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Abstract

The brain undergoes marked changes in function and functional connectivity after limb 

amputation. Agonist-antagonist myoneural interface (AMI) amputation is a procedure which 

restores physiological agonist-antagonist muscle relationships responsible for proprioceptive 

sensory feedback, to enable greater motor control. We compared results from the functional 

neuroimaging of individuals (n = 29) with AMI amputation, traditional amputation and no 

amputation. Individuals with traditional amputation demonstrated a significant decrease in 

proprioceptive activity, measured by activation of Broadman Area 3a (BA3a), whereas functional 

activation in individuals with AMIs was not significantly different from no amputation controls (p 

< 0.05). The degree of proprioceptive activity in the brain strongly correlated with fascicle activity 

in the peripheral muscles and performance on motor tasks (p < 0.05), supporting the mechanistic 

basis of the AMI procedure. These results suggest that surgical techniques designed to restore 

proprioceptive peripheral neuromuscular constructs result in desirable central sensorimotor 

plasticity.

One Sentence Summary:

Agonist-antagonist myoneural interfaces in lower limb amputation help preserve sensory feedback 

to the brain.
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Introduction

The traditional amputation procedure devotes little attention to the neurological substrates 

present in peripheral limbs, leading to considerable neuroma pain ((1),(2),(3)), phantom 

pain4, maladaptive central plasticity(4). Cutaneous tissues are discarded during amputation, 

depriving the sensory cortex of critical sensory feedback. Agonist-antagonist muscle pairs, 

which give rise to signals of force, velocity, and position, are severed, depriving the central 

nervous system (CNS) of spindle and Golgi tendon organ-based afferent proprioceptive 

signals(5).

The aforementioned modifications that a traditional amputation imparts on the peripheral 

nervous system disrupt the normal sensorimotor mechanisms of the CNS. Prior studies have 

demonstrated that heterotopic sensorimotor regions exhibit decreased functional 

activation(6) during tasks involving the phantom limb. Specifically, Brodmann area (BA) 

3a(7),(8), which receives proprioceptive input, exhibits reduced excitability in persons with 

traditional amputation(1). Additionally, sensory processing circuits became fragmented, 

evidenced by a reduction of hemispheric symmetry(9), compensatory effects in the 

ipsilateral sensorimotor region(10), and decreased functional connectivity (FC) of intra-

sensorimotor, sensorimotor-premotor, and supplementary motor-subcortical nuclei(11),(12),

(13). To reconcile the discrepancy between efferent motor imagery(14) and the movement of 

the phantom or prosthetic limb, persons with traditional amputation further develop a 

dependence on visual stream, as observed through gray matter thickening in visual 

regions(15) and greater coupling of the visual and default mode networks(16),(17),(18). 

Together, these CNS changes precipitate inadequate control signal generation for 

neuroprostheses(19),(20),(21), and maladaptive phantom sensation(22),(23),(24), which 

greatly lower neuroprosthetic controllability(20),(21) and the quality of life(19),(7),(8),(25).

We posited that strategic reconstruction of neuromusculature during amputation can preserve 

central sensorimotor mechanisms towards enhanced neuroprosthetic control after 

amputation. Di Pino et al. (26) suggested that such a system which restores native neural 

connections could drive neuroplastic phenomena towards more ‘desirable plasticity’ – a state 

devoid of aberrant phantom sensations and phantom pain, resembling the unaffected brain 

with afferent and efferent signaling. Here, we studied a cohort of persons that have 

undergone an amputation strategy called the agonist-antagonist myoneural interface (AMI) 

amputation. AMI amputation is a reconstructive surgery and neural interfacing strategy that 

engineers residual physiology with a focus on peripheral and central neurological 

remodeling towards neuroprosthetic control(5, 27–33). During an AMI amputation, agonist-

antagonist muscles are coapted, restoring physiological neuromuscular dynamics (Fig. 1). 

Contraction of the agonist muscle stretches the mechanically-coupled antagonist muscle, or 

vice versa, giving rise to natural proprioceptive mechanotransduction through spindle fibers 

and golgi tendon organs. These proprioceptive afferents play an integral role in the loop of 

sensory perception and motor execution. By restoring proprioceptive neuromuscular 

constructs, the AMI is designed to promote near-native physiological function of the central-

peripheral sensorimotor signaling mechanisms, thus promoting realistic phantom motor 

imagery and efferent control. Preclinical neurophysiological studies and human trials have 

shown graded peripheral afferent/efferent signaling and greater efficiency in neuroprosthetic 
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control tasks and force discrimination(30), but direct evidence of the AMI amputation’s 

proprioceptive capacity and systemic neurophysiological impact have yet to be 

characterized.

