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  22 
Abstract  23 

 24 
The adult brain’s capacity for cortical reorganization remains debated. Using 25 
longitudinal neuroimaging in three adults, followed up to five years before and 26 
after arm amputation, we compared cortical activity elicited by movement of the 27 
hand (pre-amputation) versus phantom hand (post-amputation) and lips 28 
(pre/post-amputation). We observed stable representations of both hand and lips. 29 
By directly quantifying activity changes across amputation, we overturn decades 30 
of animal and human research, demonstrating amputation does not trigger large-31 
scale cortical reorganization. 32 

33 
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 1 

What happens to the brain’s map of the body when a part of the body is 34 
removed? Over the last five decades, this question has captivated 35 
neuroscientists and clinicians, driving research into the brain’s capacity to 36 
reorganize itself. Primary somatosensory cortex (S1), known for its highly 37 
detailed body map, has historically been the definitive region for studying cortical 38 
reorganization1,2. For example, foundational research in monkeys reported that, 39 
following an amputation or deafferentation, the affected region within the S1 body 40 
map suddenly responds to inputs from cortically-neighboring body-parts (e.g., 41 
face)3,4. Additional neuroimaging studies in human amputees supported the 42 
theory that amputation of an arm triggers large-scale cortical reorganization of 43 
the S1 body map5–7, with a dramatic redistribution of cortical resources, hijacking 44 
the deprived territory1.  45 
 46 
Recent studies have challenged this view by harnessing human amputees’ 47 
reports of experiencing vivid sensations of the missing (phantom) limb. First, 48 
human neuroimaging studies have demonstrated that voluntary movements of 49 
phantom fingers engage neural patterns resembling those of able-bodied 50 
individuals8–10. Second, phantom sensations are evoked by cortical11 or 51 
peripheral12,13 nerve stimulation, suggesting an intact neural representation of the 52 
amputated limb, despite its physical absence. Third, neuroimaging studies using 53 
both tactile stimulation and movement paradigms reported no changes in face or 54 
lip activity within the deprived cortex of adult amputee participants compared to 55 
able-bodied controls14,15, (though remapping observed in children)16.  56 
 57 
This debate—whether or not amputation triggers large-scale reorganization—58 
remains unresolved17,18, with some suggesting the two views are not 59 
conceptually exclusive – preservation and reorganization can co-exist5,19,20. 60 
However, a fundamental issue with the evidence on both sides of this debate is a 61 
methodological reliance on cross-sectional designs (i.e., comparing between 62 
participants). While offering valuable proofs of concept, these studies cannot 63 
determine whether the maps of the phantom hand or face are truly preserved or 64 
changed, relative to their pre-amputation state. To directly track the evolution of 65 
cortical representations before and after amputation, we implemented a 66 
longitudinal fMRI approach to track the cortical representations of the hand and 67 
face (lips) in three adult participants up to 5 years after arm amputation (Video 1), 68 
compared with able-bodied control participants (Figure 1A). Avoiding the 69 
confounding effects of cross-sectional designs21, we directly quantify the impact 70 
of arm amputation on S1 (re)organization.  71 
 72 
We studied three adult participants (case-studies: P1, P2, P3) undergoing arm 73 
amputation (demographics in Supp. Table 1) across 4-5 timepoints, and 16 able-74 
bodied controls at 4 timepoints over 6 months (Figure 1A). Pre-amputation, all 75 
participants could move all fingers, to varying ranges (Supp. Figure 1 and Supp. 76 
Video 1). Post-amputation, all participants reported vivid phantom limb 77 
sensations (Figure 1B), including volitional phantom fingers movement (Supp. 78 
Table 1 and Supp. Figure 1). Motor control over the phantom hand was further 79 
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confirmed by residual limb muscle contractions during phantom movements 80 
(Supp. Video 1), and selective activation in primary sensorimotor cortex for 81 
attempted, but not imagined, phantom movements (Figure 1C). The critical 82 
question is to what degree S1 phantom activity reflects the pre-existing hand.  83 

