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Sensory neuroprosthesis improves
postural stability during Sensory
Organization Test in lower-limb
amputees

Hamid Charkhkar@®2%, Breanne P. Christie(®?> & Ronald J. Triolo(®-?

To maintain postural stability, unilateral lower-limb amputees (LLAs) heavily rely on visual

and vestibular inputs, and somatosensory cues from their intact leg to compensate for missing
somatosensory information from the amputated limb. When any of these resources are compromised,
LLAs exhibit poor balance control compared to able-bodied individuals. We hypothesized that restoring
somatosensation related to the missing limb via direct activation of the sensory nerves in the residuum
would improve the standing stability of LLAs. We developed a closed-loop sensory neuroprosthesis
utilizing non-penetrating multi-contact cuff electrodes implanted around the residual nerves to elicit
perceptions of the location and intensity of plantar pressures under the prosthetic feet of two transtibial
amputees. Effects of the sensory neuroprosthesis on balance were quantified with the Sensory
Organization Test and other posturographic measures of sway. In both participants, the sensory
neuroprosthesis improved equilibrium and sway when somatosensation from the intact leg and visual
inputs were perturbed simultaneously. One participant also showed improvement with the sensory
neuroprosthesis whenever somatosensation in the intact leg was compromised via perturbations of

the platform. These observations suggest the sensory feedback elicited by neural stimulation can
significantly improve the standing stability of LLAs, particularly when other sensory inputs are depleted
or otherwise compromised.

Individuals with lower limb amputation face challenges in maintaining their balance when navigating uneven
terrains or encountering perturbations during walking!=>. The fear of falling and decreased balance confidence are
prevalent among lower limb amputees (LLAs)>*, which are important factors in their mobility and participation
in social activities*. Compared to individuals without lower limb loss, LLAs have slower walking speeds, pos-
sibly because of decreased gait stability and the need for increased conscious attention while walking on uneven
or changing terrains’. In a survey of community-dwelling LLAs, more than 50% reported that they had fallen at
least once in the past year*?. Amputees typically place more trust in the intact limb, which results in overuse and
destructive long-term consequences, such as osteoarthritis of the intact knee and/or hip'. Decreased loading on
the affected limb can also lead to osteopenia and subsequent osteoporosis. With the growing number of people
who lose limbs due to vascular diseases or trauma, it is important to develop assistive technologies that improve
standing stability in this population.

Three main sensory systems, the visual, vestibular, and somatosensory, contribute to stable posture during
stance'"'2. Theses inputs are integrated and processed in the central nervous system which generates appropriate
movement strategies and motor commands to maintain postural stability’>!%. However, when any of the sensory
inputs are absent or inaccurate, the CNS adjusts the gains for each input to control the stability’®. Such adjust-
ments are often demonstrated in increased body sway, and if not successful can result in loss of balance and falls.

The absent sensory feedback from the missing foot in LLAs plays a crucial role in the degradation of their
balance!*-'7. LLAs mainly rely on other sensory inputs, such as vision or proprioception from the intact and
residual lower limbs, to compensate for compromised sensory information®!”. When vision is blocked, LLAs have
significantly more postural sway and are less stable compared to able-bodied controls'®!?, indicating that the lack
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Figure 1. Conditions of SOT in which controlled perturbation to visual and somatosensory inputs could be
applied. Red boxes denote perturbation of the corresponding sensory input. Participant’s eyes were closed in
conditions 2 and 5.

Age Height Amputated Time since
Participant | Sex | (year) | (cm) Weight(kg) | side Etiology amputation
LLO1 M 67 173 106 Left Traumatic | 48
LLO2 M 54 168 67 Right Traumatic | 11

Table 1. Summary of participant characteristics enrolled in the study.

of somatosensory feedback from the missing limb contributes to the marked differences in stability'”. Moreover,
unilateral amputees use sensory feedback from their intact ankle and foot to compensate for the somatosensory
information lost with the missing limb. Studies show unilateral amputees rely more on their intact limb to make
balance adjustments and reduce the risk of fall*>. When LLAs have trouble maintaining balance with their intact
leg, they are more likely to have poor functional outcomes related to personal care, household activities, and
recreational activities®'.

Electrical stimulation of the remaining nerves in the residual limb of LLAs via various neural interface tech-
nologies can elicit somatosensory percepts referred to the missing limb?*?*. The modality and the intensity of
the reported sensations can be modulated by tuning the stimulation parameters®®. The sensations evoked by
non-penetrating multi-contact cuff electrodes implanted on the peripheral nerves above the knee in the residual
limbs of LLAs have been robust and consistent for more than two years. Furthermore, the perceived sensations
generated by neural stimulation have central processing times and temporal sensitivities similar to natural tactile
sensation®®. Although LLAs report improvements in self-reported confidence with the sensory feedback elicited
by neural stimulation?>?, the effects of such feedback on objective measures of balance has not previously been
determined.

The Sensory Organization Test (SOT) has been utilized as a clinical and research tool to objectively and quan-
titatively examine the contribution of different sensory systems to standing balance!?. In the SOT, visual and
somatosensory inputs are selectively perturbed or missing (Fig. 1) and the results on postural control are exam-
ined individually and in combination®. Outcomes of the test are correlated to overall balance performance during
ambulation and activities of daily living®?. The SOT has been administered on different patient populations
with standing stability deficits, including stroke survivors?, individuals with Parkinson’s Disease*>??, LLAs*?, and
elderly people!*2.

Standing balance is one of the most basic tasks in amputee rehabilitation and plays an essential role in most
functional activities'®*. In this study, we examined whether the sensory feedback provided by chronically
implanted non-penetrating, epineural nerve cuff electrodes could improve balance stability in transtibial ampu-
tees. Our hypotheses were: (1) somatosensory feedback elicited by direct neural stimulation will reduce the sway
exhibited by LLAs when other sensory inputs are perturbed, and (2) electrically elicited sensations related to the
missing foot will improve weight distribution symmetry between the intact and prosthetic limbs. The results of
this study may have implications to the development of new prosthetic technologies intended to reduce the risk
and fear of falls, improve standing balance and balance confidence, encourage engagement in unstructured com-
munity environments, or accelerate the rehabilitation process following lower limb amputation.

Methods

Research participants. Two individuals with unilateral transtibial amputations (LLO1 & LL02) volunteered
and enrolled in this study. A summary of their characteristics at the time of enrollment is presented in Table 1.
Both participants were regular prosthesis users with no medical history of peripheral neuropathy, dysvascular dis-
ease, phantom pain, or uncontrolled diabetes. Participants had no fall history for at least nine months prior to the
beginning of the study, and were therefore both classified as non-fallers®. The experiments described in this work
were conducted at least a year after their enrollment. However, during the first year post nerve cuff implantation,
both participants regularly visited the laboratory where they received neural stimulation and performed other
tests including impedance measurements, sensory threshold determination, sensory mapping, and psychometric
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Figure 2. Neural interface technology and the sensory neuroprosthesis. (a) The cuff electrodes were implanted
on sciatic and/or tibial and peroneal nerves. The access to individual contacts within each cuff electrode was
through percutaneous leads, which connected to an external stimulator. (b) Pressure distribution under the
prosthetic foot is sensed via an array of FSRs integrated into an in-shoe insole, electrical stimulation to specific
cuff contacts is determined based on the FSR readings, and sensations that match in location and perceived
intensity of the pressure profile under prosthetic foot are elicited. (c) Reported percept locations from LLO1 and
LLO02. Stimulation delivered selectively to contacts generating perceived sensations referred to the missing toes
and heels in response to pressures applied to the insole FSR array.

experiments described elsewhere?*3132, The Louis Stokes Cleveland Veterans Affairs Medical Center Institutional
Review Board and Department of the Navy Human Research Protection Program approved all study procedures,
which were conducted under an Investigational Device Exemption obtained from the United States Food and
Drug Administration. The study was designed in accordance with relevant guidelines and regulations, and both
individuals gave their written informed consent to participate.

