
sociated with altered cardiac function. Similar analyses for downhill and uphill walking are presented in Figures 4 and 5, respectively. IP, indirect 
prediction; SR, sensory reweighting.



7 of 15

is recovery; between the end of the IP period and the end 
of the session. From the initial congruent segment, we dis-
carded the first 10% as the walking speed was only slightly 
above zero. A gallery of individual calibration data and fitted 
lines with detailed significance and coefficients, including 
the individual incongruent data points divided into IP and SR 
periods, is presented in the section D–Figure S2.

2.4.2   |   Heart Rate Related Outcome Measures—Uphill 
and Downhill Walking Conditions

As detailed above, the experimental paradigm was such that 
the participant always started walking in a TM-level vision 
level condition. Thus, in the analysis of level walking condi-
tions, we could compare three sequential behavioral periods 
(i.e., congruent, incongruent IP, and incongruent SR). This 
could not be done for the TM up or TM down conditions. 
Therefore, the outcome measures and analyses for the uphill 
and downhill walking conditions were calculated differently 
as described below.

Congruent data available in the uphill and downhill walk-
ing conditions could be derived only from the one appropriate 
congruent condition (i.e., TUVU and TDVD, respectively; 60s 
timeframe after platform transition, which lasts 5 s, ends). To 
strengthen the individual HR to gait-speed calibrations by in-
creasing the congruent data set, we included the corresponding 
inclined training trials data (i.e., uphill and downhill) in the 
pool of congruent data used for the calibration. We then calcu-
lated the HR to gait-speed baseline relation (linear calibration) 
for each participant as described above for level walking (see 
section  2.4.1.1). All linear calibrations were calculated for the 
congruent uphill and downhill conditions, but two were statis-
tically significant (p < 0.05). Then, in a similar manner to the 
level walking analysis (see sections 2.4.1.2 & 2.4.1.3), the real-
expected HR delta and HRV parameters (RMSSD and SDNN) 
were calculated.

Data from the congruent uphill and downhill walking con-
ditions served as a non-chronological baseline to which we 
compared the IP and SR periods, which were segmented simi-
larly to the practice used in the level walking analysis. Briefly, 

FIGURE 4    |    Altered cardiac function during incongruent periods of uphill walking. (A) Calculation of the HR to gait-speed linear calibration for 
each participant using his/her data from uphill congruent walking conditions (black dots; data of one participant). Differences between measured 
HR extracted from the incongruent periods (colored circles) and the expected HR (fitted line) are calculated as real-expected HR delta (in %). Average 
values of the real-expected HR delta and the RMSSD across participants (n = 10) are presented in (B). Asterisks indicate a statistically significant 
difference between a pair of means (p < 0.05), error bars represent standard errors. (C) Grouped marginal distributions of the real-expected HR delta 
against the normalized walking speed across participants (n = 10). Black dots represent the uphill congruent data set extracted from all participants 
(in histograms- black line). Colored dots represent the incongruent periods of visual level (upper panel; blue dots and lines) and visual downhill (bot-
tom panel; green dots and lines). Solid versus dotted lines represent the IP and SR periods, respectively. This figure demonstrates that visual-physical 
incongruence is associated with altered cardiac function. IP, indirect prediction; SR, sensory reweighting.
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segmentations of uphill and downhill walking sessions were 
carried out as follows: (i) congruent period that is baseline; de-
rived from the relevant congruent conditions (i.e., TUVU and 
TDVD, respectively; 60 s timeframe after platform transition has 
ended) (ii) indirect prediction (IP) period that is reactivity to 
the change in walking conditions; time period between the end 
of transition until twice the duration of reaching the maximal 
change in walking speed from SSV (either peak or trough) and 
(iii) sensory reweighting (SR) period that is recovery; between 
the end of the IP period and the end of the session. A gallery 
of individual calibration data and fitted lines with detailed sig-
nificance and coefficients, including the individual incongruent 
data points divided into IP and SR, are presented in the sections 
E and F–Figures S3 and S4 for uphill and downhill, respectively.