  84 
Figure 1. Longitudinal investigation of participants with planned arm 85 
amputations. (A) Experimental timeline. Pre- and post-amputation scans were 86 
conducted across 4-5 time points: twice before, and at 3 months, 6 months and 87 
1.5 (P1) / 5 years (P2) after amputation. (B) Illustration depicting the 3 88 
participants 6m post-amputation, including their subjective description of their 89 
phantom limb position. (C) Phantom movements are not imaginary. Univariate 90 
activity (z-scored) contrast map displaying participant’s attempts to open and 91 
close the phantom hand vs. imagining movement, 6 months post-amputation. (D) 92 
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Participant’s hand (red) and lip (blue) cortical activation maps (contrasted against 93 
feet movements) within the affected hand hemisphere across 4-5 sessions. All 94 
maps were minimally thresholded at 33% the maximum z-statistic and used a 95 
common color scale (participant’s maximum Z-statistic > 4.5).  96 
 97 
During scanning, participants performed visually-cued movements involving 98 
tapping individual fingers, pursing lips, and flexing toes. Case-study participants 99 
demonstrated strikingly consistent hand and lip cortical maps before and after 100 
amputation (Figure 1D). Projecting hand and individual fingers activity profiles 101 
across S1 revealed stable activity before and after amputation, with phantom 102 
activity resembling the pre-amputation amplitude and spatial activity spread 103 
(Figure 2A). A center of gravity (CoG) analysis of these profiles revealed spatially 104 
consistent hand and individual finger activity in our case-studies, with similar pre- 105 
to post-session differences over 6 months as controls (six Crawford t-tests per 106 
participant: P1: 0.14£puncorr£0.58; P2: 0.06£puncorr £0.81; P3: 0.10£puncorr£0.91). 107 
Notably, this stability cannot be attributed to a pre-existing baseline difference, as 108 
hand activity pre-amputation was normal relative to controls (Supp. Figure 2A). 109 
Similar pre-post stability was observed in motor cortex (M1; Supp. Figure 3A) 110 
and for the intact (unaffected) hand (Supp. Figure 4A).  111 
 112 
Next, we investigated S1 finger representation stability in greater detail using a 113 
multi-voxel pattern analysis (Figure 2B; Methods). Multi-voxel activity patterns for 114 
the pre-amputated versus phantom fingers were significantly correlated at 6 115 
months [five Pearson correlations per participant; P1: 0.68£ r£ .90, puncorr<0.001; 116 
P2: 0.80£r£.85, puncorr<0.001; P3: 0.88£r£.91, puncorr<0.001]. Correlation 117 
coefficients at 6 months fell within the typical distribution seen in controls (see 118 
Supp. Figure 5 and Supp. Table 2 for control values). Similar stability was 119 
observed in M1 (Supp. Figure 3) and for the intact hand (Supp. Figure 5). 120 
Combined, this confirmed that activity was largely stable before and after 121 
amputation at the single voxel level.  122 
 123 
We next considered finger selectivity, i.e. activity profiles for each finger versus 124 
other fingers. Qualitative finger mapping revealed preserved somatotopy before 125 
and after amputation (Figure 2C). We applied a multivoxel pattern analysis using 126 
a linear support vector machine classifier (Figure 2D) to explore whether a pre-127 
amputation-trained classifier can decode phantom finger movements (and vice 128 
versa). This analysis revealed significantly above chance classification for all 129 
case-study participants across all post-amputation sessions [Figure 2D; 2-3 one-130 
sample t-tests per participant: P1 (Pre/1.5y): 90%; t(9)=10.5, puncorr<0.001; P2 131 
(Pre/5y): 67%; t(9)=4.85, puncorr<0.001; P3 (Pre/6m): 89%; t(9)=11.0, 132 
puncorr<0.001], with similar evidence in M1 (Supp. Figure 3).  133 
 134 
We next investigated whether amputation reduces finger selective information, as 135 
suggested by previous cross-sectional studies22. Assessing for abnormalities in 136 
the pre-amputation data, we noted that 1 of the case-study participants, P2, 137 
exhibited lower classification for the pre-amputated hand relative to controls 138 
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(Supp. Figure 2), likely due to P2’s impaired motor control pre-amputation (Supp. 139 
Video 1). Our key question remains whether this information degrades further 140 
following amputation. When comparing selectivity differences over 6 months 141 
relative to controls, none of the case-study participants showed significant 142 
reductions in average finger selectivity (Crawford t-test: P1: t(15)=-0.34, p=0.73; 143 
P2: t(15)=-0.24, p=0.80; P3: t(15)=-1.0, p=0.33; Supp. Figure 6C). While finger 144 
selectivity was reduced at P2 and P3’s final scan relative to their baseline (Figure 145 
2D; 3 Wilcoxon tests per participant: P1 (1.5y): W=3.0, puncorr=0.11; P2 (5y): 146 
W=2.0, puncorr=0.005; P3 (6m): W=1.0, puncorr=0.01), these reductions could be 147 
attributed to the much greater longitudinal variability between training and testing 148 
classifier samples23. Therefore, any reductions in finger selectivity could not be 149 
directly attributed to the amputation. 150 
 151 
We also performed a complementary representational similarity analysis (RSA) 152 
using Mahalanobis distances (a continuous measure of finger selectivity), cross-153 
validated across sessions. Similar to the decoding, RSA confirmed finger-154 
selective information was significantly consistent across amputation for all case-155 
study participants at all post-amputation timepoints (2-3 one-sample t-tests per 156 
participant: puncorr<0.0001; Supp. Figure 6), with similar evidence in M1 (Supp. 157 
Figure 3C). We noted a few temporary, idiosyncratic (uncorrected) instances of 158 
reduced finger selectivity, relative to controls (Supp Figure 6). Using the RSA 159 
distances, we also tested the typicality of the inter-finger representational 160 
structure, an additional feature of hand representation. Correlating each 161 
participant’s inter-finger pattern to a canonical pattern revealed no deterioration 162 
in typicality scores 6-months post-amputation, compared to controls, with P3 163 
even showing higher typicality than the average control (Crawford t-test: P1: 164 
t(15)=-0.9, p=0.38; P2: t(15)=-0.9, p=0.38; P3: t(15) = -3.5, p=0.003; Supp. 165 
Figure 6). Therefore, despite idiosyncratic reductions in finger selectivity, the 166 
representational structure was preserved post-amputation.  167 
 168 
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 169 
Figure 2. Stable hand representation within the affected hemisphere 170 
despite amputation. (A) Longitudinal hand and individual finger activity (versus 171 
rest) projected across the S1 (BA3b) region of interest (ROI) segmented into 49 172 
segments of similar height. Affected hand's activity over 5 sessions (indicated in 173 
the legend) for each of the case-study participants that underwent an amputation; 174 
bottom row shows finger CoG shifts before and after amputation. Black lines 175 
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reflect pre-amputation activity, orange/red lines post-amputation. Case-study 176 
participants’ CoG shifts (red) for the hand and individual fingers fell within the 177 
distribution of controls (grey; 12-18 comparisons per participant; Crawford t-tests: 178 
P1 (6m): 0.14£ puncorr£ 0.58; P2 (6m): 0.06£puncorr£0.81; P3 (6m): 179 
0.10£puncorr£0.91). Values indicate group means ± standard error. Positive values 180 
indicate medial shifts (toward feet), negative values lateral (toward lips) in S1. 181 
Control data shown as gray violin plots. P1 data shown as a red triangle. P2 data 182 
shown as a red square. P3 data shown as a red star.  For simplicity, the control 183 
values are all for the left (non-dominant) hand. (B) Pre-post amputation single-184 
finger multi-voxel correlation: For each finger of the case-study participants, 185 
voxel-wise activity correlations before and at the final scan after amputation are 186 
shown. All other correlations are comprehensively reported in Supp Figure 5. All 187 
participant’s pre-to-post correlations were significant (5 Pearson correlations per 188 
participant; P1 (6m): 0.68£ r£ .90, puncorr<0.001; P2 (6m): 0.80£r£.85, 189 
puncorr<0.001; P3 (6m): 0.88£r£.91, puncorr<0.001). (C) Finger selectivity maps 190 
before and after amputation. Each contrast map reflects the activity for each 191 
finger (versus all others), masked to the hand ROI. Each mask was minimally 192 
thresholded at 33% the maximum z-statistic. Color codes indicated on the right. 193 
To capture the multi-finger activity at a single voxel, a 70% opacity filter was 194 
applied to all fingers. (D) Left - Graphic illustration of multivoxel analyses using a 195 
linear SVM decoder. Right – Longitudinal classifier performance.  Line colors 196 
denote train-test/cross validation session pairs, respectively as indicated in the 197 
legend. The gray shaded area reflects able-bodied control’s Pre – Post (6m) data 198 
(95% percentile interval). Training the classifier on the pre-amputation data and 199 
testing it on the post-amputation data (and vice versus) revealed significantly 200 
above chance classification accuracies for all case-study participants at all post-201 
amputation sessions (one-sample t-test: P1: Pre/1.5y: 89%; p<0.001; P2: Pre/5y: 202 
67%; p<0.001; P3: Pre/6m: 88%; p<0.001). All other annotations are depicted in 203 
Figure 1.  204 