Neural interface technology. The details of neural interface technology and implantation technique
have been described previously?. Both participants had 16-contact Composite Flat Interface Nerve Electrodes
(C-FINEs) installed around their sciatic, tibial and/or common peroneal nerves during an outpatient surgical
procedure. All C-FINE contacts were connected to percutaneous leads via industry-standard 8-contact in-line
connectors (Medtronic Inc.). The percutaneous leads exited the skin on the upper anterior thigh. To deliver
stimulating currents during laboratory visits, the percutaneous leads from C-FINEs were connected to a
custom-designed external stimulator?**2 Figure 2a depicts schematically the implanted and external components
of the system.

Electrical stimulation. The pulse amplitude range for the external stimulator was 0-5.6 mA with the resolu-
tion of 0.1 and 0.2 mA for values below and above 2mA, respectively. The pulse width (PW) could be modulated
between 0-255 ps with a resolution of 1 ps?**. Stimulating currents were delivered to the nerves in a series of
asymmetric, charge-balanced, cathodic-first pulses with return to a common anode placed on the skin above the
iliac crest. Stimulation parameters were set through a custom-made routine in Simulink (MathWorks Inc.) and
then compiled and downloaded into a dedicated computer running xPC Target real-time kernel (MathWorks
Inc.) for real-time operation during standing experiments. An optical isolator between the xPC target computer
and the stimulator ensured electrical isolation between the participant and other AC-powered electrical equip-
ment. Stimulation charge density was kept below 60 uC/cm? to avoid any potential of damage to the neural tissue
and/or platinum contacts®>!.

Sensory neuroprosthesis.  Able-bodied individuals sense their center of pressure partly through cutaneous
sensation from the plantar surface of the foot. The pressure distribution under the feet changes as they sway in an
anterior-posterior or medial-lateral direction, which provides feedback utilized by the central nervous system to
maintain balance. Similarly, we implemented a mechanism of sensory feedback in which the perceived intensity
of elicited sensations was proportional to pressure underneath the prosthetic foot (Fig. 2b). For each participant,
stimulating currents were delivered through a subgroup of C-FINE contacts to elicit sensations corresponding to
pressures applied to either the heel or forefoot (Fig. 2¢). This selection was based on prior mapping experiments®.

The pressure distribution underneath the prosthetic foot was measured using dynamic force-sensing resistors
(FSRs) incorporated into a shoe insole (IEE S.A.). The resistance for the FSRs was more than 1 MQ when the
insole was unloaded and decreased to 2 KQ with increasing loads up to 70 N/cm? pressure. Each insole contained
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Condition Platform Eyes Surrounding
1 Stationary Open Stationary

2 Stationary Closed Stationary

3 Stationary Open Moving

4 Moving Open Stationary

5 Moving Closed Stationary

6 Moving Open Moving

Table 2. Summary of conditions in SOT.

eight individual FSR cells, and readings from cells were collected using a data acquisition board (NI PCI-6071E,
National Instruments) with a sampling rate of 1000 Hz. The readings from two FSR cells at the heel were averaged
together to estimate an overall value for rearfoot load. Similarly, readings from the first metatarsal and the big toe
FSR cells were averaged together to provide an estimate of the overall load on the forefoot.

To modulate the perceived intensity of the elicited sensation, stimulation PW varied proportionally in
response to pressure readings from the FSR insoles. A calibration process was performed to determine the mini-
mum, reference, and maximum FSR values and their corresponding PWs. Minimum values were recorded when
no load was applied to the insole by the prosthetic foot (i.e., either while subjects sat or stood with their prosthetic
foot off the ground), which were associated with sub-sensory threshold PWs. Reference values were obtained by
having participants stand with equal weight on both legs, and the corresponding PW's were set such that the per-
ceived intensities matched the pressures reported for the intact foot. Isolated maximal pressures were then applied
to the forefoot and rearfoot by shifting body weight to the prosthetic toe and heel, respectively, and recording the
maximum signal values from the corresponding regions of the FSR insole. In these postures, PW values were set
at levels that participants verbally confirmed were higher in perceived intensity than the sensations elicited with
the prosthetic foot flat on the ground in the reference position. Having established the minimum, reference, and
maximum values for the FSR and PW values, the input-output relationship between pressure and PW was defined
by a piecewise linear function (Eq. 1):

0, v < Vin
PW. . — PW,_.
_ref 7 Tmin Vs Vi v <V
Vref - Vmin
. PW, PW,
= ah Vs Vref <v< Vmax
Vmax - Vref
PWmax’ Vmax <v (1)

where the v is the voltage readings from FSR.

Experimental design. The SOT was administered using a SMART Balance Master (Natus Medical
Inc.). The device was equipped with a controllable platform with two embedded dynamic force plates capable
of anterior-posterior translation or rotating about the ankle, and a visual surround capable of rotating about
the subject. Movements of the platform and visual surroundings were controlled by the NeuroCom Balance
Manager Software Suite (Natus Medical Inc.). Participants were tested under six sensory conditions while they
were secured in a loosely fitting safety harness attached to an overhead bar. The conditions for the SOT, as listed
in Table 2 and illustrated in Fig. 1, involve visual and/or somatosensory perturbations. Rotations of the platform
and/or the visual surroundings in the fore-aft direction was proportionally matched with a gain to the sway of
each participant during the test, such that higher postural sway resulted in greater perturbations in the platform
or visual surroundings. The gain was selected after test trials in which participants found it difficult to maintain
their balance during the most challenging condition (#6 - inaccurate visual and compromised somatosensory
inputs), yet not to a degree that it would result in a fall. Prior work with lower-limb amputees performing the SOT
either excluded trials with falls in data analysis® or allowed participants to repeat the trial®, which could skew the
sway-related outcomes. Therefore, we decided to set the gain such that the test would be maximally challenging
without compromising the validity of the analysis. For LLO1 and LLO02 the gains were set to 1 and 2, respectively.

Each SOT condition lasted for 20's and participants were instructed to maintain as little postural sway as
possible, to keep their feet in the same position throughout the test, and to keep their arms at their sides. One test
block consisted of all six SOT conditions, with each condition tested two times. Each block was performed under
one sensory stimulation mode: closed-loop sensory neuroprosthesis active (stimulation “on”) or inactive (stimu-
lation “off”). The order of conditions was randomized within each block, and the order of stimulation modes was
randomized between blocks. Six blocks were collected for each sensory stimulation mode in total, i.e. 12 trials for
each SOT condition and sensory stimulation mode.

For every trial, the time series of ground reaction forces, Center of Pressure (COP), and estimates of Center of
Gravity (COG) were extracted using the clinical module in the NeuroCom Balance Manager Software Suite. The
raw force plate data were sampled at 100 Hz and saved on a local hard drive for offline processing.
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Data analysis and outcome measures. Equilibrium Score (ES), a clinically known measure to quantify
sway amplitude during SOT conditions®, was calculated for every trial based on Egs. 2 and 3, consistent with the
built-in equations used in NeuroCom Software Suite clinical module®>*®.

12.5° — (Max(6y) — Max(6p))
12.5° )

In Eq. 2, Max(6,) and Max(6p) are the maximum COG angular sways in the anterior and posterior direc-
tions, respectively. 12.5° is an accepted range of anterior to posterior sway before an able-bodied individual loses
balance during stance®-*. An ES approaching 100 denotes minimal sway, whereas scores around zero indicate
that balance is approaching the limits of stability. The Max(6, ,, p) was calculated using Eq. 3, in which # is the
participant’s height®:

ES =100 x

_1| Max(COG;, ,, p)(cm) o 180°

0.55 x h(cm) T (3)

Max deg| = tan

0A or P

Because ES only considers extreme limits of sway angle, it cannot capture the complete sway history during
a trial. Therefore, we calculated two additional sway-related outcomes, Root Mean Square (RMS) distance of the
COP, and elliptic area approximation of COP. In summary, the higher ES indicates better balance. Conversely,
higher values for COP-related measures indicate less stability.