Results

We performed functional neuroimaging of patients with AMI amputation (AA) (n = 12), 

traditional amputation (TA) (n=7) and no amputation (NA) (n=10, control) to observe and 

analyze central nervous system processes. Individuals with TAs and AAs underwent similar 

rehabilitation and gait training and utilized a passive prosthesis. We assayed peripheral 

functions, including fascicle dynamics, motor task performance, and phantom sensation 

(Fig. 1), and used these metrics to investigate the interplay of proprioceptive and motor 

control mechanisms. We hypothesized that the functional activation of the proprioceptive 

center (BA3a) in the brain will be (i) undiminished in individuals with AAs as compared to 

NAs, (ii) correlated with muscle spindle activity and (iii) correlated to motor control 

performance on tasks requiring proprioception. We also hypothesized that individuals with 

AAs would present with heightened connectivity of sensorimotor areas. As an exploratory 

investigation, we probed whole-brain functional connectivities in task and resting state.

Functional activation in BA3a

The AMI amputation is specifically designed to preserve the agonist-antagonist muscle 

relationships that enable spindle fiber and Golgi tendon organ-based proprioceptive 

afferents, which are decoupled in traditional amputation. In the brain, proprioception is 

measured by BA3a(7),(8) activation and contributes to limb positioning(19). Here, 

individuals performed the task of dorsiflexing and plantarflexing their ankle or phantom 

ankle. Blood oxygenation level dependent (BOLD) responses within heterotopic leg regions 

for each BA were quantified (Fig. 2, A and B) and group comparisons were evaluated with 

nonparametric Kruskal-Wallis H tests using a threshold of P < 0.05. The BA3a region of 

interest (ROI) was activated to a lesser degree in TAs (0.09% +/− 0.47%) than NAs (0.83 +/− 

0.46%, P < 0.005). However, AAs (0.83% +/− 0.39%) activated BA3a to a similar extent as 

NAs (P < 0.7). No significant differences were found in the hemisphere ipsilateral to the 

affected leg in the BA3 and BA4 areas (Fig. S1).

The fundamental physiological relationship between spindle stretch and proprioceptive 

afferents was assayed by comparing the mean fascicle strains (correlated to spindle fiber 

activity) of each individual to his/her BOLD activity in BA3a (Fig. 2C). A strong correlation 

(r = 0.70, P < 0.05) was present and revealed significantly distinct clusters between AA and 

TA groups (F-statistic = 4.39, P < 0.002, nonparametric multivariate analysis of variance). 

Further, individuals performed a position differentiation task moving their phantom joints to 

specified locations – an indicator of proprioception, motor control and neuroprosthetic 

controllability. The precision of muscle activation using electromyographic (EMG) signals 

from AMI muscles was quantified to evaluate performance (on a scale from 0 to 2). 

Performance on the position differentiation task correlated linearly (r = 0.64, P < 0.01) with 

the functional activation of BA3a, with distinct separation of the TA and AA groups (Fig. 

2D, F-statistic = 6.99, P < 0.02, nonparametric multivariate analysis of variance). Overall, 
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these data demonstrate that the activation of the BA3a region in AAs is not only similar to 

NAs, but is also correlated strongly with muscle excursion and motor control, supporting the 

mechanistic underpinnings of the AMI.

Functional sensorimotor connectivity and phantom sensation

To investigate the effect of functional plasticity on coactivation within the sensorimotor 

cortices, we assayed the FC within the motor (M1) and somatosensory (S1) regions 

consisting of BA3a, 3b, 4a, and 4p regions, responsible for sensory feedback, primary 

sensory function, motor execution and motor initiation, respectively(34). The average FC 

between each region is denoted in the matrices in Fig. 3A. The average connectivity within 

the sensorimotor cortex for AAs was significantly higher than the NAs and TAs (p < 0.05, 

nonparametric Kruskal-Wallis test with Bonferroni correction). FCs between all BA regions 

were lower for TAs as compared to NAs, except for BA3a-BA3b and BA3b-BA4p.

An analysis of brain-wide ROI-to-ROI FC of anatomical seeds during task was performed to 

identify the connections that were significantly modified by traditional and/or AMI 

amputation (pFDR < 0.05) (Fig. 3, B and C). Effect sizes for each are presented in fig. S2. 