2.4.3   |   Walking Speed Related Outcome Measures

Gait analysis was not the focus of this study, yet we also aimed 
to demonstrate the association between the ANS and motor re-
sponses to visual–physical incongruence. To that end, we cal-
culated walking speed-related variables in a manner similar to 

that published in our previous work (Benady, Zadik, Ben-Gal, 
et al. 2021; Benady, Zadik, Zeilig, et al. 2021), where detailed de-
scriptions are provided. Briefly, to establish the post-transition 
effects on gait speed, we assessed the following: (i) the magni-
tude of the peak/trough of gait speed relative to the SSV (pre-
sented in %) and (ii) the time of this peak from the start of 
transition (seconds).

Additionally, conforming to our previous definitions (Benady, 
Zadik, Ben-Gal, et al. 2021; Benady, Zadik, Zeilig, et al. 2021), 
walking speed (WS) outcomes reported here are normalized by 
the individual SSV as follows: we divided the WS in each con-
dition by the average SSV of the specific session. Subsequently, 
we subtracted the average SSV value from the resulting trace 
to set the normalized WS to approximately zero at the time of 
transition. Therefore, normalized WS represents the percent 
change in WS relative to SSV. Ultimately, in a post hoc analy-
sis we confirmed that there was no ‘order effect’ on values of 
baseline walking speed: a Repeated measure analysis of vari-
ance (RM-ANOVA) in a within-subjects factor design revealed 
no main effect of Order (condition's appearance order, 9 levels) 
on the average SSV (F8 = 1.26, p = 0.31).

FIGURE 5    |    No effect of incongruent periods on cardiac function in downhill walking. (A) Calculation of the HR to gait-speed linear calibra-
tion for each participant using his/her data from downhill congruent walking conditions (black dots; data of one participant). Differences between 
measured HR extracted from the incongruent periods (colored circles) and the expected HR (fitted line) are calculated as real-expected HR delta (in 
%). Average values of the real-expected HR delta and the RMSSD across participants are presented in (B). Error bars represent standard errors. (C) 
Grouped marginal distributions of real-expected HR delta against the normalized walking speed, across participants (n = 10). Black dots represent 
the downhill congruent data set extracted from all participants (in histograms- black line). Colored dots represent the incongruent periods of visual 
uphill (upper panel; red dots and lines) and visual level (bottom panel; blue dots and lines). Solid versus dotted lines represent the IP and SR periods, 
respectively. IP, indirect prediction; SR, sensory reweighting.
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2.5   |   Statistical Analyses

Statistical analyses for this study were run using JASP software 
(JASP Team (2023), version 0.17.3). The statistical significance 
level was set at p < 0.05.

2.5.1   |   Level Walking Conditions

The real-expected HR delta and RMSSD outcome measures 
were calculated per subject (n = 14), per consecutive behav-
ioral periods (n = 3; congruent, incongruent-IP, incongru-
ent-SR), and per type of visual incongruence (n = 2; TLVU 
and TLVD). RMSSD yields one value to assess per period, and 
the final value of the real-expected HR delta is the average 
of all HR deltas in a period. Our primary hypothesis (see in-
troduction) predicts PNS withdrawal during incongruent 
periods, characterized by increased HR and decreased HRV 
compared to congruent periods. RM-ANOVA was used to 
assess the main effects of behavioral period (congruent, in-
congruent-IP, incongruent-SR; within-subjects factor), type of 
visual incongruence (vision up, vision down; within-subjects 
factor), and Behavioral period × Visual incongruence inter-
action on the real-expected HR delta and RMSSD. Partial Eta 
Squared (ηP

2) was computed as a measure of effect size. In pre-
hoc analyses, Shapiro–Wilk normality tests were conducted 
in each behavioral period (n = 3) and Visual incongruence 
(n = 2) groups. Normality tests indicated a normal distribu-
tion of the real-expected HR delta and a non-normal distri-
bution for the RMSSD measure. Accordingly, RMSSD data 
were log-transformed prior to employing the ANOVA test. 
We then confirmed that all outcome measures sphericity (i.e., 
equal variances of the differences between all groups) using 
Mauchly's test (p > 0.05). The Bonferroni correction was used 
to adjust the post hoc p-values of the ANOVA.