The RMS distance of the COP (DISTyys) is an indicator of variability in COP movement. It has been shown
to be a reliable measure of postural equilibrium*-*! and is sensitive to altered sensory inputs*>*3. DISTy,s was

calculated using Eq. 4:
DIST = 1 NE RD[n}
RMS 1/
N7 (4)

where N is the total number of samples during a trial, N = 2000 and RD[n] is the resultant distance (RD) vector
of the COP as given below (Eq. 5):

RD|n| = | COP,[n + COPyy[n}

(5)

In Eq. 5, COP,p and COPy; are the COP components in the Anterior-Posterior (AP) and Medial-Lateral (ML)
directions, respectively. The lower-case ‘n’ in Egs. 4 and 5 indicates a discrete-time sample. The mean values of the
AP and ML components were subtracted from the COP vectors in every trial to eliminate any inconsistency due
to foot placement across trials. The mean was calculated over the 205, the period of the trial.

Additionally, an elliptic area approximation of the COP path was computed for each trial. This measure cap-
tures the changes in COP path during standing and has been utilized as an indicator of overall postural perfor-
mance*. Following the method described in Schubert et al.*, we calculated a 95% prediction ellipse based on the
assumption that points in the COP scatter follow a Chi-square distribution®. The area of the ellipse was calculated
using Eq. 6:

Areap; = mab (6)

where a and b were semimajor and semiminor axes of the confidence ellipse and they were estimated according
to Equation 7:

a= X2 A b= X2 A )

In Eq. 7, X\, and X\, are eigen values of the COP covariance matrix. X22 is the value of the Chi-square cumulative
distribution with two degrees of freedom at probability level = 0.95.

Lastly, any changes in weight symmetry were ascertained by calculating the percentage of the body weight
placed on the prosthesis. The ground reaction forces from the force plate underneath the prosthetic foot were
normalized to the sum of ground reaction forces from both feet, i.e., body weight.

Statistical analyses. A two-way ANOVA was conducted to examine the effects of stimulation mode
(i.e., sensory neuroprosthesis active or inactive) and SOT condition on the means + standard deviations
of the outcome measures. Extreme outliers, defined as data points more than three interquartile ranges away
from either the lower quartile or upper quartile, were removed from the analysis. Normality was assessed using
Kolmogrov-Smirnov normality test for each cell of the design. Any statistically significant interactions between
stimulation mode and SOT conditions were followed up by analysis of simple main effects to determine the
impact of stimulation under specific SOT conditions. For the analysis of simple main effects, the statistical signif-
icance received a Bonferroni adjustment for the two stimulation modes and was accepted at the p < 0.025 level. If
no interaction effects were found, we tested for the main effect of stimulation on the measured outcome. Because
there were only two stimulation modes, no post hoc analyses were deemed necessary. For all other comparisons,
we used two-tailed t-tests followed by Bonferroni adjustments if multiple paired comparisons took place. All the
statistical analysis were performed using IBM SPSS Statistics Ver. 22 (IBM Corp.).
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Figure 3. Effects of sensory stimulation on Equilibrium Score for LLO1 (left) and LLO2 (right). Age-matched
normative means are shown in red. There was a significant interaction between stimulation mode and SOT
condition. For LL02, the ES was improved with sensory feedback in conditions four, five, and six. For LLO1, this
improvement was observed in condition six. * and ** denote p < 0.05 and p < 0.001, respectively.

Results
Sensations elicited by the sensory neuroprosthesis. For both participants, stimulation was delivered
via different contacts in the cuff electrodes implanted on the sciatic nerve. For LLO1, when pressure was applied
to the FSRs at a location corresponding to the first metatarsal and big toe of the prosthetic foot, electrical stim-
ulation was delivered to evoke sensations perceived as arising from the missing forefoot (Fig. 2¢). The readings
from the first metatarsal and the big toe FSR cells were averaged together to provide an estimate of the overall load
on the forefoot. In response to pressure on the FSRs underneath the prosthetic heel, the neuroprosthesis elicited
sensation perceived as originating in the missing heel. The readings from two FSR cells at the heel were averaged
together to estimate an overall value for the rearfoot load.

Similarly, for LLO2, pressure to the first metatarsal and toe FSRs triggered electrical stimulation, which elicited
sensation related to the missing first to fifth metatarsal areas. In response to pressure on the heel FSRs, the neuro-
prosthesis elicited sensation perceived as arising from the missing heel and lateral ankle.

Effects of sensory stimulation on ES. A significant interaction between stimulation mode and SOT con-
dition for ES was found in both participants (LLO1: p = 0.029, LL02: p < 0.001). This suggests that the effect of
stimulation on ES depended on SOT condition (Fig. 3). For both participants, ES was significantly lower in con-
dition six (visual and somatosensory inputs compromised) during trials with the sensory neuroprosthesis active.
For participant LL02, sensory feedback also led to an improvement in ES for conditions four (somatosensation
compromised) and five (vision and somatosensation compromised).

In SOT condition six, the ES values were 74.8 9.6 and 65.2 + 7.9 for the sensory neuroprosthesis active
and inactive, respectively, for LLO1. This represents a statistically significant mean improvement of 9.2 with 95%
Confidence Interval (CI) between 5.4 to 12.9 (p < 0.001). For LL02, the ES significantly improved in conditions
four, five, and six. Additionally, for LL02, the effect of electrically elicited sensory feedback on ES grew bigger
from condition four to six, and approached able-bodied norms. In condition four, the ES values for LL02 were
79.6 +4.0 and 74.3 + 7.5 for sensory stimulation on and off, respectively, a statistically significant mean improve-
ment of 5.2 (95% CI 0.2 to 10.3, p = 0.042). In condition five, the ES values for LL02 were 96.7 £5.7 and 63.4+7.1
for the sensory neuroprosthesis active and inactive, respectively, a statistically significant mean improvement of
6.3 (95% CI 1.3 to 11.3, p = 0.015). In condition six, the ES values for LL02 were 65.3 +-4.0 and 49.7 £13.7 for
sensory stimulation on and off, respectively, a statistically significant mean improvement of 15.6 (95% CI 10.6 to
20.7, p < 0.001).

There was a statistical difference in baseline ES values without electrically elicited sensory feedback between
LLO1 and LLO2 in conditions four, five, and six. In condition four, without sensory stimulation, the ES values were
84.0 6.8 and 74.4 £ 7.1 for LLO1 and LL02, respectively (p = 0.006). In condition five, they were 72.9 4+ 4.1 and
63.4+6.8 for LLO1 and LL02, respectively (p = 0.001). In condition six, they were 65.1 +7.5 and 49.7 - 13.1 for
LLO1 and LL02, respectively (p = 0.004). Such differences between the two participants suggest that without the
sensory neuroprosthesis active, LLO1 had higher postural stability than LL02 in the last three conditions of the
SOT. Lastly, the ES from these two participants were compared to previously reported aged-matched normative
ES values*. For conditions four, five, and six, LL02 had significantly lower ES without sensory stimulation (p <
0.05) whereas LLO1 either scored equal or higher than normative values (Fig. 3).

Effects of sensory stimulation on RMS distance of COP.  Sensory stimulation affected the DIST,sin
both participants, as shown in Fig. 4. For both LL01 and LL02, there was a statistically significant interaction
between stimulation mode and SOT condition on DISTyy,s (LLO1: p < 0.001, LL02: p = 0.001). For both partic-
ipants, DIST gy Was significantly lower in condition six during trials with electrically elicited sensory feedback.
For LL02 only, DISTyysalso improved with sensory stimulation in condition four.