Post-hoc analyses enabled the parsing of group-wise trends to reveal the connections that 

were significantly strengthened or weakened with amputation (nonparametric ANOVA). The 

medial frontal cortex showed greater connectivity to various regions in AAs compared to 

TAs or BCs.

Phantom sensation is an indicator of the brain’s representation of the body and is linked to 

neuroplastic changes in FC(35),(36). With greater deafferentation, there is generally a 

greater loss of phantom sensation and studies have demonstrated a shift in FC in patients 

with and without phantom sensation. However, the relationship between the degree of 

phantom sensation and connectivity changes has not been investigated(11).We thus analyzed 

connectivities amongst anatomical and network seeds in relationship to the phantom 

sensation score reported by each individual during the resting and task scans (Fig. 3, D and 

G). We corrected for multiple comparisons using the Benjamin-Hochberg method and 

assessed significant relationships based on a new alpha (0.35) at the fifth percentile of 

adjusted P values (see fig S3). During the task state, operculum area 4 (OP4) to BA6d2 

precentral gyrus (PreCG) connectivity strongly correlated with stronger phantom sensation 

(r = 0.71, P < 0.002) (Fig. 3E). Further, connectivities between the cerebral dorsal dentate 

and the BA3a, BA3b (r = 0.76, P < 0.009), and BA4a correlated strongly with phantom 

sensation. During resting state, connectivity between the visual and sensorimotor networks 

were strongly coupled for individuals with weaker phantom sensation. The majority of AAs 

had phantom sensation scores greater than 6/10 and demonstrated lower coupling of the 

visual and sensorimotor networks when compared to the TAs. The strongest negative 

correlation was seen for the visual occipital and superior sensorimotor networks (Fig. 3H, r 

= 0.64, P < 0.011). Scatterplots of the five most positively and negatively correlated regions 

are provided in figs. S4 and S5.
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Discussion

Here we found that the AMI amputation’s strategic reconstruction of the peripheral 

neuromusculature has a measurable neuroplastic effect in reengaging sensory feedback and 

motor imagery functionality. Specifically, the AMI amputation promotes proprioceptive 

feedback, functional connectivity, and potentially decreases visuomotor dependence as 

compared to persons with a traditional amputation.

TAs demonstrated a decrease in the BA3a activation, consistent with prior studies(6). AAs 

activated the BA3a region similarly to NAs, demonstrating the AMI’s capacity to facilitate 

physiological proprioceptive feedback for plantar and dorsiflexion tasks. Greater fascicle 

strains were predictive of greater BA3a BOLD response, which is corroborated by the 

operating principles of spindle-fiber mechanotransducers(37) and preclinical 

neurophysiological investigations of AMIs(5, 29, 31). As witnessed previously in stroke 

patients(38),(39), BA3a activity is linked to motor imagery ability and trends with enhanced 

motor performance. Similarly, individuals with AMIs’ performance on tasks requiring motor 

control and proprioception was greater than TAs, as evidenced by the position differentiation 

task scores in this study as well as prosthetic controllability tasks previously published(30). 

Conceivably, the afferent feedback after AMI amputation may contribute to the augmented 

motor performance.

Connectivity analyses further shed light on the effect of the AMI amputation on brain 

regions involved with motor coordination and correction. Previous studies in animal 

deafferentiation models(40) and humans with traditional amputation(11) have shown 

decreased FC between intra- and inter-sensorimotor regions. As compared to NAs and TAs, 

in AAs the medial frontal cortex showed increased connectivity to several regions, including 

the frontoparietal areas. The medial frontal cortex plays a role in error correction, motion 

performance, and spatial judgement(41, 42). The frontoparietal region incorporates circuitry 

between motor imagery and motor execution and may be involved with feedback loops for 

attention devoted to motor control(24). Frontoparietal lesions have been shown to result in 

impaired motor imagery(43) and mental chronometry tasks(44),(45), both functions invoked 

during the task studied here. The heightened connection of these regions may correspond, at 

least in part, to the changes evoked by AMI amputation and their peripheral limb 

functionality. Although FC was lower in TAs for most sensorimotor regions, there was no 

significant difference in BA3a-BA3b and BA3b-BA4p. Further investigation will be required 

to ascertain the underpinning reason.

