
Corticospinal imbalance following major upper limb amputation is 
transiently modulated by continuous theta burst stimulation

Emma Falato a,d , Federico Ranieri c , Gabriella Musumeci a,b, Marco D’Alonzo b ,  
Fioravante Capone a,d, Giovanni Di Pino a,b , Fabio Pilato a,d,* , Vincenzo Di Lazzaro a,d

a Research Unit of Neurology, Department of Medicine and Surgery, Università Campus Bio-Medico di Roma, Via Alvaro del Portillo, 21, 00128 Roma, Italy
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A B S T R A C T

Objective: Major upper limb amputation (mULA) induces neuroplastic changes that can impact neuro
rehabilitation and prosthetic control. Previous literature suggested heightened corticospinal excitability (CE) in 
the hemisphere contralateral to the amputation (CLH). This interhemispheric imbalance in CE might represent a 
maladaptive process. We aimed to assess baseline CE in individuals with chronic mULA and the acute effects of 
continuous theta burst stimulation (cTBS) applied to the primary motor cortex (M1) contralateral to the 
amputation.
Methods: Thirteen adults with chronic transradial or transhumeral mULA underwent electrophysiological as
sessments before and after unilateral cTBS. CE was measured through motor-evoked potential (MEP) amplitudes 
at baseline, 5 and 10 min post-stimulation. Linear mixed models assessed the effects of Hemisphere (contralateral 
vs ipsilateral), Time (baseline, 5, 10 min), and their interaction.
Results: Group-level analyses indicated higher MEP amplitudes in the CLH compared with the ipsilateral hemi
sphere. cTBS was associated with a transient reduction of MEP amplitudes in the stimulated CLH at 5 minutes, 
with partial recovery at 10 minutes, leading to a temporary attenuation of interhemispheric asymmetry.
Conclusions: These findings suggest that cTBS may transiently modulate CE in chronic mULA, with effects that 
appear restricted to the stimulated hemisphere.
Significance: This study provides preliminary evidence of interhemispheric asymmetry in CE after mULA and 
indicates that cTBS could represent a potential tool to modulate it. Further studies are needed to establish 
robustness and clinical relevance.

1. Introduction

Major upper limb amputations (mULAs) refer to amputations 
occurring at or proximally to the wrist, including below-elbow (trans
radial: TR) and above-elbow (transhumeral: TH) amputations (Chalya 
et al., 2012). The etiology is most frequently traumatic, while other 
causes include bone or soft tissues tumors, vasculopathies, infections 
and congenital limb deficiency (Maduri and Akhondi, 2023). mULAs 
have profound consequences for amputees’ life in terms of mental, 
physical, and social well-being (Puranik et al., 2021). Although upper 

limb amputees frequently rely on prosthetic devices, their use is often 
associated with low satisfaction rates and high rates of rejection 
(Cordella et al., 2016). Improving our understanding of the neurological 
changes induced by amputation and integrating this knowledge into the 
development of prosthetics technology in novel ways might enhance 
prosthetic functionality, ultimately improving the quality of life for in
dividuals with mULAs. The loss of a limb induces reorganisation in the 
primary motor cortex (M1) and sensorimotor networks through a com
plex interplay of neuroplastic mechanisms (Karl et al., 2001; Sparling 
et al., 2024). While this reorganisation may initially serve a 
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compensatory function, it might also result in maladaptive plasticity, 
counteracting the retraining of cortical “orphan” regions or contributing 
to phantom limb pain (PLP) (Flor et al., 2006). However, no simple 
relationship exists between somatosensory map reorganisation, PLP, 
and preserved hand representation (Makin and Flor, 2020).

Neurophysiological studies in individuals with limb amputations can 
provide fundamental insights into the adaptive and maladaptive 
changes that take place in the central nervous system. Understanding 
these mechanisms could be key to improving prosthetic control (Di Pino 
et al., 2009), amputee’s body representation (Di Pino et al., 2020) and 
phantom limb pain (Di Pino et al., 2021).