For LL01 in SOT condition six, the DIST s were 1.3 & 0.4 cm and 2.1 £ 0.4 cm for the sensory neuroprosthesis
active and inactive, respectively, a statistically significant mean difference of 0.8 cm (95% CI 0.6cm to 1.1 cm, p
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Figure 4. Effects of sensory stimulation on RMS distance of COP for LLO1 (left) and LLO2 (right). There was a
significant interaction between stimulation mode and SOT condition. For LLO1, the RMS distance of the COP
was reduced with sensory feedback in condition six, indicating improved balance. For LL02, the reduction

in RMS distance of COP was observed in conditions four and six. * and ** denote p < 0.05 and p < 0.001,
respectively.

< 0.001). Similarly, for LL02, the DIST,during condition six were 2.0 == 0.4 cm and 2.9 £ 0.7 cm for sensory
stimulation on and off, respectively, a statistically significant mean difference of 0.8 cm (95% CI 0.5cm to 1.1 cm,
p < 0.001). Additionally, for LL02, the DISTyysin condition four was 1.1 £0.2 cm and 1.4 £ 0.4 cm for electrically
elicited sensory feedback on and off, respectively, a statistically significant mean difference of 0.3 cm (95% CI
0.1cm to 0.6 cm, p = 0.018). In condition four, the RMS distances without sensory feedback were 0.9 £0.4cm
and 1.4 £ 0.4 cm for LLO1 and LL02, respectively. This suggests that without sensory stimulation, LL02 had higher
sway compared to LLO1 (p=0.008) which might have contributed to the sensory stimulation effect seen for LL02
in condition four.

Effects of sensory stimulation on area of prediction ellipse. We also found statistically significant
interactions between stimulation mode and SOT condition for the area of prediction ellipse in both participants
(LLOI: p = 0.003; LLO2: p < 0.001) that paralleled those for DISTy,s (Fig. 5). For both participants, the area was
significantly lower in condition six during trials with the sensory neuroprosthesis active. For participant LL02,
electrically elicited sensory feedback also led to an improvement in condition four. Representative COPs and
corresponding prediction ellipses are shown in Fig. 5.

In SOT condition six for LLO1, the areas of the prediction ellipses were 9.3 £ 5.4 cm? and 18.5 £ 2.0 cm? for
the sensory neuroprosthesis active and inactive, respectively. This represents a statistically significant mean dif-
ference 0f 9.2 cm? (95% CI 5.4 cm? to 12.9 cm?, p < 0.001). Similarly, for LLO2 in condition six, the mean areas of
the prediction ellipses were 18.1+ 6.4 cm? and 38.6 + 18.2 cm? for electrically elicited sensory feedback on and
off, respectively. This represents a statistically significant mean difference of 20.5cm? (95% CI 14.6 cm? to 26.4
cm?, p < 0.001). In addition to condition six, LLO2 exhibited a significant difference in prediction ellipse area for
condition four. In this condition the mean areas of the prediction ellipses were 5.6 = 2.2 cm? and 12.5+ 8.4 cm?
for sensory stimulation on and off modes, respectively, with a statistically significant mean difference of 6.93 cm?
(95% CI 1.03 cm? to 12.84 cm?, p = 0.027). Without the sensory neuroprosthesis active, the area of prediction
ellipse under SOT condition four was 6.1 £4.3 cm? and 1.4+ 0.4 cm?® for LLO1 and LL02, respectively. This sug-
gests LL02 had much higher fluctuations in his sway compared to LLO1 (p = 0.01) without sensory stimulation.

Effects of sensory stimulation on weight symmetry. There was no statistically significant interaction
between stimulation mode and SOT condition on body weight percentage on the prosthesis (LLO1: p = 0.809;
LL02: p = 0.571). However, the follow up analysis of the main effect for stimulation revealed a statistically signif-
icant effect of stimulation across all conditions. During trials with the sensory neuroprosthesis active, participant
LL02 increased the percentage of his body weight on the prosthesis by 2% (95% CI 1.1% to 2.8%, p < 0.001)
(Fig. 6). These results suggest that LL02 shifted more weight onto his prosthesis when he received sensory stim-
ulation regardless of SOT condition. The follow up analysis of the main effects did not show any changes in body
weight distribution between sensory stimulation modes for LLO1 (p = 0.22). Compared to previously reported
results with transtibial amputees aged 50 and older, our participants had a similar weight distribution on their
prosthetic limbs®°.

Discussion

In this study, we demonstrated that sensations elicited in the missing foot of two transtibial amputees could
decrease sway and improve balance when visual and vestibular inputs were incongruent and somatosensation in
the intact foot was compromised. The sensations in the missing foot were elicited using a sensory neuroprosthesis
that electrically activated nerves in the residual limb via implanted non-penetrating nerve cuff electrodes. The
location and intensity of perceived sensations were determined and modulated according to prosthetic foot-floor
contact pressure. Using this approach, we were able to examine the role of plantar somatosensory feedback from
the missing foot during standing balance under challenging, dynamic conditions.
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Figure 5. Effects of sensory stimulation on area of prediction ellipse for LLO1 (top left) and LL02 (bottom left).
Representative COPs and corresponding prediction ellipses from SOT condition four are shown on the right
(data from LLO02). There was a significant interaction between stimulation mode and SOT condition. For LLO1,
the area of prediction ellipse was reduced with sensory feedback in condition six, suggesting an improvement in
balance. For LL02, the reduction in the area of prediction ellipse was observed in conditions four and six. * and
** denote p < 0.05 and p < 0.001, respectively.
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Figure 6. Overall effects of sensory stimulation on weight symmetry across all SOT conditions. No significant
interaction between stimulation mode and SOT condition were found on weight symmetry. However, there
was a statistically significant effect of stimulation on weight symmetry regardless of SOT condition for LL02. **
denote p < 0.001. In a study with 22 unilateral transtibial amputees aged 50 years or older, weight distribution
during quiet stance was reported to be 44.4 +7.7% on the prosthetic limb®.

In both participants, we observed that the information from the sensory neuroprosthesis was most useful
during condition six of the SOT, during which vestibular and visual inputs were incongruent and somatosen-
sation in the intact leg was simultaneously perturbed. This improvement was seen in all three balance measures
(ES, DISTy,s and area of predicted ellipse), which demonstrates that not only were the maximum boundaries of
sway reduced, but participants also remained steadier throughout the entire trial period with the neuroprosthesis
active. Consistent with previous reports of naturally occurring sensory inputs, our findings show that participants
utilized the most reliable sources of sensory information when others were compromised?’, including the percep-
tions of plantar sensation elicited by neural stimulation.

Our results confirm that LLAs adapt to lack of sensory input from their missing limb in part by relying on sen-
sation from the intact leg. For LL02, we found the ES decreased during all three conditions (#4-6) that perturbed
somatosensation in the intact foot. A prior study showed that poor perception of vibration and pressure in the
intact foot and ankle was associated with poor static and dynamic balance in dysvascular transtibial amputees'.
Moreover, it has been reported that LLAs use their intact limb to obtain sufficient sensory information for func-
tion'®?. In a study by Miller et al., the number of reported falls per year for bilateral amputees was more than
double that of unilateral amputees, suggesting that the loss of sensory input from both legs drastically increases
fall risk?. These observations suggest that sensory neuroprostheses may be the most beneficial for LLAs with poor
intact limb sensation.
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The differences in the effect of the sensory neuroprosthesis on outcome measures between the two participants
can be explained mainly by how they prioritized other sensory inputs. LLO1 also had equal or better ES compared
to age-matched able-bodied controls, an indicator of good balance stability among traumatic transtibial ampu-
tees>*. Furthermore, LLO1 was more stable without sensory stimulation in conditions four and five compared
to LL02, which signifies that he may not have needed the additional sensory feedback as much and therefore did
not utilize it in those conditions. However, LL02 found himself in a less stable situation; therefore, the electrically
elicited sensory feedback resulted in an improvement in balance during the same conditions. Other factors such
as residuum length* and choice of prosthetic foot® could have contributed to differences seen between two par-
ticipants. Additionally, the amplitude for the surround and the platform movements during the SOT was chosen
based on the confidence of each individual in controlling their balance. The difference in balance confidence
between participants may also explain better sway measures for LLO1 without the sensory neuroprosthesis active.