2.5.2   |   Uphill and Downhill Walking Conditions

As a first step, we conducted a two-way RM ANOVA on the 
sequential IP and SR periods (without the congruent period, 
which was extracted from a different trial—see section 2.4.2). 
We assessed the main effects of behavioral period (incongru-
ent-IP, incongruent-SR; within-subjects factor), type of visual 
incongruence (vision level, vision up or vision down; within-
subjects factor), and Behavioral period × Visual incongruence 
interaction, on the real-expected HR delta and the RMSSD. 
From this step, we established there was no visual incongru-
ence effect (p > 0.064) nor an interaction between the fac-
tors (p > 0.14) in both outcome measures, in both uphill and 
downhill. Therefore, we continued to conduct a one-way RM 
ANOVA to compare each group of different walking condi-
tions, now also including the congruent walking condition, 
testing for a main effect of Walking condition. In this analy-
sis step, we had a total of 5 groups per TM incline (n = 2) we 
compared for both outcome measures. In pre-hoc analyses, 
Shapiro–Wilk normality tests were conducted in each Walking 
condition (n = 5) and TM incline (n = 2) groups. Normality 
tests indicated normal distributions of the real-expected HR 
delta and partial non-normal distributions in the RMSSD 
measure (5/10 were normally distributed). Accordingly, the 

RMSSD data were log-transformed prior to employing the 
ANOVA tests. The Bonferroni correction was used to adjust 
the post hoc p-values of the ANOVA.

2.5.3   |   Correlation Analysis

Linear relations were assessed and fitted using Pearson's cor-
relation analyses conducted on log-transformed RMSSD data 
sets (to comply with the normality assumption).

3   |   Results

3.1   |   Level Walking Conditions

In these conditions (Figure 1B; middle row), we analyzed data 
from 14 participants who completed TM level walking segments 
while the visual field was translated to uphill scenery (TLVU; 
color coded in red in Figure 3) and 14 segments where it was 
translated to downhill scenery (TLVD; color coded in green in 
Figure  3). Each of these walking segments provided HR data 
from three behavioral periods (i.e., Congruent, incongruent-IP, 
incongruent-SR; recall statistical analyses in the Methods 
section). In this section, we tested whether the incongruent 
visual stimuli, that is visual uphill and visual downhill, influ-
ence HR and HRV. Statistical analysis revealed a main effect 
of behavioral period on the real-expected HR delta measure 
(F2,26 = 35.71, p < 0.001, ηP

2 = 0.73; higher values in incongru-
ent periods). Post hoc analysis revealed that the source of the 
difference was in the pairwise comparisons of the Congruent 
period to both the incongruent-IP and incongruent-SR periods 
(p < 0.001 in both comparisons; Figure 3B, left panel). Similarly, 
statistical analysis revealed a main effect of behavioral period 
(F2,26 = 25.21, p < 0.001, ηP

2 = 0.66; lower values in incongruent 
periods) on the RMSSD measure. The source of the effect is, 
again, the differences between the Congruent period and both 
the incongruent-IP and incongruent-SR periods (p < 0.001 in 
both comparisons; Figure 3B, right panel). No effect of Visual 
incongruence was found on the HR delta (F1,13 = 0.003, p = 0.95, 
ηP

2 < 0.01) nor on the RMSSD (F1,13 = 0.67, p = 0.43, ηP
2 = 0.05) 

outcome measures. None of the Behavioral period × Visual in-
congruence interactions were found significant (F2,26 = 1.06, 
p = 0.36, ηP

2 = 0.08 and F2,26 = 1.11, p = 0.34, ηP
2 = 0.08 for the 

real-expected HR delta and RMSSD outcome measures, respec-
tively). SDNN results are detailed in the section G – Figure S5. 
These effects demonstrate that HR and HRV were indeed af-
fected by the incoherent visual information, regardless of the 
specific visual manipulation (i.e., up/downhill).