Transcranial Magnetic Stimulation (TMS) protocols can be used to 
non-invasively study corticospinal excitability (Di Lazzaro, 2013; Di 
Lazzaro and Falato, 2020; Siebner et al., 2022). Previous TMS studies 
showed reorganized cortical output in congenital and traumatic ampu
tations, with lower thresholds (Hall et al., 1990) and larger cortical 
motor areas for eliciting motor evoked potentials (MEPs) from the stump 
muscles (Cohen et al., 1991; Irlbacher et al., 2002). Differential patterns 
of reorganized corticospinal output have been described, with inter
hemispheric imbalance in individuals with distal amputation and a more 
balanced corticospinal excitability in individuals with proximal upper 
limb amputations (Röricht et al., 1999; Musumeci et al., 2023). 
Continuous Theta Burst Stimulation (cTBS), consisting of bursts of high- 
frequency TMS (50 Hz) repeated at the theta frequency (5 Hz), can 
acutely induce brain plasticity by temporarily inhibiting corticospinal 
excitability (Huang et al., 2005). Inhibiting cortical excitability might be 
a strategy to mitigate the presumed maladaptive plasticity, thereby 
restoring interhemispheric balance. This intervention could be benefi
cial for optimizing coordination in bimanual tasks, refining sensori
motor integration and advancing prosthetic control.

Our aim was to assess the baseline corticospinal excitability and the 
response to the acute inhibitory neuromodulatory protocol, cTBS, 
applied to M1 in individuals with chronic mULA.

2. Methods

The study was approved by the Ethics Committee of Campus Bio- 
Medico University as part of the protocol AMP-PLAST15 and was con
ducted in accordance with the Declaration of Helsinki and the following 
amendments.

2.1. Participants

Participants were recruited in collaboration with the prosthesis 
center of the Italian National Institute for Insurance against Accidents at 
Work (INAIL) (Vigorso di Budrio, Bologna, Italy) and its branch facility 
in Rome (‘CTO A. Alesini’ Hospital, Rome, Italy). Inclusion criteria were: 
people aged 18 years and older, with chronic (≥1 year after amputation) 
stabilized TR or TH mULA. Exclusion criteria were: cognitive impair
ment, contraindications to TMS, severe psychiatric comorbidities.

2.2. Electrophysiological evaluation

Single-pulse TMS was performed using a Magstim 2002 stimulator 
(Magstim Co., Whitland, Dyfed, UK) and a standard figure-of-eight coil 
with external loop diameters of 9 cm, delivering monophasic magnetic 
pulses. The coil was held tangentially to the scalp, with the handle 
pointing backwards and laterally at a 45◦ angle from the sagittal midline 
(i.e., posterolateral–anteromedial orientation). The induced mono
phasic current in the brain flowed in a posterior-to-anterior direction. 
Stimulation intensity was expressed as a percentage of the maximum 
stimulator output (MSO). The “target muscle” was the biceps brachii for 
TR amputations and trapezius for TH amputations, as intact proximal 
muscles. The optimal scalp site for eliciting consistent MEPs in the target 
muscle (“hotspot”) was identified bilaterally, according to standard 
procedures (Rossini et al., I.F.C.N. Committee, 2015), and marked over 

the scalp to ensure constant coil positioning throughout the experiment. 
MEPs were recorded via two 9-mm diameter Ag-AgCl surface electrodes. 
The EMG signal was amplified and filtered (bandwidth 3 Hz-3 kHz) by a 
Digitimer D360 amplifier (Digitimer, Welwyn Garden City, UK). Data 
were collected on a computer with a sampling rate of 10 kHz per channel 
and stored for later analysis using a CED 1401 analog-to-digital con
verter (Cambridge Electronic Design, Cambridge, UK). Resting motor 
threshold (RMT) was defined as the lowest stimulator output able to 
elicit reproducible MEP (at least 50 μV in peak-to-peak amplitude) in at 
least 50 % of 10 consecutive stimuli. The active motor threshold (AMT) 
was defined as the lowest stimulator output able to elicit reproducible 
MEP (at least 0.2 mV in peak-to-peak amplitude) in at least 50 % of 6 
consecutive stimuli while the subject is maintaining a voluntary 
contraction of about 20 % of maximum (Rossini et al., I.F.C.N. Com
mittee, 2015). RMT and AMT were determined for each hemisphere by 
stimulating the same muscle used for MEP recording. In TR amputees, 
the biceps brachii was selected, while in TH amputees the trapezius was 
selected as an accessible proximal muscle, in line with previous litera
ture (Musumeci et al., 2023) and anatomical feasibility.