The assay of connectivities with degree of phantom sensation provided insight as to the 

areas of the brain associated with heightened motor imagery and planning capabilities after 

deafferentiation of the homotopic joint. Opercular connectivity (OP4) with the BA6 region 

was strongly correlated to a greater degree of phantom sensation. The operculum relays 

sensory feedback for motor actions(24) and the primary responsibility of BA6 is sensory 

integration. Lesions in BA6 result in apraxi and difficulty in using sensory feedback in a 

motor control loop(46). As studied in spinocerebellar ataxia type 2(47), stroke(48), and 

multiple sclerosis(49), BA6 supplementary motor area (SMA) connectivity also positively 

correlates with motor function. Given these functions, greater phantom sensation production, 

as seen in AAs, aligns with increased coactivation of sensory feedback areas.
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Persons with traditional amputation rely heavily on their visual stream to provide 

information regarding the position and velocity of their prosthetic limbs because there is no 

sensory feedback from the prosthesis or limb itself(24). In line with this behavior, prior 

studies have demonstrated a compensatory coupling of the visual system to the sensorimotor 

system in the brain of persons with traditional amputation(17),(50). Our connectivity 

analysis during the resting state scan demonstrated decreased coupling of the visual and 

sensorimotor networks for individuals with greater phantom sensations, with the majority of 

AAs clustered in the region with low connectivity and higher phantom sensation. We 

speculate that the presence of physiological afferents in individuals with AMIs may promote 

healthy motor imagery and reduce their dependence on the visual streams. Prior studies have 

indicated that enhanced phantom sensations improve a sense of agency and improve motor 

control performance(51, 52) as they provide a more reliable and actionable map of motor 

imagery. Although these were largely performed in individuals with upper extremity 

amputation, we posit that the principle translates to individuals with lower extremity 

amputation as well.

In the future, a larger set of participants should be included and reconstructive strategies 

incorporating cutaneous sensory feedback should be investigated, considering the critical 

role of cutaneous sensation in guiding movement. Functional activation of other areas 

involved in proprioception, such as subcortical nuclei, should be explored. In this study, the 

effect on central plasticity of traditional versus AMI amputation was investigated without 

consideration of neural prosthetic training influences that may promote optimal central 

plasticity. In future studies, conducting neuroimaging before and after a period of external 

neural prosthetic training may serve as an important exploration of motor memory and 

sensorimotor preservation for persons with limb amputation. Further, the effect of this 

amputation methodology on phantom pain would yield valuable scientific insight with 

clinical relevance, and should be a focus of future studies. These studies may even be 

leveraged to develop and implement specialized rehabilitation protocols for to promote the 

optimal central plasticity.

Instead of viewing amputation as a failure of limb salvage treatment, we urge the 

neuroscience and surgical communities to conceptualize amputation as a reconstructive 

procedure that can functionalize the amputated limb and sculpt peripheral and central neural 

substrates(53). Strategically rewiring peripheral neural substrates can promote neuroplastic 

restoration to baseline, increasing sensory feedback and motor capabilities towards improved 

neuroprosthetic capability.

Methods

Study design

Unilateral transtibial AMI amputees (AA) (n=12), traditional amputees (TA) (n=7), and 

biologically intact controls (NA) (n=10) were recruited and consented under Massachusetts 

General Hospital Institutional Review Board protocol #2017P002635 in a non-blinded 

fashion. Patients in each cohort underwent anatomical and functional neuroimaging while 

performing a simple movement task. Analysis of the resulting data was used to answer 
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hypotheses regarding the extent of neuroplastic modifications in relation to proprioceptive 

feedback from the peripheral limbs.

Patients were matched through a yoked review prioritizing age and time since amputation. 

Our matching criteria were developed based on prior studies investigating sensorimotor 

plasticity after surgery(22),(15),(16),(54). These prioritized age (±7 years of difference 

between matches, SD 4.16 years) and time from amputation to scan date (±13 months of 

difference between matches, SD ±6.15 months). Although prior studies matched individuals 

with a tolerance of up to 32 years in terms of age(54, 55) and 40+ years in terms of 

amputation to scan date(56, 57), we used 7 years and 30 months as our thresholds, 

respectively. All individuals met the following inclusion criteria: (i) aged 18 or older, (ii) 

English as a primary language, (iii) no neurological or psychological conditions, (iv) no 

claustrophobia, (v) no presence of implanted medical hardware, and (vi) willingness to 

complete an magnetic resonance imaging (MRI) scan. Written informed consent was 

obtained from all participants prior to imaging. Participant demographics, amputated limb, 

dominant side, gender, age at amputation, time between amputation and the scan are 

summarized in table S1.