Maintaining balance is a complex sensorimotor function, which requires central processing of multiple sen-
sory inputs at the vestibular nuclei**. The CNS compares the sensory inputs against an internal model and attrib-
utes relative weights to them to generate appropriate motor responses®. With reduced or conflicting sensory
information, the motor performance is directly affected, and balance stability may subsequently become com-
promised®. In LLAs, not only is the sensory information from the missing foot absent, but also the internal
body model has changed as a result of the altered neuromuscular and sensorimotor systems following amputa-
tion®?. For example, it has been shown that plantar pressure sensations are used to update internal estimates of
center of mass location, which is a key factor in balance stability**®. It is possible that the internal models of the
participants in this study were updated after the first use of the sensory neuroprosthesis. Future studies should
consider baseline measurements of balance prior to providing any electrically evoked somatosensations to LLAs
to investigate if updates to internal model contribute to observed improvements in balance. Alterations in the
internal model by prior exposure to sensory stimulation would further support the implications that the intact
neuromuscular balance control apparatus interprets the electrically elicited sensations in a similar manner to
naturally occurring sensory inputs, and utilized them effectively to help maintain standing balance and stability.

The sensory neuroprosthesis appeared to improve body weight symmetry in LLO2 but it did not have any
significant effects on weight distribution in LLO1. This finding confirms that weight symmetry in LLAs could be
affected by loss of sensation, however other variables such as prosthetic alignment, prosthetic foot design, socket
fit, and even poor hip abductor muscle strength could play a role in this outcome measure!*>*>. Moreover, sev-
eral studies have shown that weight symmetry in LLAs is regained within eight weeks after first prosthesis use,
and in many cases there is not much improvement beyond this period®*. Since the participants were long-term
prosthesis users, their no-stimulation baseline symmetry values should have stabilized. Similarly, they were both
exposed to sensory stimulation in the laboratory for a year prior to these experiments, thus the symmetries exhib-
ited with the neuroprosthesis should have also plateaued. The time course of changes in symmetry due to the
sensory neuroprosthesis can be the topic of future exploration. Lastly, sensory feedback affected sway measures
differently than weight symmetry, suggesting that improvements in balance are not always correlated with a more
symmetrical weight distribution®.

It is likely that participants used the pressure exerted by the prosthetic socket on the residual limb to obtain
information regarding movements of the support platform, and their own sway behaviors. However, the feedback
through the socket and residuum is often not refined enough to compensate for the missing plantar sensation'.
Additionally, sensory feedback through the socket can vary based on changes in skin sensitivity*, residual limb
volume®, liner material®, and alignment®?. Furthermore, in dysvascular amputees, sensation through the socket
could be limited due to diminished sensation in the residual limb due to the primary disease process*.

In contrast to our approach that interfaces with remaining nerves in the residual limb to generate somatosen-
sations directly referred to the missing foot, methods that utilize electro- or vibro-cutaneous input have attempted
to provide indirect feedback regarding the status of the missing lower limbs*#%*-7%, However, only a few studies
have examined the functional outcomes of such sensory substitution techniques with LLAs**”7!, Rusaw et al.**
investigated the effects of vibratory feedback on static and dynamic balance in transtibial amputees by performing
four out of the six conditions of SOT (Conditions 1-2 & 4-5). Four pressure sensors under the prosthetic foot
were linked to four tactors located around the circumference of the thigh on the affected side. No improvements
in any measures of sway were reported, suggesting that amputees were not able to effectively utilize the feedback
functionally or integrate it into their balance control**. Sabolich ef al.% applied electrical stimulation to the skin
of the residual limb based on the anterior and posterior loading conditions on the prosthetic foot. They reported
improvement in weight distribution of transtibial amputees during static stance. However, the feedback did not
result in any significant improvements in single-leg standing time, body weight symmetry, or step length sym-
metry during walking.

Although non-invasive approaches could be considered as preliminary tools to examine benefits of sensory
feedback after limb loss, they impose limitations such as slow response time, inconsistencies based on changes in
the skin-prosthesis interface, cuambersome donning and doffing, extended training times, and poor psychological
acceptability and embodiment®”'-73. In addition to the apparent mismatch between the original and substituted
sensory modality, a major limitation with sensory substitution is an abnormally long temporal delay between
stimulus onset and conscious perception”®. The response times for vibrotactile devices mounted on residual limbs
of lower-limb amputees are as long as a typical gait cycle”, which makes this mechanism of sensory feedback
impractical for balance and gait tasks that require rapid adjustments (i.e. responding to external perturbations).
In addition, the detection threshold for vibrotactile or electrotactile stimuli could be greatly affected by factors
such as the material of the prosthesis liner, mechanical properties of prosthetic components, skin condition,
or movement of an electrode or actuator inside the socket®’>73. Furthermore, because sensory substitutive
approaches do not result in sensations perceived as originating in the lost limb, users must be trained to associate
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the external stimulus with the applied load”". Finally, the long-term functionality and acceptability of such sys-
tems have yet to be determined.

Our participants reported proprioception around the ankle during threshold and mapping experiments
with our sensory neuroprostheses®, however, they do not report proprioception when postural expectations are
incongruent, i.e. when standing upright with a fixed prosthetic ankle. In this scenario, the participants are con-
sciously aware that the ankle is locked; therefore, the elicited sensations are reported as muscle tightening around
the ankle or perceived as contractions of the calf muscles. Future effort will focus on integrating the sensory
neuroprosthesis with volitionally controlled prosthetic ankles, so that the ankle joint is a part of the sensory neu-
roprosthesis and participants can benefit from elicited proprioception in addition to plantar pressure sensation.

In able-bodied individuals, three main motor strategies are utilized to maintain balance during static and
dynamic conditions®. Movements at the ankle (i.e., the ankle strategy) are in response to small perturbations.
Movements at the hip (i.e., the hip strategy) are often used to compensate for large perturbations. If there is a
sudden change in the base of support in relation to the COG, then a stepping strategy is utilized to maintain
balance’. Because transtibial amputees are missing an ankle joint, they often use the hip joint to stabilize their
COG in response to small perturbations of balance’’®. In this case, accurate sensory feedback is still required
to activate proper trunk rotation around the hip joint to maintain stability. However, if LLAs could control their
prosthetic ankle joint to generate sufficient moment in response to sensory input, even greater improvements in
balance could be expected from integrating a sensory neuroprosthesis with an active ankle.

Unilateral LLAs depend on visual feedback, the intact leg, and/or their upper bodies to control their posture
during the early stages of rehabilitation post-amputation®*””. Such dependency reduces over time as they learn to
capitalize on remaining sensory inputs, but amputees still primarily depend on their intact limb as well as their
vision to maintain balance control during static and dynamic tasks>*78-%0. Sensory neuroprostheses may have the
potential to reduce dependency on these resources and accelerate progress through post-amputation rehabilita-
tion. The results of the experiments described here were based on limited use of a sensory neuroprosthesis in the
laboratory. It is possible that with continuous use of the system at home and in the community, amputees could
learn to rely on the new somatosensory input and use it even more effectively in controlling balance.

Although the time since amputation for the second participant was more recent (11 years for LL02 compared
to 48 years in LL01), it was unlikely that differences in SOT outcomes between participants were due to the time of
amputation. A prior study conducted with 15 unilateral transtibial amputees between 2-44 years post-amputation
reported no effect of the time post-amputation on SOT outcomes®. Both participants also received equivalent
exposure to the sensory neuroprosthesis and had similar amounts and types of experiences with the system in the
laboratory on a weekly basis for approximately 1.5 years prior to testing. Therefore, differences in prior exposure
and practice are also unlikely to be the cause of the observed inter-subject variability in the outcomes.

