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Despite advancements in prosthetic technologies, patients with
amputation today suffer great diminution in mobility and quality
of life. We have developed a modified below-knee amputation
(BKA) procedure that incorporates agonist–antagonist myoneural
interfaces (AMIs), which surgically preserve and couple agonist–
antagonist muscle pairs for the subtalar and ankle joints. AMIs are
designed to restore physiological neuromuscular dynamics, enable
bidirectional neural signaling, and offer greater neuroprosthetic
controllability compared to traditional amputation techniques. In
this prospective, nonrandomized, unmasked study design, 15 sub-
jects with AMI below-knee amputation (AB) were matched with 7
subjects who underwent a traditional below-knee amputation
(TB). AB subjects demonstrated significantly greater control of
their residual limb musculature, production of more differentiable
efferent control signals, and greater precision of movement com-
pared to TB subjects (P < 0.008). This may be due to the presence
of greater proprioceptive inputs facilitated by the significantly
higher fascicle strains resulting from coordinated muscle excursion
in AB subjects (P < 0.05). AB subjects reported significantly greater
phantom range of motion postamputation (AB: 12.47 ± 2.41, TB:
10.14 ± 1.45 degrees) when compared to TB subjects (P < 0.05).
Furthermore, AB subjects also reported less pain (12.25 ± 5.37)
than TB subjects (17.29 ± 10.22) and a significant reduction when
compared to their preoperative baseline (P < 0.05). Compared with
traditional amputation, the construction of AMIs during amputa-
tion confers the benefits of enhanced physiological neuromuscular
dynamics, proprioception, and phantom limb perception. Subjects’
activation of the AMIs produces more differentiable electromyog-
raphy (EMG) for myoelectric prosthesis control and demonstrates
more positive clinical outcomes.

neural engineering | amputation | physiology | sensory feedback |
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The standard-of-care surgical approach to amputation has not
seen considerable innovation since its conception in the mid-

1800s (1), despite significant progress in biomechatronics and
advanced reconstructive techniques. The typical amputation
procedure neglects neurological substrates and disrupts key
neuromuscular relationships responsible for bidirectional (ef-
ferent, afferent) signaling. The deafferentation of lower motor
neurons triggers central reorganization of motor circuits, which
negatively impacts motor imagery and motor coordination (2, 3)
and results in significant neuroma pain (4–6), phantom pain (7),
and maladaptive or diminishing phantom sensation (8–10).
Phantom sensation, the perception of one’s phantom limb while
at rest and in motion, is an important component of motor im-
agery utilized in the preparation of motor control commands and
can be a source of chronic irritation, if unpleasant. The hap-
hazard arrangement and myodesis of residual musculature fur-
ther constrain the ability for individual muscles to dynamically

excurse, causing cocontraction of muscles and changing gait
patterns (11–14). Together, these peripheral and central modi-
fications result in the poor production of efferent signals for
direct myoelectric control (15, 16). To compensate for these
shortcomings, considerable effort has been spent on developing
and deploying pattern-recognition–based myoelectric control
strategies (17–19). However, even with these advanced myo-
electric devices and controllers, end users find their operation
cumbersome and time consuming (20). Motor control is also
challenged by the lack of proprioceptive sensory feedback from
prostheses (12, 21–23). Together, the limitations of the current
amputation approaches significantly lower the quality of life for
persons with amputation (24–27).
In recognition of these shortcomings, surgical researchers have

recently begun to explore new strategies to modify standard
amputation procedures. Targeted muscle reinnervation (TMR)
(28, 29) and regenerative peripheral nerve interfaces (RPNIs)
(30, 31) represent approaches that are designed to provide greater
efferent motor signals for myoelectric control and mitigate neuroma
pain. However, neither approach offers muscle–tendon afferent
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proprioceptive signaling, which is physiologically mediated by
agonist–antagonist muscle dynamics and critical for trajectory
planning, fine motor control, and reflexes (32, 33).
The agonist–antagonist myoneural interface (AMI) is a more

recent surgical approach and neural interfacing strategy designed
to augment volitional motor control and restore muscle–tendon
proprioception (11, 12, 34–37) by surgically coapting agonist and
antagonist muscles to restore natural physiological muscle pairing
and dynamics. When the agonist muscle contracts, the antagonist
muscle stretches (or vice versa), giving rise to musculotendinous
afferent feedback from muscle spindle fibers (length and velocity)
and Golgi tendon organs (force). For each joint in a bionic limb,
one AMI is surgically constructed in the residuum. Functional
electrical stimulation (FES) applied to the antagonist muscle of
the AMI can provide force or position feedback onto the agonist
(or vice versa) from a bionic prosthesis to inform the user of
prosthetic torque or position, respectively (11). In Clites et al. (11),
an early human subject with an AMI amputation demonstrated
dynamic muscle excursions, individualized contraction of each
AMI muscle, and graded proprioceptive muscle–tendon feedback
in response to muscle activation. This subject additionally dem-
onstrated greater control of joint position, impedance, and FES-
based torque feedback from a bionic prosthesis when compared to
subjects with a traditional amputation. This pilot study demon-
strated the potential of the AMI and paved the way for further
implementation and investigation of the physiological properties,
phantom limb perceptions, pain, and motor control of the AMI
neuromuscular constructs.
In this study, we characterize the physiological outcomes of