Specifically, HR deltas during the incongruent periods were 
considerably higher in comparison to the congruent level walk-
ing period, both in vision up and down conditions, as demon-
strated by the real-expected HR delta measure (Figure 3B, left 
panel). While in the congruent periods HR delta demonstrates 
a small negative deviation from the calibration for example 
−1.60% ± 1.06% (mean ± SE) and −2.44% ± 0.64% for vision up 
and down, respectively, in the incongruent periods we found all 
positive HR deltas as follows: vision up: 3.39 ± 1.19 and 4.76 ± 0.83 
for the incongruent-IP and incongruent-SR, respectively; vision 
down: 4.58 ± 1.65 and 4.62 ± 0.88 for the incongruent-IP and 
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incongruent-SR, respectively. While the HR was increasing in 
the incongruent periods post-transition, RMSSD responded with 
a considerable decrease (withdrawal) in the IP period, which 
also lasted through the later SR period (Figure 3B, right panel). 
Specifically, RMSSD values were 31.09 ± 6.34, 17.91 ± 3.74, and 
19.78 ± 4.64 for the congruent, incongruent-IP, and incongru-
ent-SR of the visual up condition, respectively. A similar trend 
was captured in the visual down condition.

Figure  3C demonstrates the distributions of all real-expected 
HR delta (pooled data from all participants) against normalized 
walking velocity (pooled data from all participants, normalized 
by individual SSV) extracted from the congruent data pool (i.e., 
data used for the calibration; black dots) and from the incongruent 
periods (IP and SR; colored circles, see key in panel A). As TM 
stayed leveled and vision transitioned to uphill (Figure 3C, upper 
panel), participants demonstrated an increase in walking veloc-
ity compared to congruent conditions (e.g., exertion effect (Cano 
Porras et al. 2020; Benady, Zadik, Ben-Gal, et al. 2021)). This be-
havioral change was associated with positive HR deltas, depicted 
in the positioning of most of the incongruent data set (red circles) 
above the zero line (upwards shift). This is also apparent for the 
vision down condition (Figure 3C, bottom panel) where gait speed 
values, which are slightly shifted to the left (lower velocities due 
to the braking effect (Cano Porras et al. 2020; Benady, Zadik, Ben-
Gal, et al. 2021)) are associated with positive HR deltas.

3.2   |   Uphill Walking Conditions

We also analyzed data from 10 participants who completed walk-
ing segments during which the TM transitioned to an uphill in-
cline while the visual field stayed in level scenery (TUVL; color 
coded in blue in Figure 4), and 10 segments where the visual field 
was translated to downhill scenery (TUVD; color coded in green in 
Figure 4). Each of these walking segments provided HR data from 
two periods (i.e., incongruent-IP, incongruent-SR), which were 
also compared to the appropriate congruent condition (TUVU). 
Statistical analysis revealed a main effect of Walking condition 
on the real-expected HR delta measure (F4,36 = 7.92, p < 0.001, 
ηP

2 = 0.47; groups are different). Post hoc analysis revealed that the 
source of the difference was in the pairwise comparisons of the 
congruent period to the incongruent-IP and between the incon-
gruent-IP and the incongruent-SR periods of vision level (p < 0.05 
in both comparisons; Figure  4B, left panel). Similarly, for the 
RMSSD measure, statistical analysis revealed a main effect of 
walking condition (F4,36 = 3.80, p = 0.04, ηP

2 = 0.30; groups are dif-
ferent), the source of which is in the comparison of the congruent 
to the incongruent-IP periods in vision down (p < 0.05; Figure 4B, 
left panel). SDNN results are detailed in the section H – Figure S6. 
These effects demonstrate yet again that HR and HRV were af-
fected by the incoherent visual information.

Specifically, HR of participants during the incongruent-IP pe-
riods was lower (negative deltas) in comparison to the expected 
(which is based on congruent data), followed by a substantial 
recovery in the incongruent-SR periods, slightly surpassing 
the Congruent period level, both in vision level and down con-
ditions (Figure  4B, left panel). For the Congruent period, the 
real-expected HR delta measure was close to zero (0.68 ± 0.62), 
values extracted from the incongruent-IP are −8.77% ± 2.03% 

and −4.52% ± 4.33% for vision level and down, respectively. In 
the incongruent-SR period, the averages reached positive peaks 
of 6.30% ± 1.86% and 3.49% ± 1.44% for vision level and down.