2.3. Intervention

Repetitive TMS using the standard cTBS protocol (Huang et al., 
2005), with bursts of high-frequency stimulation (50 Hz) repeated at the 
theta frequency (5 Hz), continuously for 40 s, was delivered with an 
intensity of 80 % AMT in the hotspot of the target muscle through a 
DuoMAG XT stimulator (Rogue Resolutions), with a biphasic current. 
cTBS was performed unilaterally, in the hemisphere contralateral to the 
amputation. During TMS stimulations, participants were at rest, 
comfortably seated, with eyes opened gazing a fixed point. They did not 
wear the prosthesis. Fifteen single-pulse stimulations were delivered at 
an intensity of 120 % RMT in the hotspot of the target muscle, bilater
ally, for each of the following 3 time points: before neuromodulation 
with cTBS, 5 min after the end of cTBS and 10 min after the end of cTBS.

2.4. Data analysis

MEP traces were visually inspected using Signal software v.5.08 
(Cambridge Electronic Design, Cambridge, UK). Trials with visible ar
tifacts or EMG activity > 0.1 mV preceding TMS were discarded (<3%). 
Then, the peak-to-peak MEP amplitude was measured through the same 
Signal software. Statistical analysis was run on the JASP software (JASP 
Team (2025), JASP version 0.19.3)[Windows]). Normality of data was 
assessed through the Shapiro-Wilk test, which indicated a non-normal 
distribution for MEP amplitude(p < 0.05) and a normal distribution 
for RMT and AMT. To evaluate the difference in RMT and AMT values 
between the hemispheres at the baseline, a paired t-test was conducted.

Although MEP amplitude data deviated from normality, visual in
spection of model residuals indicated approximate normality, and LMMs 
were used given their robustness to moderate deviations from normality 
in small to medium sample sizes. MEP peak-to-peak amplitudes (mV) 
were analyzed using linear mixed models (LMMs) in JASP. The depen
dent variable was MEP amplitude. Fixed effects were Hemisphere 
(Contralateral vs. Ipsilateral to the amputation), Time of Stimulation 
(Baseline, 5 min, 10 min), and their interaction. Subject ID was entered 
as a random intercept to account for repeated measures within in
dividuals. Degrees of freedom were estimated using the Satterthwaite 
method. Model fit was evaluated by inspection of residuals and variance 
estimates. Type III sums of squares were applied. Planned contrasts of 
estimated marginal means (EMMs) were conducted with Holm adjust
ment for multiple testing, focusing on (i) hemispheric differences at 
baseline, and (ii) hemispheric differences at 5 and 10 min after cTBS. To 
explore subgroup-specific effects, separate LMMs were fitted for subjects 
with TH and TR amputation. Data are expressed as mean ± standard 
deviation (SD), unless otherwise specified.

Data from two participants were excluded from the analysis due to 
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technical artifacts that resulted in missing baseline data and missing 
ipsilateral data, respectively. Thirteen subjects (M/F: 12/1; mean age: 
51.7 ± 12.9 (SD) years, range 30–80) with TH (n = 7) or TR amputation 
(n = 6) were included. The time from amputation (mean ± SD) was 13.6 
± 15.3 years (range 1–49). Phantom limb pain (PLP) prevalence was 
23.1 %; non-painful phantom limb sensations (PLS) prevalence was 
76.9 %. (Table 1). PLS included kinesthetic and non-kinesthetic, non- 
painful sensations. All subjects were affected by traumatic amputation. 
All were right-handed before amputation. Seven had right upper limb 
amputation, six left upper limb amputation. Of the 13 participants, 11 
were prosthesis users, with 5 using cosmetic prostheses, 3 using 
myoelectric prostheses, 2 using kinematic prostheses, and 1 using a 
hybrid prosthesis. None were taking drugs active on CNS. Three subjects 
(# 3, 7 and 8) participated to another neurophysiological study 
(Musumeci et al., 2023), on a separate session.