 205 
Finally, we examined changes in the lip representation, previously implicated with 206 
reorganization following arm amputation4,7. Projecting hand and lip univariate 207 
activity onto the S1 segments revealed no evidence of lip activity shifting into the 208 
hand region post-amputation (Figure 3A). All case-study participants showed 209 
typical longitudinal variability at their 6 months scan, relative to controls, for lip 210 
CoG [Figure 3B; Crawford t-test: P1: t(15)=0.25, p=0.80; P2: t(15)=-0.89, p=0.38; 211 
P3: t(15)=-0.9, p=0.37]. Further, lip activity in the S1 hand region at the final scan 212 
was typical [Figure 3C; P1 (1.5y): t(15)=0.8, p=0.20; P2 (5y): t(15)=-0.5, p=0.71; 213 
P3 (6m): t(15)=1.2, p=0.10]. Also, when visualizing the lip map boundaries within 214 
S1 for all sessions, using a common minimum threshold, there was no evidence 215 
for an extension of the lip map (Figure 3D). Examining multivariate lip 216 
representational content, P2 showed an increased lip-to-thumb multivariate 217 
distance at their 6 months scan, relative to controls [Figure 3E; Crawford t-test: 218 
P1: t(15)=0.69, p=0.25; P2: t(15)=3.1, p=0.003; P3: t(15)=.74, p=0.23; intact 219 
hand and feet data included in Supp. Figure 7] However, it returned to the typical 220 
range of controls when assessed at their 5-year timepoint. Similar stability was 221 
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found in M1 (Supp. Figure 3), and the unaffected hemisphere (Supp. Figure 4). 222 
These results demonstrate that amputation does not affect lip topography or 223 
representational content in S1. 224 

 225 
To complement our longitudinal findings, we compared our case studies to a 226 
cohort of 26 chronic upper-limb amputee participants, on average 23.5 years 227 
post-amputation (Figure 3F; individual hand and lip cortical maps in Supp. Figure 228 
8). Our case-studies’ topographical features were comparable to chronic 229 
amputees for both the phantom hand [Crawford t-test: P1 (1.5y): t(15)=0.28, 230 
p=0.77; P2 (5y): t(15)=0.29, p=0.77;p=0.77; P3 (6m): t(15)=0.28, p=0.22; p=0.82] 231 
and lips [P1 (1.5y): t(15)=0.53, p=0.59; P2 (5y): t(15)=0.01, p=0.98; P3 (6m): 232 
t(15)=0.37, p=0.71]. Average lip activity within the S1 hand region was slightly 233 
(though not significantly) higher for a few of our case-studies relative to chronic 234 
amputees (Crawford t-test: P1 (1.5y): t(15)=1.6, p=0.10; P2 (5y): t(15)=0.24, 235 
p=0.81; P3 (6m): t(15)=1.8, p=0.065), reflecting that lip activity does not steadily 236 
increase in the years after amputation. Collectively, these results provide long-237 
term evidence for the stability of hand and lip representations despite 238 
amputation.    239 