subjects with an AMI below-knee amputation (AB) (n = 15) and
compare them against those of matched control subjects with a
traditional below-knee amputation (TB) (n = 7). Given the em-
phasis placed on the reconstruction of peripheral neuromusculature
with AMIs, we hypothesize that the AB cohort will experience an
enhancement in phantom sensation and range of motion (ROM)
percepts compared with the TB cohort. As a result of the dynam-
ically coupled agonist–antagonist muscles comprising the AMI
constructs, we also hypothesize that the AB cohort will demonstrate
greater muscle excursion and fascicle strains compared to the TB
population. With these improvements in residual limb muscle dy-
namics, motor capabilities, and perception, we further anticipate
that AB subjects will demonstrate greater accuracy and precision of
performance on ankle and subtalar intended movements compared
to matched TB participants. These hypotheses are evaluated
through a combination of electromyography (EMG), goniometry,
ultrasonography, and surveys.

Methods
Study Design. The study was conducted at the Massachusetts Institute of
Technology (MIT) Biomechatronics Group in Cambridge, MA, betweenMarch
2017 and March 2020 under approval of NCT03374319 (https://www.
clinicaltrials.gov/) and MIT’s Committee on the Use of Humans as Experi-
mental Subjects (protocol 1801183130). Twenty-two individuals with unilateral
transtibial amputations were consented. Fifteen subjects had undergone a
unilateral below-knee amputation incorporating AMIs (AB cohort) at the
Brigham and Women’s Hospital. Seven subjects with traditional below-knee
amputation served as controls (TB cohort). All subjects had undergone stan-
dard physical therapy directed toward achieving a normal gait pattern.

Participants. Participants were eligible if they were between 18 and 65 y of
age, had a fully healed residuum, andwere active users of a standard prosthesis
with an ability for ambulationwith variable cadence. Exclusion criteria included
cardiopulmonary instability manifest as coronary artery disease and/or chronic
obstructive pulmonary disease, extensive peripheral neuropathy, and extensive
microvascular compromise.

The study design allowed for the control group to represent a range of
below-knee amputation (BKA) techniques, together representing the
“standard amputation.” As such, subjects had undergone standard
amputations by vascular and orthopedic surgeons, the traditional services
performing amputations. One TB subject had undergone targeted muscle

reinnervation (38), and another had undergone an osteomyoplastic “Ertl”
amputation (39, 40), techniques not specifically aimed at restoring mus-
culotendinous proprioceptive feedback. Since our outcome measures were
largely targeted on aspects influenced by musculotendinous propriocep-
tion, we grouped these subjects in the TB category.

Randomization and Blinding. Participant allocation was nonrandomized, and
the study was not blinded as the AB cohort was drawn from a pool of patients
who had previously undergone the AMI BKA procedure at the Brigham and
Women’s Hospital (under NCT03374319) by Matthew Carty. Willingness to
enroll in complementary functional outcomes testing at MIT was included as
an eligibility criterion for enrollment in the Brigham and Women’s Hospital
trial. Each subject in the TB cohort was prospectively matched to a subject
within the AMI group to the degree possible based on age and time since
amputation.

Interventions. Participants in the AB cohort had received two surgically
constructed AMIs in their residuum during their amputation according to the
method described in ref. 12 (Fig. 1A). Briefly, AMIs were constructed for the
ankle and subtalar joints; the tibialis anterior (TA) and lateral gastrocnemius
(LG) were coapted through a synovial tunnel anchored on the medial flat of
the tibia to form the ankle AMI. The peroneus longus (PL) and tibialis pos-
terior (TP) were utilized similarly for the subtalar joint. The synovial canals as
well as embedded tendons were harvested from the lateral or medial malleoli
in the discarded ankle. Two tantalum bead markers (Halifax Biomedical Inc.;
Halifax Bead Set, 1 mm) were inserted into each muscle and one in each
synovial tunnel to enable noninvasive monitoring of the muscle dynamics
postoperatively. RPNIs were created for any transected sensory, cutaneous,
and motor nerves encountered during surgery.

Each participant within the TB group received a traditional BKA without
surgically reconstructed AMIs.

Outcomes. Testing in the AB cohort was categorized into “short term” (6 to
12 mo postoperatively) and “long term” (12+ mo) time frames to capture
changes that occurred as neuromuscular constructs underwent remodeling.
All AB subjects were tested once within the short-term frame and six AB
subjects underwent additional testing in the long-term frame. Two subjects
(AB 30 and TB 22) were unable to complete the EMG- and ultrasound-based
testing due to logistical challenges.