3. Results

3.1. Safety

TMS was well tolerated by all participants, and no adverse effects 
were reported throughout the study.

3.2. Motor thresholds

The RMT was 64.3 ± 9.9 % in the hemisphere contralateral to the 
amputation and 70.3 ± 12.8 % in the hemisphere ipsilateral to the 
amputation. This difference was not statistically significant (t(12) =
2.025, p = 0.068, Cohen’s d = 0.52), though the effect size suggests a 
moderate difference in excitability between hemispheres. The AMT was 
50.0 ± 6.2 % in the hemisphere contralateral to the amputation and 
52.1 ± 8.7 % in the hemisphere ipsilateral to the amputation. This dif
ference was not statistically significant (t(11) = 1.172, p = 0.27, Cohen’s 
d = 0.28).

3.3. MEP amplitudes

The LMM revealed a main effect of Hemisphere (F(1, 10.97) = 5.00, 
p = 0.047) and a significant Hemisphere × Time interaction (F(2, 
11.04) = 4.61, p = 0.035). The main effect of Time was not significant 
(p = 0.136).

At the baseline, using a stimulus intensity corresponding to 120 % 
RMT, contralateral MEP amplitudes (0.566 ± 0.439 mV) were larger 
compared with ipsilateral amplitudes (0.297 ± 0.213 mV). The planned 
contrast confirmed a numerical reduction in the ipsilateral relative to 
contralateral hemisphere (Δ = − 33 %), although this comparison did 
not reach the Holm-adjusted threshold (p = 0.069) (Fig. 1).

At 5 min post-cTBS, contralateral amplitudes decreased to 0.377 mV 
± 0.268 mV and ipsilateral amplitudes were 0.313 ± 0.289 mV. The 
hemispheric contrast at this timepoint was not significant (p = 0.673) 
(Fig. 2).

At 10 min post-cTBS, contralateral amplitudes partially recovered 
(0.490 ± 0.401 mV), while ipsilateral amplitudes were 0.282 ± 0.265 
mV. The hemispheric contrast again did not reach significance (p =
0.155) (Fig. 2).

Taken together, these findings indicate that contralateral excitability 
was initially higher at baseline and showed a transient reduction 
following cTBS, while ipsilateral excitability remained relatively stable 
across timepoints. The significant Hemisphere × Time interaction re
flects these differential temporal trajectories. In the TH subgroup, a 
significant main effect of Hemisphere was found (p = 0.042), with no 
significant effects of Time (p = 0.459) or Hemisphere × Time interaction 
(p = 0.225). In the TR subgroup, no significant effects were observed for 
Hemisphere (p = 0.252), Time (p = 0.160), or their interaction (p =
0.128).

4. Discussion

We employed TMS to investigate the motor cortex output in in
dividuals with chronic mULA. Our primary objective was to assess the 
corticospinal excitability in both hemispheres to identify a potential 
interhemispheric imbalance. Moreover, we aimed at evaluating the 
response to an acute inhibitory neuromodulatory protocol, cTBS, 
applied to the M1 contralateral to the amputation. Additionally, we 
examined changes in corticospinal excitability differences between the 
two hemispheres at two different time points after cTBS (5 min and 10 
min).

The demographic characteristics of our sample align with epidemi
ological data from the literature, reporting that mULAs predominantly 
affect middle-aged men (Maduri and Akhondi, 2023). The prevalence of 
PLP in our sample (23.1 %) could be related to the time elapsed since 
amputation (13.6 years on average). Indeed, evidence suggests that PLP 
is experienced by 45 %-85 % of individuals undergoing major amputa
tions of the upper and lower extremities and that its incidence and 
severity tends to decrease over time (Kuffler, 2018; Bosmans et al., 
2010). Furthermore, non-painful PLS, especially the sensation of 
movement, has been associated with less PLP intensity after amputation 
(Münger et al., 2020). The high prevalence of PLS (76.9 %) might reflect 
an ongoing neuroplastic compensatory process aimed at mitigating the 
absence of peripheral sensory inputs (Flor et al., 2006).