In the unfolding of the sensorimotor incongruence (i.e., the 
IP period), as HR values were low relative to the expected 
due to the visual conflict, RMSSD values were higher than 
expected and, more importantly, required to face the actual 
upcoming event, that is an uphill incline. During the late 
incongruent-SR period, RMSSD values decreased roughly 
to baseline (Figure  4B, right panel). That is, RMSSD values 
were 8.72% ± 1.79% at baseline, peaked at 12.54% ± 2.76% in 
the after event, and were lowered back to 8.73% ± 1.83% in the 
congruent, incongruent-IP, and incongruent-SR of the visual 
level condition, respectively. A Similar trend was captured in 
the visual down condition.

While the distributions of walking velocities (x-axis) were not 
considerably changed between the congruent (Figure 4C; black 
dots) and the incongruent periods (Figure  4C; colored circles) 
in the uphill walking conditions, the real-expected HR delta (y-
axis) demonstrates separation into 3 walking condition-driven 
distributions: a middle distribution for the congruent condition, 
which by definition revolves around zero; a negative centered 
(down shifted) distribution in the IP period (solid line); and 
a positive centered (up shifted) distribution in the late SR pe-
riod (dashed line). This tendency was visible both for the level 
(Figure  4C; upper panel) and down (Figure  4C; lower panel) 
sensorimotor incongruencies.

3.3   |   Downhill Walking Conditions

We analyzed data from 10 participants who completed walking 
segments during which the TM transitioned to a downhill in-
cline while the visual field stayed in level scenery (TDVL; color 
coded in blue in Figure 5), and 9 segments where the visual field 
was translated to uphill scenery (TDVU; data of one participant 
were excluded from the analysis due to poor ECG signal qual-
ity; color coded in red in Figure 5). Each of these walking seg-
ments provided HR data from two periods (i.e., incongruent-IP, 
incongruent-SR), which were also compared to the appropri-
ate congruent condition (TDVD). Statistical analysis revealed 
no main effect of Walking condition on the HR delta measure 
nor RMSSD (F4,36 = 0.88, p = 0.44, ηP

2 = 0.09 and F4,36 = 1.06, 
p = 0.34, ηP

2 = 0.12, respectively, groups were not found to be 
significantly different; Figure 5). SDNN results are detailed in 
section I – Figure S7.

3.4   |   Parasympathetic Reaction to 
Sensorimotor Incongruence

Log of RMSSD values computed from the whole post-transition 
period (across IP and SR) from the two types of visual in-
congruencies, per participant, were found to be linearly cor-
related. These associations were fitted by means of Pearson's 
correlation analysis revealing significant positive relations 
as follows, for level walking (n = 14): rp = 0.97, p < 0.001; for 
downhill walking (n = 9): rp = 0.98, p = 0.001; for uphill walk-
ing (n = 10): rp = 0.97, p < 0.001 (Figure 6). The association of 



11 of 15

the participant's individual RMSSD response to incongruent 
events of different types suggests that the PNS response is ro-
bust, activated by the sensorimotor conflict itself rather than 
by the type of visual manipulation.

3.5   |   Parasympathetic—Sympathetic Balance 
During Sensorimotor Integration

In addition, we explored alterations in parasympathetic and 
sympathetic balance during sensorimotor incongruence. To 

that end, we adopted the two-dimensional conception of auto-
nomic space suggested by Berntson et al. (1991) with the para-
sympathetic ordinate estimated by the normalized RMSSD 
(across participants i.e., Z scores), and the sympathetic ab-
scissa estimated by the normalized SDNN (recall that SDNN is 
the product of both parasympathetic and sympathetic contri-
butions (Shaffer and Ginsberg 2017)). In Figure 7, data points 
illustrate group means and standard errors of normalized 
RMSSD and SDNN values as a function of TM incline; addi-
tional information is provided in the Discussion section  (4) 
and the caption of Figure 7.

FIGURE 6    |    RMSSD response to different types of visual manipulations is correlated. RMSSD values computed from the whole post-transition 
period (across IP and SR) from the two types of visuomotor incongruencies, per participant, were found to be linearly correlated. The correlations 
are presented for each TM incline separately. These associations were fitted using Pearson's correlation analysis as follows, for level walking (n = 14): 
rp = 0.97, p < 0.001; for downhill walking (n = 9): rp = 0.98, p = 0.001; for uphill walking (n = 10): rp = 0.97, p < 0.001.