Pain Score. The Patient-Reported Outcomes Measurement Information Sys-
tem (PROMIS) Sleep Disturbance 6a tool and Pain Interference 6a survey (41)
were administered to all AB subjects at the following time points: preop-
eratively and 3, 6, 9, 12, and 24 mo postoperatively. During their testing
session at the Biomechatronics laboratory, both TB and AB subjects were
administered the same survey orally.

Phantom Limb Sensation. Using open-ended questions, subjects were asked
to describe their phantom limb percepts during walking, as well as during
rest with the prosthesis worn and with the prosthesis not worn. Subjects
were then specifically asked to relate the level of perception of their lateral
and medial malleoli, heel pad, arch of the foot, balls of the footpad, and
toes. The more thorough and tangible the phantom limb felt to subjects, the
greater the phantom sensation scored. Responses were independently
graded on a 1 to 3 scale and compared between cohorts using a Student’s
t test, as the data satisfied requirements for normality and variance in
each cohort.

Characterization of Muscle Activation Using EMG. Bony anatomical landmarks
and target muscles were identified by palpation and their superficial pro-
jections were marked using a skin marker and reflective balls (SI Appendix,
Fig. S1 A–C). Surface EMG electrodes were placed on the affected and un-
affected limbs (SI Appendix, Fig. S1 D and E), focusing on the muscle regions.
Initially, the EMG data were collected using eight wireless bipolar electrodes
(Trigno; Delsys) overlying the LG, TA, TP, and PL muscles sampled at 1,200
Hz. Starting in June 2019 we utilized up to 128 H124SG Ag/AgCl electrodes
(Covidien), sampled at 2,048 Hz (Twente Medical Systems International
[TMSi] Refa136; Type Refa_Ext-128e4b4a; REF code 95-0121-6446-1). Trans-
parent plastic strips, with electrodes positioned at ∼2.5-cm intervals, aided in
the placement and alignment of electrodes in a grid-like fashion (SI Ap-
pendix, Fig. S1 D and E). On the unaffected limb, electrodes were positioned
over the native anatomical locations of the muscles incorporated in the AMI.
Raw EMG was high-pass filtered at 70 Hz, full-wave rectified, and integrated
using a 100-ms moving average window to obtain the muscle activation (12).
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The optimal electrode placement for each muscle was selected using a
semiautomated process, thresholding for the highest signal-to-noise ratios
during composite movements.

Synchronous Measurement of Intended Phantom Movements. Subjects were
asked to recline in a supine position with their intact limb positioned on a
trapezoidal foam riser pillow to allow free movement of the ankle while
minimizing motion of the electrodes and wiring (SI Appendix, Fig. S2). A 2
degrees-of-freedom wireless goniometer (Bio-Metrics Ltd.; WS200 DataLITE
2 Goniometer system with W110-Ankle and W150-Knee, and DataLITE
Management Software 51025-00) was secured to the posterior aspect of the
unaffected leg (SI Appendix, Fig. S2A) and used to synchronously measure
ankle–foot kinematics for the unaffected limb. For all tasks, subjects were
asked to mirror phantom movements onto the contralateral foot. Time-
synchronized EMG and goniometry data were simultaneously recorded for
all tasks to provide a one-to-one temporospatial indicator of the efferent
signaling and intended joint movement of the phantom limb.

Study of Muscle Coupling and Excursion, Fascicle Strain, and AMI Construct
Morphology. Muscle dynamics, tissue remodeling, scarring, and tantalum
bead movement were assessed using a portable high-definition ultrasound
scanner at 60 fps (LS128; Telemed) during volitional activation of the AMI
muscles (SI Appendix, Fig. S3). First, subjects were instructed to plantarflex
(PF) and dorsiflex (DF) the phantom ankle joint while recording ultrasound
from the tibialis anterior. Then, ultrasound of the tibialis posterior was
recorded during inversion (IN) and eversion (EV) of the phantom subtalar
joint. EMG and ultrasound measurements were analyzed to characterize

muscle coupling. Imaging of the synovial tunnels was performed to quantify
movement of the AMI construct through the synovial tunnel and surveil for
dehiscence or scarring. Ultrasonographic planes capturing tantalum bead
markers or their artifacts were prioritized to allow for quantitative mea-
surements of fascicle strain. In cases where the beads were not visualized in
AB subjects and for all TB subjects, fascicle lengths were identified, tracked,
and measured using the UltraTrack v2 MATLAB (R_2018a) package (42). In
control subjects, the most closely related and palpable muscle mass associ-
ated with each movement was used as a proxy if the original target muscle
was unavailable (12).