Corticospinal excitability assessment revealed an overall asymmetry 
between the two sides, with MEP amplitudes recorded from the target 
muscle (biceps for TR, trapezius for TH) higher when elicited from the 
hemisphere contralateral to the amputation compared to those from the 

Table 1 
Demographic and clinical characteristics of study participants. TR = TR; TH = TH; CF = congenital forearm; N = no; Y = yes; PLP = phantom limb pain; PLS =
phantom limb sensation; R = right; L = left; N = no; Y = yes; PrT = Prosthesis type; M = Myoelectric; KI = Kinematic; CO = Cosmetic; Hy = Hybrid.

Amputation

Years from amputation Side Level PLP PLS
Subject # Gender Age (y) PrT

1 M 65 49 R TR N Y M
2 M 30 6 L TR Y Y CO
3 M 38 15 R TH N Y KI
4 M 47 4 R TH N Y CO
5 M 80 1 R TH N Y CO
6 F 49 2 L TR N N N
7 M 48 12 L TH N Y Hy
8 M 56 43 R TR N Y M
9 M 60 26 L TH N Y MI
10 M 60 5 L TR Y N CO
11 M 39 9 R TH Y Y M
12 M 59 5 L TH N Y KI
13 M 41 1 R TR N N N
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ipsilateral hemisphere. Hitherto, to the best of our knowledge, no peer- 
reviewed studies have investigated the effects cTBS in individuals with 
mULA.

Our findings align with those of previous studies suggesting that 
amputation leads to cortical reorganisation, with higher excitability of 
cortical areas connected to the stump muscles (Irlbacher et al., 2002; 
Roricht et al., 2009). In a previous work of our group (Musumeci et al., 
2023), we found increased corticospinal excitability in the hemisphere 
contralateral to the stump in TR amputation. In the present study, the 
difference in MEP amplitude is statistically significant across the entire 
sample, which includes both TR and TH amputees. This suggests that the 
observed effects are not solely attributable to the amputation level, but 
instead reflect broader neurophysiological mechanisms of cortical 
plasticity following limb loss.

By applying cTBS, we observed that contralateral excitability 
showed a transient modulation following stimulation, leading to a 
temporary attenuation of the interhemispheric imbalance, most evident 
at 5 min.

It is known from studies on healthy subjects and distal muscles that 
cTBS preferentially suppresses the direct synaptic input to pyramidal 
tract neurons (Di Lazzaro and Rothwell, 2014). cTBS has been shown to 
modulate corticospinal excitability through long-term depression (LTD)- 
like mechanisms, but the evidence about its effect on GABAergic inhi
bition is contrasting (Suppa et al., 2016).

Interestingly, we found that cTBS effects appeared restricted to the 
stimulated hemisphere. cTBS has a complex relationship with the 
excitability of the contralateral motor cortex and the precise mecha
nisms of cTBS in remote brain areas remain uncertain. Previous studies 
on healthy subjects indicated that cTBS increased MEPs and reduced 
SICI in the non-stimulated hemisphere (Suppa et al., 2008) and that 
cTBS simultaneously increases ipsilateral GABA in the stimulated 
hemisphere and decreases contralateral GABA in the non-stimulated 
hemisphere (Matsuta et al., 2022). Furthermore, in healthy in
dividuals, cTBS improved cortico-muscular coherence of the hemisphere 
contralateral to stimulation and cortico-cortical coherence of both 
hemispheres, suggesting its role in strengthening cortico-muscular and 
cortico-cortical coupling (Xu et al., 2024). In contrast, after cTBS, we 
observed no evident changes in the amplitude of the MEPs elicited from 
the non-stimulated hemisphere. The absence of contralateral modula
tion may be attributed to several factors, including disrupted 

interhemispheric connectivity, maladaptive plasticity or the lack of 
functional efferent and afferent input from the missing limb, which 
might restrict the neuromodulatory effects to the stimulated hemi
sphere. Notably, our findings might suggest that the neuromodulatory 
effects of cTBS might require functional efferent and afferent pathways 
of an intact limb to effectively modulate corticospinal excitability 
bilaterally. This is supported by experimental data demonstrating that 
the restitution of a near-physiological afferent somatosensory feedback 
after amputation improves manipulation skills in association with 
changes in motor cortex plasticity (Zollo et al., 2019). Our results 
encourage further investigation into the modifications occurring in the 
hemisphere contralateral to the amputation.