The duration of the test was set based on clinical guidelines for the SOT. Although we did not investigate pos-
sible adaptation effects in this study, the time-course and magnitude of adaptation for touch elicited via electrical
stimulation of the nerve through cuff electrodes are equivalent to natural, mechanically-induced sensations®'.
This suggests that the underlying neural mechanisms for adaptation are similar between mechanically- and
electrically-induced sensations. Furthermore, we implemented sensory stimulation that was proportional to
pressure underneath the prosthetic foot (i.e., the applied electrical stimulation was modulated based on changes
in plantar pressure). Therefore, participants did not receive a constant stimulus, which reduces the likelihood of
adaptation due to the dynamic nature of the inputs to the nervous system?®2.

Although participants in this study were transtibial amputees, other populations such as transfemoral ampu-
tees and elderly people exhibit comparable sensorimotor characteristics, which predisposes them to an increased
risk of fall?. It has been reported that when any two sensory inputs are simultaneously compromised in elderly
people, a significant increase in sway occurs®>®3. As such, providing neural sensory stimulation to those who have
compromised sensory perception in their lower limbs could be an effective way to improve standing stability in
multiple user populations.

Conclusions

The functional benefits of a sensory neuroprosthesis for improving standing balance were documented by com-
puterized dynamic posturography in two individuals with transtibial limb loss. Appropriately localized and mod-
ulated sensations of plantar pressures under the prosthetic foot were elicited by delivering stimulating currents
directly to the nerves in the residuum via multi-contact non-penetrating cuff electrodes. We demonstrated these
elicited sensations were integrated into the intact neuromuscular control system to reduce sway and increase
stability in terms of variations in the Center of Pressure and Equilibrium Scores during perturbed standing.
Symmetry of loads applied to the intact and prosthetic legs was also significantly improved with the information
provided by the sensory neuroprosthesis. The sensory neuroprosthesis had the strongest impact on maintain-
ing balance when other resources, such as vision, vestibular, or somatosensory inputs from the intact leg, were
compromised. These findings indicate that the information provided by a closed-loop sensory neuroprosthesis
employing implanted neural stimulation technology was processed by the central and peripheral nervous sys-
tems as if they arose from the missing limb to positively impact standing balance. The generalizability of these
results on a larger sample of LLAs, and their implications on daily function in uncontrolled home and community
environments, their impact on the incidence and risk of falls and losses of balance, and the potential benefits of
integrating sensory stimulation with active or semi-active microprocessor controlled prosthetic ankle or knee
joints remain to be determined.

Data availability
The data that support the findings of this study are available upon request from the corresponding author, H.C.

SCIENTIFIC REPORTS |

(2020) 10:6984 | https://doi.org/10.1038/s41598-020-63936-2


https://doi.org/10.1038/s41598-020-63936-2

www.nature.com/scientificreports/

Received: 11 December 2019; Accepted: 8 April 2020;
Published online: 24 April 2020

References

1.

2.

10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.

33.
. Rusaw, D., Hagberg, K., Nolan, L. & Ramstrand, N. Can vibratory feedback be used to improve postural stability in persons with

35.

36.
. Chaudhry, H., Bukiet, B., Ji, Z. & Findley, T. Measurement of balance in computer posturography: Comparison of methods-A brief

38.
39.

40.

Lamoth, C.J., Ainsworth, E., Polomski, W. & Houdijk, H. Variability and stability analysis of walking of transfemoral amputees. Med.
Eng. Phys. 32,1009-1014 (2010).

Vanicek, N., Strike, S., McNaughton, L. & Polman, R. Postural responses to dynamic perturbations in amputee fallers versus
nonfallers: a comparative study with able-bodied subjects. Arch. Phys. Med. rehabilitation 90, 1018-1025 (2009).

. Barnett, C. T,, Vanicek, N. & Polman, R. C. J. Postural responses during volitional and perturbed dynamic balance tasks in new lower

limb amputees: A longitudinal study. Gait Posture 37, 319-325 (2013).

. Miller, W. C., Deathe, A. B., Speechley, M. & Koval, J. The influence of falling, fear of falling, and balance confidence on prosthetic

mobility and social activity among individuals with a lower extremity amputation. Arch. Phys. Med. Rehabil. 82, 1238-1244 (2001).

. Asano, M., Rushton, P, Miller, W. C. & Deathe, B. A. Predictors of quality of life among individuals who have a lower limb

amputation. Prosthet. Orthot. Int. 32,231-243 (2008).

. Nederhand, M. J., Van Asseldonk, E. H., van der Kooij, H. & Rietman, H. S. Dynamic Balance Control (DBC) in lower leg amputee

subjects; contribution of the regulatory activity of the prosthesis side. Clin. Biomech. 27, 40-45 (2012).

. Miller, W. C. & Deathe, A. B. A prospective study examining balance confidence among individuals with lower limb amputation.

Disability rehabilitation 26, 875-881 (2004).

. Jayakaran, P, Johnson, G. M., Sullivan, S. J. & Nitz, . C. Instrumented measurement of balance and postural control in individuals

with lower limb amputation: a critical review. Int. J. Rehabilitation Res. 35, 187-196 (2012).

. Kulkarni, J., Wright, S., Toole, C., Morris, J. & Hirons, R. Falls in Patients with Lower Limb Amputations: Prevalence and

Contributing Factors. Physiotherapy 82, 130-136 (1996).

Gailey, R., Allen, K., Castles, J., Kucharik, J. & Roeder, M. Review of secondary physical conditions associated with lower-limb
amputation and long-term prosthesis use. J. Rehabil. Res. Dev. 45, 15-29 (2008).

Chien, J. H., Eikema, D.-]. A., Mukherjee, M. & Stergiou, N. Locomotor sensory organization test: a novel paradigm for the
assessment of sensory contributions in gait. Ann. Biomed. Eng. 42,2512-2523 (2014).

Chien, J. H., Mukherjee, M., Siu, K.-C. & Stergiou, N. Locomotor sensory organization test: how sensory conflict affects the temporal
structure of sway variability during gait. Ann. Biomed. Eng. 44, 1625-1635 (2016).

Day, B. L. & Cole, J. Vestibular-evoked postural responses in the absence of somatosensory information. Brain 125, 2081-2088
(2002).

Pedalini, M. E. B,, Cruz, O. L. M., Bittar, R. S. M., Lorenzi, M. C. & Grasel, S. S. Sensory organization test in elderly patients with and
without vestibular dysfunction. Acta oto-laryngologica 129, 962-965 (2009).

Van Deursen, R. W. M. & Simoneau, G. G. Foot and ankle sensory neuropathy, proprioception, and postural stability. J. orthopaedic
sports Phys. Ther. 29, 718-726 (1999).

Quai, T. M., Brauer, S. G. & Nitz, J. C. Somatosensation, circulation and stance balance in elderly dysvascular transtibial amputees.
Clin. rehabilitation 19, 668-676 (2005).

Isakov, E., Mizrahi, J., Ring, H., Susak, Z. & Hakim, N. Standing sway and weight-bearing distribution in people with below-knee
amputations. Arch. Phys. Med. Rehabilitation 73, 174-178 (1992).

Duclos, C. et al. Postural changes after sustained neck muscle contraction in persons with a lower leg amputation. J. Electromyography
Kinesiol. 19, e214-e222 (2009).

Nadollek, H., Brauer, S. & Isles, R. Outcomes after trans-tibial amputation: the relationship between quiet stance ability, strength of
hip abductor muscles and gait. Physiotherapy Res. Int. 7, 203-214 (2002).

Claret, C. R. et al. Neuromuscular adaptations and sensorimotor integration following a unilateral transfemoral amputation. J.
Neuroeng. Rehabilitation 16, 115 (2019).

Schoppen, T. et al. Physical, Mental, and Social Predictors of Functional Outcome in Unilateral Lower-Limb Amputeesl. Arch. Phys.
Med. Rehabilitation 84, 803-811 (2003).