ROM Percepts. Subjects were asked to demonstrate and mirror the ROM
possible of the affected or phantom joints on their unaffected limb, pre-
and postoperatively at least three times. The angles of PF and DF were
measured using the Biometrics 2-axis goniometer attached to the ankle
region and averaged across trials. Data were processed through custom
scripts in MATLAB (Mathworks) to identify the maximum amplitude for
each movement and normalized as a percentage of the amplitude of the
contralateral limb.

Motor Control Performance Tasks. Subjects were then asked to perform PF, DF,
IN, and EV of the ankle and subtalar joints, respectively, for 20 repetitions
each at three different speeds. Subjects were then asked to rotate the foot
and ankle in clockwise and counterclockwise circles. Commands were pre-
sented through an audio recording to ensure consistency across trials and
subjects. Prior to these trials, subjects were educated on the isolation of each
movement and were encouraged to focus on moving the joint to a given

A B

Fig. 1. (A) Illustration of the AMI constructs in the residuum of a BKA. The TA and LG form the ankle AMI through coaptation to the tendon in the tarsal
(synovial) tunnel anchored on the tibia. The TP and PL form the subtalar AMI and pass through a more distal tarsal tunnel. These AMIs are positioned su-
perficially to enable strong and independent EMG control signals for a myoelectric prosthesis. RPNIs are created for transected cutaneous, sensory, and motor
nerves for neuroma prophylaxis. Positioning of these elements is representative and not to scale. (B) Phantom sensation and pain scores are listed for each
subject. Phantom sensation for each part of the leg is represented colorimetrically (dark blue, very vivid; light blue, less perceptible). Phantom sensations in
the AB cohort (n = 15) are significantly greater than those in the TB cohort (n = 7) (P < 0.05, Student’s t test). Pain scores are considerably lower in the AB
cohort compared to the TB cohort (n = 7, P = 0.08, Student’s t test).
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position, rather than activating the muscles. Tasks were performed without
visual feedback to force subjects to use proprioception to close the loop on
their internal efferent–afferent neuromuscular physiology.

A positional differentiation task was created to determine the ability of
subjects to produce phantom movements with precision in position and
muscle activation level. Subjects were instructed to move their limb to 0, 25,
50, 75, and 100% of their full ROM for PF and DF. Subjects were instructed to
move the subtalar joint to 50 and 100% of their ROM for inversion and
eversion. Only two levels were assessed for inversion and eversion as the
subtalar joint range of motion was relatively limited, compared to the ankle,
constraining goniometer-based classification of activation level. Commands
for the ankle and subtalar movements were presented 40 and 30 times,
respectively, and in random order to each subject through a customMATLAB
script displayed on a screen (SI Appendix, Fig. S2). This task assayed the
proprioceptive feedback received and incorporated into each subject’s mo-
tor control; subjects with greater proprioception would be able to better
determine the position of the joint and thus more precisely execute the task
at each gradation. The muscle activation level was quantified by the EMG
signal amplitude at each commanded movement, as identified through
time-synched EMG and commands. The control of movements and distinct-
ness of the efferent signals were compared between cohorts using a het-
eroscedastic two-tailed test on the means between adjacent activation levels
at P < 0.05. The variance of performance was compared using a repeated-
measures F test at P < 0.05, Bonferroni corrected for multiple comparisons at
a statistical significance alpha of P < 0.008.

Statistical Analysis.MATLAB (Mathworks) was used for all data and statistical
analyses. Data distribution was assumed to be normal, but was not formally
tested. For temporal correlations, data were normalized to the maximal ampli-
tude of each subject for EMG, fascicle strain, and joint angle to allow for uniform
comparisons across subjects and groups. All data are reported as mean ± SD and
unless otherwise noted, heteroscedastic two-tailed Student’s t tests were used to
compare differences between groups with an alpha of P < 0.05.

Results
Subject Demographics. The study population and demographic
data for the 15 AB subjects and 7 TB subjects studied are pre-
sented in Table 1. A subset of the AB cohort was matched by age
and time since amputation in the TB cohort. The mean ages at
the time of surgery were 39.0 ± 12.1 y old for the AB cohort and
45.5 ± 16.9 y old for the TB cohort. Trauma was the primary
etiology for the majority of subjects. Subjects were well matched
between the AB and TB cohorts and individual TB-AB subject
matches. No significant difference in ages or time since ampu-
tation were present (Student’s t test, P < 0.05). Nine of 15 (60%)
subjects in the AB cohort and 3/7 (43%) subjects in the TB cohort
were male. All subjects underwent standard physical therapy di-
rected toward achieving a normal gait pattern. Representative
videos of AMI construct motion within the residuum are presented
in Movie S1, exhibiting the nature of the muscle movement and
tissue remodeling in the residuum at 6 and 22 mo.