The participants in the AMI amputation group were recruited through the Brigham and 

Women’s Hospital approved IRB protocol #A-20460. Individuals with AMI underwent an 

amputation paradigm which created agonist-antagonist myoneural interfaces (AMIs) for the 

subtalar and ankle joints(30, 32). The ankle AMI was constructed by mechanically linking 

the lateral gastrocneumius to the tibialus anterior muscle. Further, the subtalar AMI was 

constructed by linking the tibialis posterior and the peroneus longus muscle. In each AMI, 

each muscle was mechanically linked to its partner via a tendon, which passed through a 

synovial canal, harvested from the amputated ankle joint at the time of amputation. Through 

dynamic coupled motion, the agonist and antagonist AMI muscles generate afferent 

feedback, reflecting proprioceptive sensations of joint position, speed and torque from 

advanced limb prostheses(32),(30). Individuals with TA were recruited through (i) 

advertisements placed in Boston area hospitals, rehabilitation centers, and prosthetics 

facilities and a (ii) research patient data registry facilitated by the Partners Healthcare 

System. Individuals with TA underwent standard amputation in hospitals located in the 

northeast region of the United States.

The AA and TA groups were scanned at least 6 months after the amputation procedure, 

when primary healing and recovery were complete. For individuals with AMI, appropriate 

postoperative recovery and dynamic functioning of the AMI constructs was also ensured. 

Participants reported no acute pain at the time of the scan and demonstrated the ability for 

ambulation at variable cadence. No individuals used active or neural prostheses at or before 

the time of the study. All surveyed participants used prostheses for upwards of 11 hours 

seven days a week.

Data acquisition

Whole-brain structural and functional MRI data were collected at the Athinoula A. Martinos 

Center for Biomedical Imaging, Department of Radiology, Massachusetts General Hospital 

using the “Connectome” scanner, based upon a Siemens Skyra 3T, with custom Gmax = 300 
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mT/m “connectom” gradients and 200 T/m/s slew rate. Inside the custom 64-channel array 

coil(58), head motion was restricted by foam padding. Participants were positioned in a 

supine position with a pillow placed under their knees to minimize spontaneous or task-

related motion. Anatomical data were acquired using a T1-weighted magnetization-prepared 

rapid acquisition gradient echo sequence (MPRAGE) with 1-mm isotropic resolution (208 

slices, flip angle = 7°, repetition time (TR) = 2530 ms, echo time (TE) = 1.61 ms, 

GeneRalized Autocalibrating Partial Parallel Acquisition (GRAPPA) factor = 4, acquisition 

time = 3 min 40 sec).

Resting-state fMRI

Particpants were imaged during an 8-minute resting-state period (2-mm isotropic voxels, 68 

slices, flip angle = 41°, TR = 1080 ms, TE = 30 ms).

Task-based fMRI

Visual instructions using Psychtoolbox-3.0.14 were projected onto a screen located at the 

end of the scanner bore towards the participant’s head. The mirror reflecting movement 

commands was angled away from the lower extremities, preventing any visual feedback of 

the leg to the participant. Individuals were first instructed to perform small ankle movements 

to approximately 25% of their full range of motion. This data was used to localize the region 

producing the motor efferent commands for the ankle. Then, participants were instructed to 

alternate between plantarflexion and dorsiflexion of their ankle or phantom ankle to 75% of 

the full ankle range of motion at a 1 Hz frequency for 20 seconds (18 dynamic volumes). 

Three repetitions of this task were performed within each run, with 30 seconds of baseline 

(no activity) between tasks (2-mm isotropic voxels, 68 slices, flip angle = 41°, TR = 1080 

ms, TE = 30 ms, GRAPPA factor = 2). Each participant practiced the directed movements 

prior to scanning, aiming to ensure stable and accurate performance across the localizer and 

task conditions. TAs and AAs performed actual phantom movements - excursing the 

appropriate muscles - rather than imagined movements (see (2) for further details). A 

custom-built pressure bladder system was placed on the tibialis anterior to measure muscle 

activation during task. Muscle activation produced a superficial bulge, which was measured 

by the bladders and used to track task performance during the scan. A representative trial is 

presented in fig S6, showing one repetition of the 25% localizer and 75% ankle movement 

task. Visual feedback of this pressure reading was utilized to train individuals to activate to 

the 25% and 75% extents during the practice session. No participants reported difficulty or 

pain in moving the ankle through the requested ranges of motion. Further, no significant 

differences were present in their demonstrated ranges of motion, which were mirrored on the 

contralateral limb (p < 0.05, Kruskal Wallis nonparametric test).

Neuroimaging data processing

Custom non-linear gradient corrections were first applied to all data. We then performed two 

types of data analysis: (i) targeted sensorimotor and (ii) exploratory whole-brain analyses.