Petrini, E. M. et al. Sensory feedback restoration in leg amputees improves walking speed, metabolic cost and phantom pain. Nat.
Med. 25, 1356-1363 (2019).

Charkhkar, H. et al. High-density peripheral nerve cuffs restore natural sensation to individuals with lower-limb amputations. J.
Neural Eng. 15, 056002 (2018).

Christie, B. P. et al. Long-term stability of stimulating spiral nerve cuff electrodes on human peripheral nerves. J. Neuroeng.
rehabilitation 14, 70 (2017).

Clippinger, F. W, Seaber, A. V., Mcelhaney, J. H., Harrelson, J. M. & Maxwell, G. M. Afferent Sensory Feedback for Lower Extremity
Prosthesis. Clin. Orthop. Relat. Res. 169, 202 (1982).

Judge, J. O., King, M. B., Whipple, R., Clive, ]. & Wolf son, L. I. Dynamic balance in older persons: effects of reduced visual and
proprioceptive input. J. Gerontology Ser. A: Biol. Sci. Med. Sci. 50, M263-M270 (1995).

Smania, N., Picelli, A., Gandolfi, M., Fiaschi, A. & Tinazzi, M. Rehabilitation of sensorimotor integration deficits in balance
impairment of patients with stroke hemiparesis: a before/after pilot study. Neurological Sci. 29, 313 (2008).

Nocera, J., Horvat, M. & Ray, C. T. Effects of home-based exercise on postural control and sensory organization in individuals with
Parkinson disease. Parkinsonism Relat. Disord. 15, 742-745 (2009).

Gera, G., Freeman, D. L., Blackinton, M. T., Horak, F. B. & King, L. Identification of Balance Deficits in People with Parkinson
Disease; is the Sensory Organization Test Enough? International journal of physical medicine & rehabilitation 4, 322 (2016).
Erbahceci, F, Yigiter, K., Sener, G., Bayar, K. & Ulger, O. Balance training in amputees: comparison of the outcome of two
rehabilitation approaches. J. Arthroplasty Arthroscopic 12, 194-198 (2001).

Christie, B. P. et al. Visual inputs and postural manipulations affect the location of somatosensory percepts elicited by electrical
stimulation. Sci. Rep. 9, 1-14 (2019).

Christie, B. P, Graczyk, E. L., Charkhkar, H., Tyler, D. J. & Triolo, R. J. Visuotactile synchrony of stimulation-induced sensation and
natural somatosensation. J. Neural Eng. 16, 036025 (2019).

Tan, D. W. et al. A neural interface provides long-term stable natural touch perception. Sci. Transl. Med. 6,257ra138 (2014).

transtibial limb loss? J. rehabilitation Res. Dev. 49, 1239-1254 (2012).

Ji, Z., Findley, T., Chaudhry, H. & Bukiet, B. Computational method to evaluate ankle postural stiffness with ground reaction forces.
J. Rehabil. Res. Dev. 41,207-214 (2004).

Alberts, J. L. et al. Using accelerometer and gyroscopic measures to quantify postural stability. J. Athl. Train. 50, 578-588 (2015).

review. J. Bodyw. Mov. Ther. 15, 82-91 (2011).

Chaudhry, H. et al. Measures of postural stability. J. Rehabil. Res. Dev. 41, 713-720 (2004).

Geurts, A. C., Nienhuis, B. & Mulder, T. Intrasubject variability of selected force-platform parameters in the quantification of
postural control. Arch. Phys. Med. rehabilitation 74, 1144-1150 (1993).

Le Clair, K. & Riach, C. Postural stability measures: what to measure and for how long. Clin. Biomech. 11, 176-178 (1996).

SCIENTIFIC REPORTS |

(2020) 10:6984 | https://doi.org/10.1038/s41598-020-63936-2


https://doi.org/10.1038/s41598-020-63936-2

www.nature.com/scientificreports/

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.
53.

54

56.
57.

58.
59.
60.
61.
62.
63.
64.
65.
. Sabolich, J. A. & Ortega, G. M. Sense of Feel for Lower-Limb Amputees: A Phase-One Study. JPO: J. Prosthet. Orthot. 6, 36 (1994).
67.
68.
69.
70.
71.
72.
73.
74.
75.
76.

77.
78.

79.
80.

81.
82.

83.

Palmieri, R. M., Ingersoll, C. D., Stone, M. B. & Krause, B. A. Center-of-pressure parameters used in the assessment of postural
control. J. sport. rehabilitation 11, 51-66 (2002).

Niam, S., Cheung, W,, Sullivan, P. E., Kent, S. & Gu, X. Balance and physical impairments after stroke. Arch. Phys. Med. rehabilitation
80, 1227-1233 (1999).

Holme, E. et al. The effect of supervised rehabilitation on strength, postural sway, position sense and re-injury risk after acute ankle
ligament sprain. Scand. J. Med. Sci. sports 9, 104-109 (1999).

Paillard, T. & Noé, E. Techniques and methods for testing the postural function in healthy and pathological subjects. BioMed research
international 2015, (2015).

Schubert, P. & Kirchner, M. Ellipse area calculations and their applicability in posturography. Gait Posture 39, 518-522 (2014).
NeuroCom. Balance Master operator’s manual, Normative Performance Data Appendix. (2001).

Horak, E B., Shupert, C. L. & Mirka, A. Components of postural dyscontrol in the elderly: a review. Neurobiol. Aging 10, 727-738
(1989).

Hermodsson, Y., Ekdahl, C., Persson, B. M. & Roxendal, G. Standing balance in trans-tibial amputees following vascular disease or
trauma: a comparative study with healthy subjects. Prosthet. Orthot. Int. 18, 150-158 (1994).

Gaunaurd, I, Gailey, R., Hafner, B. J., Gomez-Marin, O. & Kirk-Sanchez, N. Postural asymmetries in transfemoral amputees.
Prosthet. Orthot. Int. 35, 171-180 (2011).

Vouriot, A. et al. Sensorial organisation favouring higher visual contribution is a risk factor of falls in an occupational setting.
Neurosci. Res. 48, 239-247 (2004).

Mergner, T., Huber, W. & Becker, W. Vestibular-neck interaction and transformation of sensory coordinates. J. Vestib. Res. 7, 347-367
(1997).

Peterka, R. J. & Black, E. O. Age-related changes in human posture control: sensory organization tests. J. Vest. Res. 2, 87-96 (1990).
Geurts, A. C. H. & Mulder, T. W. Reorganisation of Postural Control Following Lower Limb Amputation: Theoretical Considerations
and Implications for Rehabilitation. Physiotherapy Theory Pract. 8, 145-157 (1992).

. Morasso, P. G. & Schieppati, M. Can muscle stiffness alone stabilize upright standing? J. Neurophysiol. 82, 1622-1626 (1999).
55.

Meyer, P. E, Oddsson, L. I. E. & De Luca, C. J. The role of plantar cutaneous sensation in unperturbed stance. Exp. Brain Res. 156,
505-512 (2004).

Andres, R. O. & Stimmel, S. K. Prosthetic alignment effects on gait symmetry: a case study. Clin. Biomech. 5, 88-96 (1990).

Snyder, R. D., Powers, C. M., Fontaine, C. & Perry, J. The effect of five prosthetic feet on the gait and loading of the sound limb in
dysvascular below-knee amputees. J. Rehabil. Res. Dev. 32, 309-315 (1995).

Stolov, W. C., Burgess, E. M. & Romano, R. L. Progression of weight bearing after immediate prosthesis fitting following below-knee
amputation. Arch. Phys. Med. Rehabil. 52,491-502 (1971).

Lee, W. C., Zhang, M. & Mak, A. F. Regional differences in pain threshold and tolerance of the transtibial residual limb: including
the effects of age and interface material. Arch. Phys. Med. Rehabil. 86, 641-649 (2005).