FIGURE 7    |    Alterations in the parasympathetic-sympathetic balance during sensorimotor incongruence. To investigate which aspects of para-
sympathetic/sympathetic balance were altered, we organized RMSSD and SDNN results in the two-dimensional autonomic space defined by 
Berntson et al. (1991) for each TM incline separately (i.e., level, uphill, and downhill), depicting the positioning of the different behavioral periods 
investigated in this study (i.e., congruent, incongruent IP, and incongruent SR). The independently regulated sympathetic and parasympathetic stim-
uli create four joint ANS action modes in which they are either negatively correlated, that is spanning from (a) reciprocity-sympathetic control to (b) 
reciprocity-parasympathetic control, or positively correlated, that is ranging from (c) coactivation to (d) co-inhibition (left panel in gray). Data points 
illustrate group means and standard errors of normalized (across participants, i.e., Z score) RMSSD and SDNN values as a function of the period, 
plotted separately for level walking (left panel), downhill walking (middle panel), and uphill walking (left panel).
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4   |   Discussion

In this study, we explore the involvement of ANS function in 
gravity-related locomotion regulation during actual and per-
ceived inclined walking. This is the first time, to the best of 
our knowledge, that self-regulation of gait, that is the IP and 
SR mechanisms, is shown to be associated with ANS func-
tion, as expressed by modulations in the parasympathetic ner-
vous system (PNS) and the sympathetic nervous system (SNS) 
balance. Using incoherent sensorial cueing, we provided ev-
idence of the responsiveness of HRV to visual information 
and sensorimotor incongruence during locomotor adaptations 
(e.g., braking/exertion effects). Taking together with the fact 
that an ultimate change in gait patterns requires alterations 
in cardiac resources, we speculate that ANS function and its 
responsive modes of action are, in fact, facilitating adaptive 
behavior.

It has already been established that when facing a stressor, 
a physiological reaction allows temporary adaptation 
(Ottaviani  2018). The concept of allostasis (the capacity to 
achieve stability through change (McEwen 1998)) explains the 
efficient recruitment of body systems (e.g., metabolic, motor 
etc.) including the ANS in the presence of stress, to re-attain 
stability through the flexible regulation of internal resources 
(Thayer and Sternberg 2006; Rodrigues et al. 2020). HRV met-
rics, which reflect autonomic (im) balance and responsive-
ness, have been widely utilized as markers of such processes. 
For example, as repeated activations of the aforementioned re-
sponses can be unfavorable to health (Rodrigues et al. 2020), 
HRV was studied as an indicator of cardiovascular fitness, 
disease prediction and progress, and mortality (Thayer 
et al. 2010; Acharya et al. 2006; Soares-Miranda et al. 2014). 
Associations were also documented between HRV and cog-
nitive performance (Acharya et  al.  2006; Forte et  al.  2022; 
Arakaki et al. 2023). In this context, Thayer et al. (2009) and 
Smith et al. (2017) provided indications of the neural pathways 
of cardiovascular regulation linking functional units within 
the CNS that support both goal-directed (top-down) behavior 
and adaptability (bottom-up) to HRV (Benarroch 1993).

In this work, we provide solid behavioral and physiological 
evidence in support of a similar mechanism linking changes 
in the perception of gravity (i.e., by the IMG; in the CNS) to al-
terations in HR and HRV during locomotion regulation in sen-
sory incongruent circumstances. In the following paragraphs, 
we will ‘dissect’ our findings in light of the aforementioned 
concepts.

4.1   |   Level Walking Conditions–The Effect 
of Incongruence

Incongruent-IP periods in which the TM stayed leveled but 
the visual scene indicated uphill/downhill inclines triggered 
the PNS response, reflected in HRV withdrawal (i.e., de-
creased RMSSD), and a residual increase of HR as compared 
to congruent conditions (Figure 3). It is plausible that the co-
occurrence of cardiac alterations and changes to gait behav-
ior, which were triggered by the incongruent sensorial cues, 

exhibits the involvement of the ANS in a top-down cascade. It 
remains, however, to understand why this visually induced al-
teration in ANS function was not fully recovered by the end of 
the SR period (65 s from transition). We posit that the long ef-
fect period, which surpasses the time the behavioral change is 
known to be attenuated in (~15 s from transition (Cano Porras 
et al. 2020; Benady, Zadik, Ben-Gal, et al. 2021)) is the conse-
quence of a prolonged sensory reweighing process, possibly 
due to the uncertainty associated with the visual conflict and 
the efforts to resolve it.