Targeted sensorimotor analyses—For the targeted sensorimotor analyses, pre-

processing of the structural data included a 3D 3-dimensional rigid-body motion correction 

to retrospectively compensate for head motion using FreeSurfer (stable version 6.0(59)) as 
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well as the cortical reconstruction of participants’ T1 scans. The processing stream included 

MNI transformation (MNI152), intensity normalization, skull stripping, volumetric labeling, 

white matter segmentation, cortical parcellation and projection onto an inflated cortical 

surface. These inflated surfaces were used for all targeted data analyses. The skull stripping 

was also reviewed and manually edited for technical accuracy.

Pre-processing of the functional data included motion and slice-timing correction as well as 

spatial smoothing using a Gaussian filter with a FWHM of 5 mm. Low-frequency signal 

drift was modelled and removed using a second-order polynomial. To allow statistical 

comparisons between the right- and left-sided amputees, deafferented hemispheres 

contralateral and afferented hemispheres ipsilateral to the affected sides were grouped. In the 

NA group, the ipsilateral hemisphere to their dominant side was compared to the amputees’ 

deafferented hemisphere.

Using FreeSurfer’s BA atlas, we generated labels for the sensorimotor regions, including BA 

3a, 3b, 4a, 4p, and 6. These labels were customized to include only the 70% most likely 

vertices in order to minimize overlap amongst these labels.

To identify participant-specific regions of interest (ROI) representing the ankle, we used the 

BOLD contrast between the baseline condition and the localizing task (25% of range of 

motion movement). Looking within the dorsomedial wall, the somatotopic location of the 

lower leg, the vertices that demonstrated a preferential activation (p <0.05) during the 

localizing task were selected for the ROI. This ankle ROI was then subdivided into its BA 

3a, 3b, 4a, and 4p components by taking the intersection of the vertices in our ankle ROI and 

our predefined BA labels. The mean ROIs are provided in fig S7. No ROI was produced for 

one individual in the AA group.

BOLD activity was calculated to be the difference between the activation at pre-stimulus 

baseline and the 75% condition. For one individual in the AA group, the ROI was localized 

on a vascular substrate, leading to unrealistic BOLD values. This individual was not 

included in the analyses.

Functional connectivity (FC), or the degree of temporal correlation between spatially 

distributed signals, has been commonly studied in the context of motor pathologies and 

amputation as a metric of both central and peripheral coordination. FC serves as a potent 

metric to evaluate central neuroplasticity in relation to peripheral function as it is 

predominantly driven by organizational principles, stable individual characteristics, and is 

relatively immune to day-to-day variability(60). We probed the FC between groups by 

taking the Pearson correlation of the average BOLD response in our Brodmann-Area 

constrained functionally-defined ankle ROI during the 75% range of motion task. Brodmann 

Areas 3a, 3b, 4a and 4p were prioritized in this analysis due to their relavent role in the task.

Exploratory whole-brain connectivity analyses—Many regions beyond the 

sensorimotor cortex play a role in sensory processing and motor function. To investigate the 

relevant regions, we performed a whole-brain FC analysis, using a seed-based FC approach. 

Task-based fMRI data was analyzed using the Functional Connectivity Toolbox (CONN) 
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version 18.b (Whitfield-Gabrieli & Nieto-Castanon). The fMRI preprocessing steps included 

functional realignment, slice-timing correction, ART-based outlier identification, 

coregistration with the structural image in Montreal Neurological Institute 152 (MNI 152) 

standard space, and spatial smoothing (Gaussian filter with a FWHM of 8 mm) (default pre-

processing pipeline). After pre-processing, the residual BOLD signals were filtered with a 

0.01 Hz high-pass filter to remove excessive low-frequency drifts and motion-regressed 

using linear detrending. The results of motion correction and denoising are presented in figs. 

S8 and S9. Two individuals in the TA group were excluded: one was the aforementioned 

outlier and the other did not meet quality control standards.

Data collected for individuals with a right-sided amputation were mirror-reversed across the 

mid-sagittal plane before all analyses so that the “affected” hemisphere was consistently 

aligned. The hemisphere contralateral to amputation (“affected”) is therefore always 

displayed as the right hemisphere, while the hemisphere ipsilateral to amputation (“non-

affected”) is displayed as the left hemisphere. Data collected for an equal proportion of NAs 

was also flipped (n=3), in order to account for potential biases stemming from this 

procedure.

The resulting functional data in MNI space were used for functional connectivity analyses. 