Phantom Sensations and Pain. Phantom sensations, the perceptible
features of one’s phantom joint, and phantom pain levels were
surveyed (Fig. 1B). AB subjects reported significantly higher
phantom sensations (12.47 ± 2.41, P = 0.03) compared to TB
subjects (10.14 ± 1.9) (P < 0.05, Student’s t test). AB subjects
reported on average less pain (12.25 ± 4.9) as compared to the
TB cohort (17.29 ± 10.22) (P = 0.08, Student’s t test). Notably, 6
of the 15 subjects in the AB cohort indicated zero pain in all
categories. Notably, within the AB cohort, a comparison of pain
scores between their preoperative baseline and postoperative
levels at 3, 6, 9, 12, and 24 mo demonstrated significant de-
creases (SI Appendix, Fig. S4, P < 0.005, Student’s t test).
In self-reported responses to a survey of residuum movements

and perception, over half of AB subjects indicated that they
“move their AMIs passively” during the day for construct mo-
bilization. Additionally, 60% of AB subjects reported that they
fired the AMI muscles during walking with a standard prosthesis.
For many, this was not a conscious movement, while for others,
physical therapy and focused effort enabled this motion. In

contrast, TB subjects predominantly reported that they fired the
calf muscle with the intent of “holding up the socket.” When
asked to describe the sensation of the phantom limb, AB subjects
stated a range of observations. Some indicated that their phan-
tom “felt like the normal limb,, while others noted that “I can
wiggle my toes, especially my big toe.” One AMI subject indi-
cated that the toes were uncomfortably constrained or “wrapped
in a towel” in the residuum. This sensation was reduced after this
subject received a soft tissue revision which addressed issues
related to poor wound healing during the initial amputation. The
revision may have enabled the AMIs to move with greater ease.

Coupled Motion and Muscle Excursion. Ultrasound imaging dem-
onstrated coupled agonist–antagonist motions within each ankle
and subtalar AMI; as the agonist contracted, the antagonist
muscle underwent dramatic stretch and sliding (Movie S2). With
the exception of the TB 20, who had undergone an Ertl osteo-
myoplastic amputation, dynamic coupling of antagonistic mus-
cles was not present in TB subjects (Movie S3). During cycled
phantom joint movements, we additionally visualized the syno-
vial tunnels to see coordinated sliding of the subtalar and ankle
AMIs (Movies S4 and S5 and SI Appendix, Fig. S3). No dehis-
cence of constructs was witnessed in any AB subjects. However,
in some TB subjects, excessive scarring between muscles and soft
tissue significantly barred muscle motions. This imaging evi-
denced the desired functioning of the agonist–antagonist mech-
anism which generates afferent spindle feedback through
changes in muscle length and Golgi tendon feedback through
changes in muscle force.
To quantify changes in muscle length, the fascicle strains from

the antagonist muscle were measured during agonist contraction.
Significantly greater fascicle strains were produced in ABs
compared to TBs (Fig. 2A, P < 0.05, Student’s t test). Because
these excursions can be constrained by tissue remodeling, scar-
ring, or muscle atrophy, we compared the mean fascicle strains
produced by AB subjects between their first and second testing
sessions and found no significant changes (Fig. 2B, P > 0.05,
Student’s t test). Similarly, no changes were detected in ultra-
sound imaging capturing the AMI muscles sliding through the
synovial tunnels. These measurements indicate the chronic sta-
bility of the AMI mechanism and the ability for the synovial
tunnels to provide a lubricious sliding surface (measurements
taken out to 33 mo postoperatively).

ROM Percepts. Prior to amputation, many subjects had suffered
traumatic injuries or surgical interventions (such as joint fusion)
that “locked” or restricted the ROM of their joints, a source of
considerable pain and discomfort. Because the AMI amputation
mobilizes muscles and enables them to excurse within the re-
siduum, ABs were expected to achieve greater muscle move-
ments than previously possible with their preamputation
etiologies. We thus investigated the effect of these dynamic ex-
cursions on the ROM percepts, which are known to guide motor
imagery and prosthetic control. The demonstrated ROM of the
phantom limb in each direction (PF, DF, IN, EV) were nor-
malized as a percentage of the unaffected joints’ ROM (Fig. 2C).
The mean and distributions of preamputation ROM percepts for
AB and TB cohorts were comparable and below 50% of the
available ROM accessible to the unaffected limb, in all direc-
tions. In a comparison of pre- and postamputation ROM per-
cepts, AB subjects experienced significant increases in the PF,
EV, and DF (P < 0.05, Student’s two-tailed t test) directions. In
contrast, an improvement in ROM percepts following amputa-
tion was not detected in the TB cohort. Further, AB subjects
experienced significantly greater ROM than TB subjects fol-
lowing amputation for PF, DF, and EV (P < 0.05, Student’s two-
tailed t test). Anecdotally, some subjects made statements such
as “my foot feels free, it can finally move.”
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Coordination of Movement. With traditional amputation, ana-
tomical reorganization and peripheral deafferentation prompt
central reorganization of motor circuits, yielding changes in
motor imagery and coordination. With the reinstatement of
proprioceptive afferents that guide motor imagery and execution
in the AMI amputation, we sought to characterize the coordi-
nation between the intended phantom movement (joint angle)
and the executed muscle activations (fascicle strains and EMG)
in an effort to identify potential effects of reorganization. We
found that muscle activation (EMG) was significantly temporally
correlated to fascicle strains and intended phantom joint move-
ment in AB subjects (r2 > 0.75, linear regression, Fig. 2 D and E).
In contrast, such temporal correlation of muscle activity to
intended phantom movement was not present in most TB sub-
jects (Fig. 2 F and G and Movie S5). In the TB cohort, corre-
lation coefficients for linear regressions between fascicle strains
and EMG ranged between 0.19 and 0.76. Given the isometric na-
ture of the residual muscles and lack of agonist–antagonistic cou-
pling, the muscles’ force can oscillate periodically with continued
invariance in strain.
Since spindle fibers fire at a rate proportional to the muscle