 240 
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 241 
Figure 3. No evidence for lip reorganization after amputation. (A) Each case-242 
study participant’s lip activity (versus rest) for their sessions projected across the 243 
S1 ROI. Black lines reflect pre-amputation activity, yellow (3m), orange (6m) and 244 
red (1.5/5y) lines post-amputation. Grey region depicts approximated coverage of 245 
the hand portion within S1. (B) All case-study participants showed typical 246 
longitudinal variability at their 6 months scan, relative to controls, for lip CoG. 247 
Positive values reflect medial shifts (towards the hand). (C) All case-study 248 
participants showed typical lip activity in the S1 hand region at the final scan. 249 
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Right corner of panel depicts representative control participant’s activity for the 250 
hand and lips (versus feet; minimally thresholded at 33% the max. z-statistic). (D) 251 
All case-study participants exhibited no expansions of the lip map boundaries 252 
towards the hand region. Maps masked to the S1 ROI and minimally thresholded 253 
(Z > 4.5). (E) All case-study participants showed stable thumb-to-lip multivariate 254 
Mahalanobis distances cross-validated at their final scan, relative to controls. (F) 255 
Comparing the case-study participants to a chronic amputee dataset (n=26). Left 256 
– chronic amputee’s group-level cortical activation maps of the phantom hand 257 
and lips (versus rest) projected onto a single hemisphere (minimally thresholded 258 
at Z > 3.1). Opacity applied to activity outside the S1 ROI. Group univariate 259 
activity plotted as a line (group mean ± standard error) for the phantom hand 260 
(red) and lips (blue) across the S1 ROI. Middle – All case-study participants, 261 
comparable to chronic amputees, showed a typical center of gravity for both the 262 
phantom hand (top row) and lips (bottom row). Right – All case-study 263 
participants exhibited typical lip activity within the S1 hand region during their 264 
final session consistent with chronic amputees. The magnitude of lip activity 265 
(95% percentile interval) within the S1 hand region for a secondary able-bodied 266 
control group (n=18; shown in grey). Chronic amputees shown in pink and the 267 
case-study participants last session data shown in red. All other annotations are 268 
the same as described in Figure 2. 269 

 270 
Beyond the stability of the lip representation across amputation, our findings 271 
reveal highly consistent hand activity despite amputation. This unchanged hand 272 
representation challenges the foundational assumption that S1 activity is 273 
primarily tied to peripheral inputs, suggesting that S1 is not a passive relay of 274 
peripheral input, but an active supporter of a resilient ‘model’ of the body—even 275 
after amputation. We therefore conclude that, in the adult brain, S1 276 
representation can be maintained by top-down (e.g. efferent) inputs. This 277 
interpretation sheds new light on previous studies showing similar S1 278 
topographical patterns activated by touch24, executed movement25 and planned 279 
movement26.  280 

Due to the limitations of non-human models that cannot communicate phantom 281 
sensations, it is not surprising that the persistent representation of a body part, 282 
despite amputation, has been neglected from previous studies. Without access to 283 
this subjective dimension, researchers may have missed the profound resilience 284 
of cortical representations. Instead, previous studies determined S1 topography 285 
by applying a ‘winner takes all’ strategy –– probing responses to remaining body 286 
parts and noting the most responsive body part in the input-deprived cortex3,4. 287 
Ignoring phantom representations in these analyses leads to severe biases in the 288 
interpretation of the area’s inputs (as demonstrated in Supp. Figure 10). 289 
Combined with cross-sectional designs, this has incorrectly led to the impression 290 
of large-scale reorganization of the lip representation following amputation. Our 291 
longitudinal approach reveals no signs of reorganization in S1—not even subtle 292 
upregulation from homeostasis—further reinforcing the notion that S1 is not 293 
governed by deprivation-driven plasticity. 294 
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For brain-computer interfaces, our findings demonstrate a highly detailed and 295 
stable representation of the amputated limb for long-term applications27. For 296 
phantom limb pain treatments, our study indicates that targeted muscle 297 
reinnervation and regenerative peripheral nerve interfaces do not ‘reverse’ 298 
reorganization or alter the cortical hand representation22,28. Finally, our findings 299 
affirm the unaltered nature of adult sensory body maps following amputation, 300 
suggesting Hebbian and homeostatic deprivation-driven plasticity is even more 301 
marginal than considered by even the field’s strongest opponents of large-scale 302 
reorganization17,29. 303 

  304 

105 and is also made available for use under a CC0 license. 
(which was not certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 USC 

The copyright holder for this preprintthis version posted February 4, 2025. ; https://doi.org/10.1101/2023.12.13.571314doi: bioRxiv preprint 

https://doi.org/10.1101/2023.12.13.571314


 11 

 Supplementary Results 305 
 306 

 307 
Supplementary Figure 1. Longitudinal characterization of finger sensations 308 
and limb pain. (A) Affected hand sensations before and after amputation. Finger 309 
vividness and motor control for the phantom fingers, relative to the pre-310 
amputated fingers. Kinesthetic vividness rated on a scale from 0 (no sensation) 311 
to 100 (as vivid as the unaffected hand) with color intensity indicating level. 312 
Movement difficulty rated from 100 (as easy as the unimpaired hand) to 0 313 
(extremely difficult). Finger colors: red=D1, yellow=D2, green=D3, blue=D4, 314 
purple=D5 (palm excluded). (B) Before and after amputation, participants 315 
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reported intensity values for each pain descriptive word, broadly categorized into 316 
sensations that are mechanical, temperature-related and other. For each word, 317 
participants were asked to describe the intensity between 0 (non-existing) to 100 318 
(excruciating pain) as it relates to that particular word. A value of 100 (Max) is the 319 
largest radii on the polar plot. 3M=3months post-amputation; 6M=6months post-320 
amputation. 1.5/5yrs=1.5 or 5 years post-amputation.  321 

  322 
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 323 
Supplementary Figure 2. Baseline measures for the case-study participants 324 
that underwent an amputation versus able-bodied controls. Across all 325 
panels, we only report statistics when significant. Case-study participants 326 
showed similar responses to able-bodied controls in the baseline (pre-327 
amputation) S1 center of gravity for the (A) hand and (B) lips. (C) All case-study 328 
participants had similar average intra-finger correlations between the two pre-329 
sessions as controls. For baseline average inter-finger (D) classification accuracy 330 
and (E) distances. One case-study participant exhibited lower values for their 331 
affected hand only, relative to controls [Crawford t-test: decoding and distances: 332 
P2: p<0.001] (F) All case-study participants had similar hand typicality between 333 
the two pre-sessions as controls. All other annotations the same as described in 334 
Figures 2 and 3. 335 