4.2   |   Uphill Walking Conditions–The Effect 
of Incongruence

Results from uphill walking conditions support the same no-
tion, although in a slightly different manner. First, all uphill 
walking RMSSD values are relatively low due to the physi-
cal stress uphill walking entails (regardless of the visual in-
cline, in comparison to the required effort in level walking). 
Nonetheless, in uphill walking, we demonstrated an alteration 
of HRV and HR that was driven by the incongruent conditions. 
Values extracted from incongruent IP periods are notably 
higher than in the congruent condition, reducing to a compa-
rable level of baseline only in the later SR period (Figure 4B). 
These results suggest that the visual manipulation (in which 
downhill or leveled surfaces are visually presented while the 
TM is inclined uphill) caused a temporal delay in the PNS 
withdrawal that was not yet fully attenuated during the IP pe-
riod in comparison to the congruent state. As opposed to the 
fast visually induced activation of sensorimotor integration, 
efficiently motivating HRV withdrawal in uphill congruent 
conditions, the conflicted visual cues implied different up-
coming events (and metabolic needs), prolonging the senso-
rial integration and consequently the time to reach the correct 
precept. The relatively high RMSSD level in the IP period is 
coupled with lower HR values (i.e., compared to congruent 
conditions), reinforcing the notion of a delayed mechanism, 
consequently not facilitating the necessary adaptive alloca-
tion of resources for the actual uphill (Figure 4B).

4.3   |   Downhill Walking Conditions–The Effect 
of Incongruence

Downhill walking conditions do not require high levels of exer-
tion due to the gravitational propulsion acting in the direction 
of walking (contrary to uphill walking). However, the event 
of the platform transitioning from level to a downhill incline 
triggers high levels of mental stress, which is related to the mo-
mentary instability, perhaps related to the actual physical per-
turbation and to the fear of uncontrolled acceleration and even 
falling. Along those lines, we propose that the comparable lev-
els of RMSSD and HR in the incongruent periods of downhill 
walking (i.e., as compared to congruent conditions; Figure  5) 
are the consequence of (i) higher stress-driven PNS response, 
lowering RMSSD levels to baseline faster during the IP period, 
and (ii) smaller HRV decrease needed to account for the lower 
level-downhill exertion difference (i.e., as compared to the level-
uphill exertion difference).
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Notably, real-expected HR delta values from the incongruent IP 
period in this incline were also the highest in variability, possi-
bly accounting for the individual differences in reaction to the 
foreseen instability.

4.4   |   Parasympathetic Reaction to 
Sensorimotor Incongruence

We also found that RMSSD levels extracted from paired types 
of visual manipulation per TM incline were highly correlated. 
This finding supports that the PNS reaction is individually ro-
bust, triggered in a typical manner by conflicting information, 
regardless of the specific type of visual manipulation. However, 
we deem that the global shifts in SNS-PNS balance, reflecting 
ANS modulation, are also linked to the gait modulations re-
quired for walking on varying inclines (see section 4.5 below).