length, the magnitude of fascicle strain serves as an indicator of
the resolution of the proprioceptive information possible. Per-
ceptions of the ROM and phantom sensation (PS) are derived
from motor imagery pathways incorporating this proprioception.
Thus, we assessed the relationship between fascicle strain and
ROM or PS to validate these mechanistic links. The relationship
between fascicle strain and ROM in the AB and TB cohorts was
described by a logarithmic fit for PF (r = 0.59) as well as for DF
(r = 0.74) (SI Appendix, Fig. S5 A and B). In addition, a moderate
relationship between fascicle strain and PS was present in the AB
cohort, but not in the TB cohort (SI Appendix, Fig. S5 C and D).
These findings align with the operational principle of the agonist–

antagonist muscle coupling and production of proprioceptive sen-
sations. Of note, two AMI subjects specifically mentioned that their
phantom joint would “get stuck” toward the extremes of ankle DF
and PF. Ultrasound imaging in these subjects specifically demon-
strated that the corresponding muscle bulk under strong contrac-
tion was much larger in cross-sectional area than that which could
traverse through the synovial canal. These two subjects reported the
lowest ranges of motion and their fascicle strains were the lowest
two values in the cohort.

Positional Discrimination Task. In a positional differentiation task,
subjects were instructed to move their phantom to 0, 25, 50, 75,
and 100% of the ROM for each joint. The independence of
muscle activation levels, measured by EMG, characterized the
subjects’ fine motor control and the variance of the activation
levels lent insight into their proprioceptive capabilities. Subjects
with greater control and proprioception would be able to posi-
tion their phantom more distinctly and with greater precision.
The distinctness of EMG for each muscle activation level is
important for determining one’s capability for direct myoelectric
control of a prosthesis. Boxplots of the EMG activation levels
from the median performer in the AB and TB cohorts are pre-
sented in Fig. 3 A and B, respectively, as a representative ex-
ample. As visualized in Fig. 3 A and B, greater separation
between bars indicates greater positional discrimination. Con-
versely, for example, in the case of the median TB performer, no
differentiation of motor intent for inversion or eversion (50 or
100%) can be derived based on their muscle activation.
An analysis of variance (ANOVA) across all subjects in the

two cohorts demonstrated a significant difference between
groups (P < 0.05, ANOVA). Post hoc analyses of the activation
level between adjacent positions (for example, DF 25% vs. DF
50%) demonstrated that AB subjects have more significant

Table 1. Two cohorts of participants who had previously received below-knee amputations—AMI BKA (AB, n = 15) and traditional
BKA (TB, n = 7)—and participated in evaluations at the Biomechatronics Group within the MIT Media Lab between March 2017
and January 2020

Group Subject no. Matched subject no. Age at surgery (y) Age at study session (y) Sex Laterality Etiology

AMI BKA (AB) 1 22 41.6 42.6 F L Thermal injury
2 17 52.3 52.9 M R Trauma
3 20.9 21.4 F L Iatrogenic
6 23 49.8 50.5 F L Trauma
7 4 28.2 28.8 F R Trauma
8 10 52.6 54.3 M L Trauma
9 16 25.9 26.4 M L Trauma
11 41.4 41.9 M L Vascular
12 49.2 49.8 F L Trauma
13 20 57.1 57.7 M R Trauma
19 31.8 32.3 M R Trauma
24 22.6 23.2 F L Trauma
25 47.4 47.9 M R Trauma
26 28.4 29.1 M R Trauma
30 36.4 37.9 M L Malformity