 336 
 337 
 338 
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 339 
Supplementary Figure 3. Replication of all primary results within motor 340 
cortex. Across all panels, we only report statistics when significant. (A) Hand 341 
and finger univariate activity across M1 before and after amputation. When 342 
testing the stability of the whole hand condition across sessions, all case-studies 343 
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fell within the distribution of controls at all timepoints. (B) When correlating voxel 344 
wise finger activity across sessions, all case-studies exhibiting similar correlation 345 
coefficients as controls, for all fingers. Please refer to the Supp. Figure 5 caption 346 
for a more detailed understanding of the correlation analysis. (C) Inter-finger 347 
representational structure across sessions, measured using cross-nobis 348 
distances (left) and decoding accuracies (right). First, when assessing for 349 
atypicality in our case-studies pre-amputation compared to controls, only case-350 
study P2 exhibited reduced average finger selectivity pre-amputation based on 351 
the RSA (Crawford t-test: t(15)=-3.15, p=0.007) and decoding (t(15)=-3.9, 352 
p=0.001; similar to what was observed in S1). Next, when testing for reductions 353 
in average finger selectivity at the 6-month timepoint, relative to baseline, only 354 
case-study P1 exhibited a significant reduction compared to controls [cross-nobis 355 
distances: 3 comparisons; t(15)=2.33; puncorr=0.02); decoding: 3 comparisons; 356 
t(15)=2.32; puncorr=0.03]. However, it returned to the typical range when later 357 
assessed at the 1.5 year timepoint (for both measures). We also noted that case-358 
study P3 showed a significant reduction at the 6-month timepoint, relative to 359 
controls, in the decoding (3 comparisons; t(15)=2.18, puncorr=0.046), but not the 360 
cross-nobis. (D) Lips univariate activity plotted across M1 before and after 361 
amputation. (E) All case studies showed typical session to session variability as 362 
controls in (left side) the lips center of gravity across M1 and (right side) lips 363 
activity in the M1 hand region. All annotations are the same as described in the 364 
captions of the Figures 2-3 and Supp. Figure 5.  365 
 366 
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 367 
Supplementary Figure 4. Stability of the intact (non-amputated) hand and 368 
lip topography in the non-affected hemisphere across amputation. (A) Intact 369 
hand and finger univariate activity across S1 before and after amputation. When 370 
testing the stability of the whole hand condition across sessions, all case-studies 371 
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fell within the distribution of controls at all timepoints.  (B) Unaffected (intact) 372 
hand between-session differences in inter-finger values. Difference values are 373 
depicted for the (left) cross-validated distances and (right) decoding accuracies. 374 
Classification/distance differences before and after amputation are visualized for 375 
each finger pair [Pre1-Pre2] minus [Pre Avg. – Post1 (3m)] minus, [Pre1-Pre2] 376 
minus [Pre Avg. – Post2 (6m)] and [Pre1-Pre2] minus [Pre Avg. – Post3 (1.55/y)]. 377 
Each violin plot reflects an individual finger pair (same order of finger-pairs as 378 
detailed in Figure 2D). For consistency, the control values are all for the left-379 
hand. When computing the session-to-session differences relative to controls, all 380 
case-study participants showed typical session-to-session variability in finger 381 
selectivity at the 6-month timepoint, relative to controls. (C) Longitudinal lips 382 
univariate in the unaffected hemisphere (contralateral to intact hand) across S1 383 
before and after amputation. (D) All case study participants showed typical 384 
changes in the lips center of gravity (CoG) in the unaffected S1 hemisphere 385 
across scans, relative to controls. (E) When testing for changes in lip activity (in 386 
the unaffected hand region), one case-study, P1, exhibited a significant atypical 387 
increase in lip activity relative to controls at the 6-month timepoint (Crawford t-388 
test: t(15)=2.75, puncorr=0.01). However, the activity returned into the distribution 389 
of controls when tested at the 1.5 year timepoint (t(15)=0, puncorr=0.99). All other 390 
annotations are the same as described in Figures 2 and 3. We only report 391 
statistics when significant. 392 