Beil, T. L., Street, G. M. & Covey, S. J. Interface pressures during ambulation using suction and vacuum-assisted prosthetic sockets.
J. Rehabil. Res. Dev. 39, 693-700 (2002).

Al-Fakih, E. A., Abu Osman, N. A. & Mahmad Adikan, E R. Techniques for Interface Stress Measurements within Prosthetic Sockets
of Transtibial Amputees: A Review of the Past 50 Years of Research. Sensors 16,1119 (2016).

Jia, X., Suo, S., Meng, E & Wang, R. Effects of alignment on interface pressure for transtibial amputee during walking. Disabil.
Rehabil. Assist. Technol. 3, 339-343 (2008).

Wentink, E. C., Mulder, A., Rietman, J. S. & Veltink, P. H. Vibrotactile stimulation of the upper leg: effects of location, stimulation
method and habituation. Conf. Proc. IEEE Eng. Med. Biol. Soc. 2011, 1668-1671 (2011).

Shi, S., Leineweber, M. ]. & Andrysek, J. Examination of Tactor Configurations for the Design of Vibrotactile Feedback Systems for
Use in Lower-Limb Prostheses. In ASME 2018 International Design Engineering Technical Conferences and Computers and
Information in Engineering Conference (American Society of Mechanical Engineers Digital Collection, 2018).

Fan, R. E. et al. A haptic feedback system for lower-limb prostheses. IEEE Trans. Neural Syst. Rehabil. Eng. 16,270-277 (2008).

Wan, A. H., Wong, D. W,, Ma, C. Z., Zhang, M. & Lee, W. C. Wearable vibrotactile biofeedback device allowing identification of
different floor conditions for lower-limb amputees. Arch. Phys. Med. rehabilitation 97,1210-1213 (2016).

Rokhmanova, N. & Rombokas, E. Vibrotactile Feedback Improves Foot Placement Perception on Stairs for Lower-Limb Prosthesis
Users. In 2019 IEEE 16th International Conference on Rehabilitation Robotics (ICORR) 1215-1220 (IEEE, 2019).

Crea, S., Cipriani, C., Donati, M., Carrozza, M. C. & Vitiello, N. Providing time-discrete gait information by wearable feedback
apparatus for lower-limb amputees: usability and functional validation. IEEE Trans. Neural Syst. Rehabil. Eng. 23, 250-257 (2015).
Yang, L. et al. Utilization of a lower extremity ambulatory feedback system to reduce gait asymmetry in transtibial amputation gait.
Gait Posture 36, 631-634 (2012).

Crea, S., Edin, B. B., Knaepen, K., Meeusen, R. & Vitiello, N. Time-Discrete Vibrotactile Feedback Contributes to Improved Gait
Symmetry in Patients With Lower Limb Amputations: Case Series. Phys. Ther. 97, 198-207 (2017).

Hagstrom, E., Hagberg, K., Rydevik, B. & Branemark, R. Vibrotactile evaluation: osseointegrated versus socket-suspended
transfemoral prostheses. Journal of Rehabilitation Research ¢ Development 50, 1423-1434 (2013).

Sharma, A., Leineweber, M. J. & Andrysek, J. Effects of cognitive load and prosthetic liner on volitional response times to vibrotactile
feedback. Journal of Rehabilitation Research & Development 53, 473-482 (2016).

Maki, B. E. & McIlroy, W. E. The role of limb movements in maintaining upright stance: the ‘change-in-support’ strategy. Phys. Ther.
77, 488-507 (1997).

Eakin, C. L., Quesada, P. M. & Skinner, H. Lower-limb proprioception in above-knee amputees. Clin. Orthop. Relat. Res. 284,
239-246 (1992).

Kamali, M., Karimi, M. T., Eshraghi, A. & Omar, H. Influential factors in stability of lower-limb amputees. Am. . Phys. Med. Rehabil.
92,1110-1118 (2013).

Esquenazi, A. & DiGiacomo, R. Rehabilitation after amputation. J. Am. Podiatric Med. Assoc. 91, 13-22 (2001).

Buckley, J. G., O’'Driscoll, D. & Bennett, S. J. Postural sway and active balance performance in highly active lower-limb amputees.
Am. ]. Phys. Med. rehabilitation 81, 13-20 (2002).

Vrieling, A. H. et al. Gait initiation in lower limb amputees. Gait posture 27, 423-430 (2008).

Isakov, E., Mizrahi, J., Susak, Z., Ona, I. & Hakim, N. Influence of prosthesis alignment on the standing balance of below-knee
amputees. Clin. Biomech. 9, 258-262 (1994).

Graczyk, E. L., Delhaye, B., Schiefer, M. A., Bensmaia, S. J. & Tyler, D. J. Sensory adaptation to electrical stimulation of the
somatosensory nerves. J. Neural Eng. 15, 046002 (2018).

Brenner, N., Bialek, W. & de Ruyter van Steveninck, R. Adaptive Rescaling Maximizes Information Transmission. Neuron 26,
695-702 (2000).

Woollacott, M. H., Shumway-Cook, A. & Nashner, L. M. Aging and posture control: changes in sensory organization and muscular
coordination. Int. J. Aging Hum. Dev. 23, 97-114 (1986).

SCIENTIFIC REPORTS |

(2020) 10:6984 | https://doi.org/10.1038/s41598-020-63936-2


https://doi.org/10.1038/s41598-020-63936-2

www.nature.com/scientificreports/

Acknowledgements

This material is based upon the work supported by the Defense Advanced Research Projects Agency (DARPA)
and Space and Naval Warfare Systems Center Pacific (SSC Pacific) under Contract No. N66001-15-C-4038. In
addition, this material is the result of work supported with resources and the use of facilities at the Louis Stokes
Cleveland VA Medical Center. The authors would like to thank Clay Kelly, MD, for referring the participants,
Gilles Pinault, MD for performing the implant surgery, Melissa Schmitt, RN, for coordinating the clinical
aspects of the study, and Jennifer Kerbo for elegant illustrations of sensory neuroprosthesis. We also thank our
participants for their time, patience, and dedication.

Author contributions

H.C. analyzed data and wrote the manuscript. H.C. and B.P.C. conducted the experiments and collected data.
R.J.T. supervised the project. All authors conceived the experiments, discussed the results, and commented on
the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to H.C.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

SCIENTIFIC REPORTS |

(2020) 10:6984 | https://doi.org/10.1038/s41598-020-63936-2


https://doi.org/10.1038/s41598-020-63936-2
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Sensory neuroprosthesis improves postural stability during Sensory Organization Test in lower-limb amputees

	Methods

	Research participants. 
	Neural interface technology. 
	Electrical stimulation. 
	Sensory neuroprosthesis. 
	Experimental design. 
	Data analysis and outcome measures. 
	Statistical analyses. 

	Results

	Sensations elicited by the sensory neuroprosthesis. 
	Effects of sensory stimulation on ES. 
	Effects of sensory stimulation on RMS distance of COP. 
	Effects of sensory stimulation on area of prediction ellipse. 
	Effects of sensory stimulation on weight symmetry. 

	Discussion

	Conclusions

	Acknowledgements

	Figure 1 Conditions of SOT in which controlled perturbation to visual and somatosensory inputs could be applied.
	﻿Figure 2 Neural interface technology and the sensory neuroprosthesis.
	﻿Figure 3 Effects of sensory stimulation on Equilibrium Score for LL01 (left) and LL02 (right).
	﻿Figure 4 Effects of sensory stimulation on RMS distance of COP for LL01 (left) and LL02 (right).
	﻿Figure 5 Effects of sensory stimulation on area of prediction ellipse for LL01 (top left) and LL02 (bottom left).
	﻿Figure 6 Overall effects of sensory stimulation on weight symmetry across all SOT conditions.
	Table 1 Summary of participant characteristics enrolled in the study.
	Table 2 Summary of conditions in SOT.