Mean ± SD 39.0 ± 12.1 39.6 ± 12.6
Range (y) 21 to 57 21 to 58

Traditional BKA (TB) 4 7 23.9 25.4 F R Oncology
10 8 59.3 62.0 F R Trauma
16 9 23.3 25.3 M L Malformity
17 2 58.3 59.5 F L Trauma
20 13 59.1 61.9 M R Trauma
22 1 36.7 39.2 M R Trauma
23 6 58.0 60.0 M L Trauma

Mean ± SD 45.5 ± 16.9 47.5 ± 17.0
Range (y) 23 to 59 25 to 62

Participants’ ages at the time of surgery and at their first testing session are provided. Six AB subjects, 1, 2, 3, 7, and 13, underwent testing after 12 mo
postoperative as part of a longer-term follow-up. F, female; M, male; L, left; R, right.
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discrimination in every category except between 75% PF and
100% PF compared to TB subjects (P < 0.05, two-tailed t test,
Fig. 3C). Variance between repetitions at each level was com-
pared between cohorts using a repeated-measures F test,

Bonferroni corrected for multiple comparisons at a statistical
significance alpha of P < 0.008. AB subjects demonstrated sig-
nificantly less variance while performing the task when compared
to TB subjects. The P values for individual subjects’ F tests are

A B C

D E F G

Fig. 2. Agonist–antagonist muscle coupling and ROM. (A) Mean and SD of fascicle strains of antagonist muscle during agonist muscle contraction during
plantarflexion (PF), dorsiflexion (DF), inversion (IN), and eversion (EV) of the AB (n = 14, green) and TB (n = 6, blue) cohorts at the first testing session. (B)
Average fascicle strains in the AB cohort at the first and second testing sessions (6 to 12 mo, light green; 12+ mo, dark green) (n = 6) after surgery. (C) ROM
percepts for the subtalar and ankle joints. (D–G) The normalized EMG, normalized fascicle strain from the target muscle of the affected limb, and normalized
joint angle of the unaffected limb are plotted from a representative subject to demonstrate the level of coupling in the residual limb muscles for the AB
cohort (D and E) and the TB cohort (F and G). Temporal correlation of these data is represented by the r2 values. In AB subjects (D and E), a high level of
coupling is present in the AMI constructs. In TB subjects (F and G), there is relatively little coupling of the fascicle strain to the normalized EMG.

A B C

0.02

0.001

0.01

0.01

Fig. 3. (A and B) Positional differentiation capabilities for the median performer in the (A) AB cohort and (B) TB cohort according to their muscle activation.
The mean and SD are represented by the bar and circle. Shaded data points show intrasubject repetitions for each commanded position (25%, black; 50%,
blue; 75%, red; and 100%, pink). (C) P value for all significant comparisons of the difference between activation levels in adjacent categories (AB, n = 14; TB,
n = 6) among all subjects.

6 of 8 | PNAS Srinivasan et al.
https://doi.org/10.1073/pnas.2019555118 Neural interfacing architecture enables enhanced motor control and residual limb

functionality postamputation

https://doi.org/10.1073/pnas.2019555118


presented in SI Appendix, Fig. S6. Together, these data demon-
strate that AB subjects possess more precise and distinct motor
control of their residual muscles, likely informed by greater
proprioceptive input and enabling more distinct signal produc-
tion for neuroprosthetic control.

Discussion
The AMI BKA procedure is designed to restore neuromuscular
relationships, enabling proprioception and isolated EMG signal
production toward improved prosthetic control. The present
study characterizes physiological outcomes for the 15 subjects
who had undergone an AMI BKA (AB cohort, n = 15), vali-
dating the resulting physiology and mechanistic effect of the
AMI muscle dynamics on proprioception and related functions.
Overall, the data strongly supported our hypotheses and

mechanistic basis of the AMI BKA. AMI muscles were found to
be functioning with the designed agonist–antagonist dynamics,
enabling active muscle excursion which gives rise to muscu-
lotendinous proprioceptive afferents. However, in TB subjects,
given the isometric nature of the residual muscles and lack of
agonist–antagonist coupling, the muscles’ force oscillated peri-
odically with continued invariance in strain. Such dynamics lead
to incongruity between the intended and perceived motions,
contributing to maladaptive central plasticity and uncoordinated
residual muscle control (11, 12, 43). The roles of coupled muscle
dynamics and proprioceptive feedback in guiding remodeling,
motor imagery, and coordination were evident in the results of
the motor task performance, self-reported metrics, and correla-
tions thereof. Specifically, AB subjects reported healthy phan-
tom sensations, greater phantom ROM percepts, and decreased
pain compared to TB subjects, highlighting the potential for this
procedure to promote enhanced neurological health of persons
undergoing amputation.
Significantly greater fascicle strains were evinced in the re-