Regions of interest were derived from the CONN atlas with cortical ROIs from the FSL 

Harvard-Oxford atlas(61) and the AAL atlas(62),(63). The CONN network ROIs were a 
priori selected from the HCP-ICA project(64) for relevance to the sensorimotor systems. 

Moreover, cyto- and myelo-architectonic sensorimotor seeds were extracted from the Jülich 

histological atlas (JuBrain Anatomy Toolbox v3.0)(65).

For each individual, ROI-wise connectivity was measured by extracting the residual time 

course data from each ROI and calculating the Pearson correlation coefficients between each 

ROI pair. The correlation coefficients were converted to normally-distributed scores using 

Fisher’s transform. The resulting ROI-to-ROI connectivity matrices for each individual were 

entered into a second-level random-effect GLM analysis for statistical comparisons among 

the three groups. The contrast between groups was set as follows: [AA TA NA][−1 1 0; 0 −1 

1; −1 0 1]. Between conditions, contrast parameters were set to compare the activation 

between 75% ankle movement and the pre-stimulus baseline period.

Assessment of Phantom Sensation, Fascicle Dynamics, and Motor Control

Individuals’ peripheral nervous system outcomes were assessed through testing at the 

Massachusetts Institute of Technology (MIT) Biomechatronics Lab under MIT IRB Protocol 

#1609692618. Two individuals with TA who participated in the central neuroimaging were 

not able to complete this testing at the MIT Biomechatronics lab. Consequently, all data 

analysis involving both central and peripheral metrics omitted these individuals.

To characterize phantom limb sensation, individuals were asked to describe their phantom 

limb percepts during walking with a prosthesis, and sitting with and without the prosthesis. 

For these evaluations, each individual with AA and TA used their take-home passive 

conventional transtibial prosthesis; a neurally controlled powered prosthesis was not used by 

either cohort throughout the study. Patients were specifically asked to relate the vividness of 
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perception of their lateral and medial malleoli, heel pad, arch of the foot, balls of the 

footpad, and toes. Responses were graded on a 1–3 scale and normalized to yield a phantom 

sensation score.

In traditional amputation, a myodesis is performed wherein muscles at the end of the 

residuum are sutured together, resulting in considerable scarring of muscles to one another 

which prevents their motion. In contrast, muscles comprising the AMI are specifically 

designed to sliding, contract and stretch to generate afferent spindle-feedback. Since spindle 

fibers run parallel to muscle fibers, we quantify the muscle fascicle excursion using 

ultrasound to characterize spindle activity. Individuals were instructed to cycle the phantom 

ankle joint to various degrees while recording ultrasound from the tibialis anterior using a 

portable high-definition ultrasound scanner at 60 fps (LS128, Telemed). Fascicles were 

identified, tracked, and measured using the UltraTrack v2 MATLAB package. The average 

fascicle strain across at least 10 trials was utilized for all comparisons.

The motor control of the muscles was assessed through the performance of a position 

differentiation task requiring proprioception. The tibialis anterior, gastrocnemius, peroneus 

longus, and tibialis posterior muscles were superficially palpated and bipolar surface 

electrodes were placed on these locations. EMG was acquired using a TMSi Refa 128 

Measurement System (Refa_Ext-128e4b4a, REF: 95–0121-6446–0, Sampling Rate: 2048). 

Wireless goniometers (Bio-Metrics LTD, WS200 DataLITE 2 Goniometer system with 

W110-Ankle and W150-Knee, and DataLITE Management Software 51025–00) were 

placed on the ankle and subtalar joints of the unaffected limb. These sensors provided a one-

to-one comparison of the intended phantom movements via the mirrored movement of the 

contralateral limb. Individuals were instructed to move the limb to 0, 25%, 50%, 75% or 

100% of the full range of motion for plantarflexion and dorsiflexion. Individuals were 

instructed to move the subtalar joint to 50% or 100% of the range of motion for inversion 

and eversion. Commands for each position were presented 20 times and in random order 

through a custom MATLAB script displayed on an overhead screen. This task’s design 

assays the proprioceptive feedback received and incorporated into one’s motor control. 

Individuals with greater proprioception would be able to better determine the position of the 

joint and thus more precisely execute the task at each command. For each individual, the 

difference between the root-mean-squared EMG produced from the target muscles between 

adjacent positions was computed (i.e.: 0–25, 25–50, 50–75, 75–100), divided by the variance 

of his/her performance, and normalized to a scale between 0 and 2. An individual executing 

task with high precision and differentiability between commands would score closer to 2, 

whereas an individual with worse control would score closer to 0.