 393 
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 394 
Supplementary Figure 5. Correlating pre- to post-amputation multivoxel 395 
finger activity patterns. (A) Visualization depicting the inter-session Pearson 396 
correlations of individual fingers within the BA3b hand region. (B) Inter-session 397 
correlations for the left (top row) and right hands (bottom) in the contralateral 398 
hand ROI. Line colors indicate session pairings (indicated in the legend). For 399 
case-study participants, dashed line denotes the affected hand; solid line 400 
unaffected hand. Violin plots reflect able-bodied control’s Pre – Post (6m) values. 401 
(C) Between-session differences in finger correlation coefficients. Difference 402 
values are depicted for the (left) missing or non-dominant hand of controls and 403 
(right) intact or dominant hand of controls. The difference values are ordered to 404 
reflect the increasing gap between sessions: [Pre1-Pre2] minus [Pre Avg. – 405 
Post1 (3m)] minus, [Pre1-Pre2] minus [Pre Avg. – Post2 (6m)] and [Pre1-Pre2] 406 
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minus [Pre Avg. – Post3 (1.55/y)]. Each violin plot reflects an individual finger. 407 
When testing whether the case-study participants showed a unique reduction in 408 
the average correlation, across fingers, relative to controls, for the missing hand, 409 
only P3, at the 3-month timepoint, for the missing hand (not intact), showed a 410 
significant pre-post reduction in the average correlation coefficient, relative to 411 
controls (t(15)=-2.59, puncorr=0.02). However, this difference returned to the 412 
typical range of controls when later tested at the 6-month timepoint (t(15)=-1.23, 413 
puncorr=0.23). All other annotations are as in Figure 2. We only report statistics 414 
when significant. 415 
 416 
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 417 
Supplementary Figure 6. Representational similarity analysis of inter-finger 418 
representational structure. (A) Graphic illustration of multivoxel pattern 419 
analyses. (B) Inter-finger multivariate analysis using cross-validated Mahalanobis 420 
(cross-nobis) distances. Line colors denote train-test/cross validation session 421 
pairs, respectively as indicated in the legend. The gray shaded area reflects able-422 
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bodied control’s Pre – Post (6m) data (95% percentile interval). (C) 423 
Classification/distance differences before and after amputation are visualized for 424 
each finger pair [Pre1-Pre2] minus [Pre Avg. – Post1 (3m)] minus, [Pre1-Pre2] 425 
minus [Pre Avg. – Post2 (6m)] and [Pre1-Pre2] minus [Pre Avg. – Post3 (1.55/y)]. 426 
Each violin plot reflects an individual finger pair (same order of finger-pairs as 427 
detailed in B). When comparing differences relative to controls, we observed 428 
some temporary, idiosyncratic reductions in average finger selectivity, relative to 429 
controls. First for the cross-nobis results, P1 showed a temporary reduction in 430 
average finger selectivity at 6 months (3 comparisons; t(15)=-2.79, puncorr=0.01), 431 
though later offset to the typical range at their follow-up 1.5-year scan. P2 only 432 
exhibited reduced selectivity only at the 5-year timepoint, though reduction seen 433 
in the intact hand as well (Supp Figure 4). Finally, P3 exhibited reduced 434 
selectivity at 6 months relative to controls (2 comparisons; t(15)=-2.36, 435 
puncorr=0.03). For the decoding results, P2 seemed to show significantly reduced 436 
selectivity at the 5-year timepoint, though also reduced for the intact hand (Supp 437 
Figure 4). (D) The representational typicality of the hand structure was estimated 438 
by correlating each session’s cross-validated Mahalanobis distances for each 439 
participant to a canonical inter-finger structure (controls average). All case-study 440 
participant’s typicality values fell within the distribution of controls. All other 441 
annotations are as in Figure 2. We only report statistics when significant. 442 

  443 
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 444 
Supplementary Figure 7. Thumb, lip and feet distances within the S1 hand 445 
region. (A) Multivariate distances between the thumb, lip and feet cross-446 
validated across sessions depicted for the right (top row) and left hemisphere 447 
(bottom) of the case-study participants that underwent an amputation and 448 
controls, contralateral to the thumb side being moved. Distances appear in the 449 
following order: (1) thumb-lips, (2) thumb-feet, (3) lips-feet. Line colors indicate 450 
session pairings (indicated in the legend). For case-study participants, dashed 451 
line denotes the affected hemisphere; solid line unaffected hemisphere. Grey 452 
shaded area reflect able-bodied control’s Pre – Post (6m) values. For the 453 
affected hemisphere of the case-study participants, all distances fell within the 454 
typical range of the able-bodied controls. (B) We also tested whether changes 455 
occurred in the multivariate hand-lip distance when performed within each of the 456 
49 S1 segments/ All case-study participants showed similar distances across 457 
sessions, before and after amputation. All other annotations are the same as 458 
described in Figure 2. 459 
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 460 
Supplementary Figure 8. Hand and lip cortical maps of cross-sectional 461 
datasets. Participant hand and lip cortical maps – registered to a standard 462 
cortical surface – are visualized for the chronic amputee participants (top row; 463 
n=26) and secondary able-bodied control participants who underwent the same 464 
procedures as the chronic amputees (n=18; bottom row). Hand maps for the 465 
amputees reflect moving their phantom hand, while for controls reflect moving 466 
their non-dominant hand (in the contralateral hemisphere). All maps are 467 
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contrasted against rest, minimally thresholded at 50% the maximum z-statistic 468 
and masked to Broadmann regions: 1, 2, 3a, 3b, and 4. Amputee maps are 469 
ranked by the numbers of years since amputation at the time of the scan and 470 
control maps are ranked by the participants age at the time of the scan. All other 471 
annotations are the same as described in Figure 1. 472 
 473 

 474 
Supplementary Figure 9. Summary of P1’s amputation procedure. An 475 
illustration depicting the unique amputation surgery of P1’s left arm, as well as 476 
summary of the procedures performed for each respective nerve. TMR=targeted 477 
muscle reinnervation; RPNI=regenerative peripheral nerve. 478 
 479 
 480 

105 and is also made available for use under a CC0 license. 
(which was not certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 USC 

The copyright holder for this preprintthis version posted February 4, 2025. ; https://doi.org/10.1101/2023.12.13.571314doi: bioRxiv preprint 