sidual muscles of AB subjects. Spindles fire at a rate proportional
to muscle fiber length and thus, a greater strain in a given muscle
enables more granular resolution of the musculotendinous af-
ferents that are generated (44, 45). These were hypothesized to
result in greater phantom percepts (phantom sensation and
range of motion) and positively impact the production of EMG
at different activation levels. In alignment with this neurophysi-
ological principle, phantom sensation and range of motion per-
cepts corelated to fascicle strains (SI Appendix, Fig. S5).
Furthermore, performance on motor tasks demonstrated that
AB subjects were capable of significantly greater positional dif-
ferentiation and coordination of movements. Better perfor-
mance in motor tasks, as seen in the present study, was likely
facilitated by the higher quality and volume of musculotendinous
afferent information from spindle fibers and Golgi tendon or-
gans interacting with the central nervous system (46) as well as
more coordinated motor activation in the peripheral neuro-
musculature (11). Neuroimaging in the brain areas associated
with proprioception in patients with AMI amputation has dem-
onstrated activation during a free space motor task at levels
similar to those in control subjects, whereas they are significantly
decreased in subjects with traditional amputation (46). More-
over, the degree of proprioceptive activity in the brain strongly
correlated with fascicle activity in the peripheral muscles, further
substantiating the mechanistic principle of the AMI.
These results have valuable implications on two fronts: 1)

neurological health and 2) neuroprosthetic controllability. Lib-
eration of the residual muscles aids in mitigating uncomfortable
and unnatural perceptions of the phantom limb. This may con-
tribute to greater utilization of standard prostheses, higher func-
tional status, and less metabolic strain, given the comfort and
improvement in the residual limb functionality. Further, the pro-
vision of proprioceptive pathways and preservation of lower motor
neurons, via construction of AMIs, mitigate reorganization in

subcortical and cortical structures of the brain that yield chronic
pain and aberrant sensations and are responsible for normal
sensorimotor processing (9, 24, 46). Increased coordination of
intended phantom movements and muscle activation, involving
preserved central sensorimotor functional connectivity (46), fa-
cilitates cleaner efferent motor signals for neural prostheses. With
current amputation approaches, muscles are often haphazardly
arranged and cocontract within the residuum due to scarring.
Since the resulting EMG signals are hard to decode and translate
to the intended movements, current prostheses heavily rely on
pattern recognition approaches. In contrast, the AMI separates
and allows dynamic sliding of muscles for each joint, resulting in
high signal-to-noise ratio EMG signals for each intended move-
ment. Moreover, the increase in proprioception enables a reduc-
tion in cocontraction and improved efferent signaling of
proprioception-based reflexes, yielding improved control signals.
Further, the independence of EMG signals produced for each
desired activation level is a positive indicator for the viability and
efficacy of direct neural control of prostheses, as opposed to
pattern-recognition–based approaches. These suggest that AMI
BKA subjects may be able to control myoelectric prostheses with
greater fidelity than their traditional BKA counterparts.
While the AMI architecture mimics the reciprocal muscle

relationships of a limb in free space, the force–displacement
relationships will be modified under external loading. FES ap-
plied to the antagonist muscle will contribute to a sense of force
feedback, although neural adaptation to the modified muscle
dynamics may be required. A framework for the use of FES in
such a manner was described in Clites et al. (11). Further studies
focusing on FES to the antagonist muscle will provide greater
insight into the role of force feedback from Golgi tendon organs
and the adaptation of motor control by AMI muscles to more
complex movements under loaded conditions. Ongoing surgical
modifications incorporating osseointegration (1) and techniques
from cineplasty (47) may also contribute to more advanced
neuromuscular architectures. The proprioceptive mechanoneural
interface (PMI) is a newer approach that couples each muscle end
organ with a computer-controlled muscle actuator wherein the
biological transmission that maps muscular linear movement to
joint rotation is defined in software using an intact biophysical
limb model (48). In this approach, external forces, such as inertia
and gravitation, applied to the prosthesis or limb can be inde-
pendently applied to the muscle end organ without antagonist end
organ activation.
Limitations of the study include the mismatch in the pop-

ulation sizes that were studied. This investigation is ongoing and
future reports will contain a larger set of data. Further, the AMI
amputation could be studied in comparison to a cohort of sub-
jects with TMR or RPNIs incorporated at amputation. Future
exploration into the roles of rehabilitation and cutaneous feed-
back (22, 49, 50) may enhance the understanding of neuro-
physiology following amputation. A comparison of long-term
outcomes in both groups and pre/postscores of PROMIS metrics
would be valuable.
In conclusion, this investigation demonstrates that the con-

struction of AMIs during amputation holds benefits for persons
undergoing amputation, regardless of their prosthetic choice.
As an added advantage, the AMIs restore proprioceptive cir-
cuits, boost motor imagery, and offer significantly differentiable
surface EMG signals, all of which will improve myoelectric
control.

Data Availability. All data are available in the main text or SI
Appendix. Code for converting and visualizing the EMG data
have been deposited in GitHub: https://github.com/shriyas133/
AMI-amputation.
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