Fascicle dynamics, motor control and phantom sensation metrics were evaluated against 

functional activation in the brain to yield insight regarding peripheral-central neurological 

remodeling. Individual subject-level data for functional activation and neuromuscular 

metrics are provided in Table S2.

Statistical analysis

To assess statistical significance for functional neuroimaging during the task, a Kruskal 

Wallis test was used with an alpha of 0.005. To assess correlations between the position 
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differentiation task scores or fascicle strain and BOLD signal change percentage in the BA3a 

region, a multivariate analysis of variance (MANOVA) at an alpha of 0.005 was performed. 

We probed the statistical significance of FC between groups by utilizing a Pearson 

correlation of the average BOLD response in our Brodmann-Area constrained functionally-

defined ankle ROI during the 75% range of motion task. For the exploratory whole-brain 

connectivity analysis, statistical maps were evaluated at the seed-level to a false-discovery 

rate (FDR) of P < 0.05 with a two-tailed approach (effect sizes visualized in Fig. S2). Post 

hoc multivariate ANOVA was used to investigate directionality and significance among all 

three groups. Statistical analyses for matrices produced comparing the phantom sensation to 

FC were corrected for multiple comparisons using the Benjamin-Hochberg method. The 

distribution of the adjusted P values was assessed and a new threshold of alpha = 0.35 was 

determined at the fifth percentile of the distribution (Fig. S3) for significant relationships.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Amputation architecture and efferent-afferent signaling mechanism.
Schematic of the agonist-antagonist myoneural interface (AMI), a neural prosthetic interface 

that involves surgically coapting an agonist-antagonist muscle pair to preserve physiological 

agonist-antagonist muscle dynamics and muscle-tendon proprioceptive afferent signaling, in 

an individual with lower limb amputation. In the AMI surgical framework, a single AMI, or 

muscle pair, is created for each biological joint that is to be amputated for which an 

improved phantom awareness and prosthetic controllability is ultimately sought. This study 

investigated the link between the AMI amputation and central neuroplasticity in the areas of 

motor execution and sensory perception through an examination of efferent motor 

commands (shown in green; tested by EMG during motor control tasks), fascicle dynamics 

(measured by ultrasound), proprioceptive afferents (measured by functional magnetic 

resonance imaging), and phantom sensation (shown in blue; measured by psychometric 
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survey). Encircled in black is the depiction of afferent and efferent pathways from the 

peripheral nervous system synapsing with the central nervous system.
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Fig. 2. Functional Activation of ROI in Proprioceptive Center BA3a.
(A) BOLD response of BA3a in the AA, NA, and TA groups. AA and NA, P < 0.63; TA, P < 

0.005, Kruskal Wallis. (B) Time course of the signal change in BOLD response in BA3a 

during the task, averaged by group. (C) Correlation of the BA3a BOLD response to the 

fascicle strain from the tibialis anterior (r = 0.66) during cycles of dorsi- and plantarflexion. 

(D) Correlation of the BA3a BOLD response to the score of a position differentiation task, 

requiring proprioception (r = 0.64). For plots in C and D, the cross bars represent the mean 

and standard deviation of each group and AA and TA groups cluster distinctly in both (*P < 

0.005 MANOVA).
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Fig. 3. Functional Sensorimotor Connectivity.
(A) Sensorimotor functional connectivity of the BA 3a, 3b, 4a, and 4p regions within the 

ankle ROI is represented by averaged Pearson’s correlation coefficients. (B) ROI-to-ROI 

functional connectivity across all groups. (C) Table of ROI-to-ROI functional connectivities 

of significance (pFDR < 0.05, two-tailed). Post hoc ANOVA analyses presented in the table 

demonstrate the relative strength of each relationship between groups. Significant 

comparisons are highlighted in orange. (D) Anatomical seed-based cross-ROI correlation to 

phantom sensation score during task. (E,F) The two highest positively (P < 0.002, P < 
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0.0009) correlated relationships (OP4/BA6d2 PreCG and BA3b/Cereb ventral dentate) are 

plotted to demonstrate the distribution of data on a per-individual basis (AA, green, n = 10 

and TA, orange, n = 5). (G) Network seed-based cross-ROI correlation to phantom sensation 

score during resting state. (H) The strongest negatively correlated relationship (P < 0.011) 

from resting state (visual.occipital/sensorimotor.superior) is plotted to demonstrate the 

distribution of data on a per-individual basis (AA, green, n = 10 and TA, orange, n = 5).
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