https://doi.org/10.1101/2023.12.13.571314


 25 

 481 
Supplementary Figure 10. Winner-takes-all analysis of the major body parts 482 
(hand, lips and feet) across S1. Using the data from the last session of each 483 
participant, each voxel was awarded to the body-part with the highest response. 484 
Left column – we show the winner-takes-all analysis when performed on 3 body-485 
parts: hand (red), lips (blue) and feet (green) versus (Right column) when 486 
excluding the physically absent hand. This comparison reveals supposed large-487 
scale expansions of the lips or feet into the deprived hand region (black outline) 488 
post-amputation. We’ve also depicted the center of gravity (CoG) of the winner-489 
takes-all lip cluster (white circles) to further demonstrate this. When excluding the 490 
hand activity, the CoG of the lips ‘shifts’ towards the hand area. Thus, ignoring 491 
the primary body part – depending on your analysis choices – can substantially 492 
bias the results30,31. Combined with the use of cross-sectional designs, this 493 
analysis approach has led to the impression of cortical remapping and even 494 
large-scale reorganization of the lip representation following amputation. 495 
Crucially, the newly assigned winner in the hand area [left panel] has rarely been 496 
directly compared against the persistent representation of the missing hand, and 497 
indeed, indicative evidence show that this recorded activity in the hand area is 498 
weak (we extensively discuss this in our recent review ref.17).  499 
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 500 
Supplementary Figure 11. Comparing case study P1’s hand and lip activity 501 
to 2 longitudinal able-bodied participant datasets: older and younger 502 
controls. As the longitudinal able-bodied controls were age-matched to P2 and 503 
P3, we investigated whether younger able-bodied controls (see Methods) 504 
showed significant differences on multiple measures compared to the older 505 
controls. The older controls are the longitudinal controls described in the main 506 
text. The younger controls performed the same task on the same scanner, 2 507 
scans separated by 1-week. We examined the session-to-session stability in our 508 
primary univariate and multivariate measures. First, for the univariate measures, 509 
younger and older controls showed similar session to session differences in (A) 510 
hand activity in the S1 hand region (independent samples t-test: t(37)=1.7, 511 
p=0.09), and (B) lip activity in the hand region (t(37)=1.3, p=0.18). Further, P1’s 512 
pre-amputation scan data (black line) showed no significant difference between 513 
older controls and younger controls for either body-part (hand: P1 vs. Older: 514 
t(15)=-1.7, p=0.09; P1 vs. Younger: t(21)=-1.1, p=0.2; lips: P1 vs. Older: 515 
t(15)=0.2, p=0.8; P1 vs. Younger: t(21)=0.52, p=0.6). Grey violin plots reflect 516 
controls data (95% percentile interval). (C) Next, for the multivariate measures, 517 
younger controls showed a trend for higher average inter-finger representational 518 

105 and is also made available for use under a CC0 license. 
(which was not certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 USC 

The copyright holder for this preprintthis version posted February 4, 2025. ; https://doi.org/10.1101/2023.12.13.571314doi: bioRxiv preprint 

https://doi.org/10.1101/2023.12.13.571314


 27 

structure compared to older controls, in the cross-nobis distances (t(37)=-1.95, 519 
p=0.06), but not the decoding (t(37)=-0.87, p=0.38). P1’s pre-amputation session 520 
data was not different than the older or younger control groups for either 521 
measure (cross-nobis: P1 vs. Older: t(15)=0.32, p=0.75; P1 vs. Younger: t(21)=-522 
0.32, p=0.74; decoding: P1 vs. Older: t(15)=-0.35, p=0.72; P1 vs. Younger: 523 
t(21)=-0.70, p=0.48). All other annotations are the same as those described in 524 
Figure 2.  525 
 526 

 527 
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 528 
Supplementary Figure 12. Intact finger kinematics during mirrored and 529 
phantom finger movements. (A) To test whether the intact fingers are being 530 
moved simultaneously during phantom finger movements, we tested 2 of the 3 531 
case-study participants on a finger tapping task. Each participant was positioned 532 
inside an MRI scanner. We visually cued each participant to perform a finger 533 
flexion movement (each 2-seconds; 5 fingers or REST; 7 repetitions per 534 
condition). There were two blocks: bilateral (mirrored) finger movements, where 535 
participants were told to mirror the movements of the intact and phantom fingers, 536 
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and unilateral phantom finger movements, where participants were told to move 537 
the phantom fingers. Participants were randomly cued which finger to move (or 538 
REST). We recorded kinematics of the intact fingers, using 4 cameras (Logitech 539 
brio, 1080p, 60fps). (B-C) Using Anipose’s triangulation function32 to triangulate 540 
the 4 cameras into 3D coordinates, we defined the 3D coordinates of the tip of 541 
each finger. Using the 3D coordinates, we then computed the root mean square 542 
(RMS) displacement of each dimension (x, y, z) within a trial. Across dimensions, 543 
we selected the dimension with the highest RMS displacement. We then 544 
averaged across repetitions of the same trial type. Finally, we normalize these 545 
values relative to the RMS displacement observed in the REST condition, 546 
effectively capturing relative movement magnitude. We provide a single trial 547 
visualization of each finger’s 3D coordinates (for the y and z dimensions) at the 548 
first (dark colours) and last (light colours) timepoints of a single move thumb trial. 549 
Note the distinct individuation of the thumb and not the other fingers. (D) We 550 
observed that while bilateral mirror finger movements show clear finger 551 
individuation of the intact fingers (plots on the left), the intact fingers do not move 552 
during phantom finger movements (plots on the right).    553 

 554 
Session 
Comparison 

Hemisphere/Hand Finger Correlation 
Coefficient (r)  
(mean ± std) 

Pre to 3m R/L D1 0.83 ± 0.08 
Pre to 3m R/L D2 0.84 ± 0.10 
Pre to 3m R/L D3 0.88 ± 0.06 
Pre to 3m R/L D4 0.90 ± 0.04 
Pre to 3m R/L D5 0.89 ± 0.04 
Pre to 6m R/L D1 0.85 ± 0.07 
Pre to 6m R/L D2 0.84 ± 0.07 
Pre to 6m R/L D3 0.89 ± 0.05 
Pre to 6m R/L D4 0.90 ± 0.04 
Pre to 6m R/L D5 0.89 ± 0.04 
Pre to 3m L/R D1 0.80 ± 0.12 
Pre to 3m L/R D2 0.79 ± 0.13 
Pre to 3m L/R D3 0.83 ± 0.12 
Pre to 3m L/R D4 0.87 ± 0.07 
Pre to 3m L/R D5 0.88 ± 0.07 
Pre to 6m L/R D1 0.78 ± 0.16 
Pre to 6m L/R D2 0.79 ± 0.13 
Pre to 6m L/R D3 0.84 ± 0.10 
Pre to 6m L/R D4 0.87 ± 0.08 
Pre to 6m L/R D5 0.87 ± 0.07 

Supplementary Table 2. Pearson correlations for controls finger 555 
representations across sessions.   556 