4.5   |   Parasympathetic—Sympathetic Balance 
During Sensorimotor Integration

As mentioned in the introduction, the contribution of the 
parasympathetic branch is only part of ANS regulation, as it 
works in synergy with the sympathetic branch to control the 
HR (Goldberger  1991). PNS-SNS balance is not uniaxial, that 
is extending from parasympathetic to sympathetic control, as 
was presumed in the past (Berntson et  al.  1991). Instead, the 
SNS and the PNS are independently regulated, creating a two-
dimensional state space with four joint ANS action modes in 
which they are either negatively correlated that is spanning 
from (a) reciprocity-SNS control to (b) reciprocity-PNS control, 
or positively correlated, that is ranging from (c) coactivation to 
(d) co-inhibition (Figure 7; left panel). The ability to engage in 
different activity patterns may allow for flexible modulation 
of cardiac activity to meet diverse environmental demands 
(Weissman and Mendes 2021). With this in mind, we can spec-
ulate on the results we obtained when we organized RMSSD 
and SDNN in this two-dimensional autonomic space for each 
TM incline separately (i.e., level, uphill and downhill), depicting 
the positioning of the different behavioral periods investigated 
in this study (i.e., congruent, incongruent IP and incongruent 
SR; see Figure 7). Within level walking conditions, which entail 
relatively low levels of physical effort (recall participants were 
instructed to walk at a natural pace), all values were positioned 
on the nonreciprocal diagonal. This vector, representing posi-
tively correlated sympathetic and parasympathetic activity, is 
modeled as forming a smaller reservoir of possible action modes, 
consequently triggering a moderate alteration in HR control 
(Berntson et al. 1991, 2008). This is in accordance with the mod-
erate effort level required in level walking conditions. In these 
conditions, we can nicely observe the differential effect exerted 
by congruent versus incongruent periods on SNS-PNS activity. 
Specifically, the congruent periods seem to trigger SNS–PNS 
coactivation, suggesting optimal functionality. However, when 
experiencing sensorimotor incongruence, we observe a shift to-
ward a co-inhibition mode of the two systems, reflecting sub-
optimal ANS functioning. We suggest this can be a result of the 
added mental stress this period is entailing due to the conflict-
ing sensorial cues (see Figure 7). A similar trend was observed 
in the results of the downhill walking conditions, which share 

the same overall minimal physical effort as level walking con-
ditions. Additionally, in both level and downhill walking, the 
latter incongruent SR period demonstrates the recovery phase 
toward congruent ANS mode that is correction of current pre-
cept via sensorial recalibration, which leads to a change in ANS 
stimulus. In accordance with the overall quicker response in 
downhill walking, a full return to baseline is achieved, while 
at the end of the SR period of level walking, the ANS mode sug-
gests still co-inhibition, that is prolonged recalibration period.

When looking at uphill walking conditions, which entail greater 
physical exertion and metabolic input, we can observe that 
all the values are positioned on the reciprocity diagonal (see 
Figure  7). The negatively correlated activity of the PNS and 
SNS is modeled as forming a larger reservoir of possible action 
modes, consequently triggering larger potential changes in HR 
control (i.e., greater flexibility). This is in accordance with the 
higher physical effort required in the uphill walking conditions, 
that is leading to enhanced SNS activity. And indeed, in congru-
ent periods we observe SNS control, allowing for the highest in-
crease of HR according to the demanding task (uphill walking). 
In contrast, when experiencing sensorimotor incongruence, the 
control is of the PNS, indicating a sub-optimal ANS mode, again 
caused by the conflicted sensorial cues. Similarly to level and 
downhill walking conditions, the latter incongruent SR period 
in uphill walking demonstrates the recovery phase toward the 
congruent ANS state; although, also here, not reaching baseline 
values, that is prolonged recalibration period.

We present here evidence of differential ANS activations that 
were specifically aligned with the anticipated physical demands 
of upcoming walking task transitions (e.g., transitioning to up or 
down inclines or staying in level position; see Figure 5). These 
findings strengthen our speculation that ANS adjustments are 
linked to forthcoming gait behavior modifications rather than 
solely reflecting incongruent information processing. This bot-
tom-up regulatory mechanism facilitates stability restoration 
through flexible reallocation of internal resources.

5   |   Conclusion

We laid behavioral and physiological evidence for the involvement 
of the ANS in locomotion regulation, by linking changes in the 
perception of gravity to alterations in HR and HRV, during sensory 
incongruent circumstances. These findings contribute to the delin-
eation of integrative perception–action processes across all func-
tional domains (e.g., motor control, cognition, affect, and sensory 
functions) that give rise to human behavior. After demonstrating 
the sensitivity of ANS function to sensorimotor manipulation, and 
while circumstances of visual conflict are limited in day-to-day 
life (restricted ecological validity), future studies should focus on 
the influence of cognitive–motor interactions on ANS involvement 
in locomotion regulation.
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