In our study, cTBS effects appeared short-lived. In contrast, studies in 
neurologically healthy individuals report cTBS after-effects lasting from 
30 min up to 1 h (Gamboa et al., 2011). We applied cTBS to the hemi
sphere contralateral to the missing limb, where no direct effector limb 
exists. A possible explanation for this transient effect is that the loss of 
sensory feedback may drive a faster recalibration of corticospinal 
excitability, counteracting the suppressive effects of cTBS more rapidly 
than in individuals with intact sensorimotor loops. Controlled studies on 
cTBS in proximal muscles incorporating paired-pulse stimulation could 
help to better elucidate this phenomenon. Although subgroup analyses 
did not consistently reach significance, a main effect of Hemisphere was 
detected in TH amputees, while no significant changes were found in TR 
amputees. Given that the effects of cTBS appeared short-lived and 
confined to the stimulated hemisphere, its clinical implications remain 
uncertain. Nevertheless, when combined with peripheral input, pros
thetic control training, or task-specific motor rehabilitation, cTBS could 
potentially act as a priming tool to facilitate cortical responsiveness and 
support adaptive plasticity in individuals with upper limb amputation. 
Changes in motor thresholds did not reach significance, consistent with 
the view that these measures reflect partly distinct physiological 
mechanisms. Because by increasing stimulus intensities a larger number 
of cortico-cortical projections to corticospinal cells is recruited (Di 
Lazzaro et al., 2018), it is not surprising that a pronounced effect is 
observed only for MEPs, in that they may reflect more directly 
amputation-related cortical reorganization. Indeed, MEP amplitudes 
and motor thresholds have complementary but distinct physiological 
bases. While suprathreshold MEP amplitudes are influenced by multiple 
neural structures and synaptic interactions across hemispheric, 

Fig. 1. Baseline motor-evoked potential (MEP) amplitudes in the contralateral and ipsilateral hemispheres relative to the amputation side. Scatter plots, 
box plots, and density distributions illustrate the distribution of MEP amplitudes recorded at baseline from the primary motor cortex contralateral (green) and 
ipsilateral (orange) to the amputated limb. p < 0.05 indicates the main effect of Hemisphere (LMM). (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.)
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interhemispheric, spinal, and peripheral levels, RMT is believed to 
predominantly reflect the intrinsic neuronal membrane excitability at 
the cortical level (Ziemann et al., 2015). Input-output curves could be 
useful in further investigating the discrepancy between motor thresh
olds and suprathreshold MEP amplitudes in individuals with mULA.

Some limitations of this study should be considered. It has a non- 
controlled, unblinded design and a limited sample size. The inter- 
individual variability in neuroplasticity, the long-term effectiveness 
and the functional relevance for prosthetic users, including the potential 
impact on PLP, should be validated in further studies with bigger 
samples.

In conclusion, this study demonstrates that in individuals with long- 
term stable mULA corticospinal excitability is imbalanced, with 
increased excitability in the hemisphere contralateral to the amputation. 
The application of cTBS over the hyperexcitable M1 transiently reduced 
contralateral hyperexcitability, leading to a trend of temporary reduc
tion of interhemispheric imbalance, most evident in TH amputees. 
However, these effects appeared restricted to the stimulated hemisphere 

and short-lived. While the potential of cTBS as a neuromodulatory 
intervention in mULA remains to be established, our findings suggest 
that even brief inhibitory protocols may modulate cortical excitability in 
the reorganized motor cortex after amputation. Future controlled 
studies with larger samples are needed to clarify the robustness, clinical 
relevance, and long-term effects of such interventions, particularly in 
relation to prosthetic training and rehabilitation outcomes.
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