105 and is also made available for use under a CC0 license. 
(which was not certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 USC 

The copyright holder for this preprintthis version posted February 4, 2025. ; https://doi.org/10.1101/2023.12.13.571314doi: bioRxiv preprint 

https://doi.org/10.1101/2023.12.13.571314


 30 

Methods 557 
 558 
Our key methodology involves longitudinal comparisons across amputation. This 559 
approach is designed to overcome known limitations in cross-sectional designs, 560 
where inter-participant variability could spuriously influence group comparisons, 561 
particularly when considering small group sample sizes and/or small effects. An 562 
important additional consideration with respect to reorganization research in 563 
amputees is the difficulty to interpret whether sensorimotor activity for the 564 
missing (phantom) hand reflects preserved representation (i.e. reflects the same 565 
representational attributes as the physically hand prior to amputation), or an 566 
altered hand representation, which exhibits canonical hand representation 567 
features, albeit distinct from the pre-amputation hand. The main limitation of 568 
longitudinal designs is the contribution of any time-related effects, e.g. due to 569 
changes in MR scanning hardware33 or participants’ experience (e.g. familiarity 570 
with the study environment34, which are not directly related to the amputation. To 571 
account for non-related variables, we also scanned our case-studies and control 572 
participants over a similar timeframe. For two of our case-studies, we had an 573 
opportunity to follow up on our procedures after an extended period (1.5/5 years 574 
following amputation). As this was not planned in the original design, we were 575 
unable to obtain related timepoints in our controls. Therefore, all comparisons to 576 
the control cohort are focused on the 6 months point-amputation timepoint.      577 
 578 
Participants 579 
Longitudinal case-study participants that underwent an amputation 580 
Over a 7-year period and across multiple NHS sites in the UK, we recruited 18 581 
potential participants preparing to undergo hand amputations. Due to a multitude 582 
of factors (e.g., MRI safety contraindications, no hand motor control, age outside 583 
ethics range, high level of disability), we could only perform pre-amputation 584 
testing on 6 volunteers. Due to additional factors (complications during surgery, 585 
general health, retractions) we successfully completed our full testing procedure 586 
on 3 participants (for participant demographics see Supp. Table 1).  587 
 588 
Pre-amputation scans for P1 and P2 were collected 24 hours apart and within 2 589 
weeks of their amputations. P3 had a 2.5-year gap between the pre-amputation 590 
scans, due to Covid-related delays in testing and in scheduling uncertainty 591 
relating to their amputation surgery. Their amputation surgery took place 3 592 
months following their second pre-amputation scan.  593 
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 P1 P2 P3 
Sex Female Female Female 
Age (at first 
scan) 

26 57 49 

Handedness 
at birth 

Left-handed Right-handed Right-handed 

Cause of 
amputation 

 

Arteriovenous vascular 
malformation (AVM) 
 

Sarcoma tumour 
 

Severell-Martorell 
syndrome led to multi-
fractured arm with 
bones not healing 

Disability 
duration 

AVM progressed over a 
few years 

Tumour slowly developing 
since 1995 

Musculoskeletal issues 
since childhood 

Amputated limb 
 

Left upper limb Right upper limb Left upper limb 

Level of 
amputation 
 

Transhumeral At elbow Transhumeral 

Amputation 
surgery 

Combination of targeted 
muscle reinnervation and 
regenerative peripheral 
nerve interfaces, see 
Supp. Fig. 9. 

Traditional: sharply 
transected the nerves and 
allowed to retract 

Traditional: sharply 
transected the nerves 
and allowed to retract 

Phantom 
position and 
mobility 
 

Phantom hand 
positioned slightly above 
the elbow; only feels the 
hand, not the forearm; 
can move all phantom 
fingers (Figure 1B). 

Phantom hand positioned 
upright towards chest; only 
feels the hand, not the 
forearm; can move all 
phantom fingers (Figure 
1B). 

Phantom hand 
positioned upright 
towards chest; mostly 
hand and fingers (little 
elbow); can move all 
phantom fingers 
(Figure 1B).  

When did 
phantom 
sensations 
occur 

Immediately after 
amputation 

Immediately after 
amputation 

Immediately after 
amputation 

Phantom limb 
sensation (PLS) 
intensity (100 
max) 
(3m, 6m, 1.5/5yrs 
respectively) 

40, 60, 40 90, 100, 100 100, 90, NA 

PLS frequency  
(3m, 6m, 
1.5/5yrs) 

3m: once a week; 6m: 
several times per month; 
1.5yr: once or less per 
month 

3m: all the time; 6m: all the 
time; 5yrs: all the time 

3m: all the time; 6m: 
daily 

Chronic PLS 
(100 max) 
(3m, 6m, 
1.5/5yrs) 

13.3, 15, 8 90, 100, 100 100, 45, NA 

Limb pain 
intensity 
(Pre, 3m, 6m, 
1.5/5yrs) 

90, 20, 0, 0 80, 50, 70, 70 50, 80, 70, NA 

Limb pain 
frequency 
(Pre, 3m, 6m, 
1.5/5yrs) 

Pre: all the time; 3m: 
several times per month; 
6m: once or less per 
month; 1.5yr: once or 
less per month 

Pre: all the time; 3m: daily; 
6m: daily; 5yrs: all the time 

Pre: daily; 3m: daily; 
6m: once a week 

Chronic limb 
pain 
(Pre, 3m, 6m, 
1.5/5yrs) 

90, 5, 0, 0  80, 25, 35, 70 25, 40, 23.3, NA 

105 and is also made available for use under a CC0 license. 
(which was not certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 USC 

The copyright holder for this preprintthis version posted February 4, 2025. ; https://doi.org/10.1101/2023.12.13.571314doi: bioRxiv preprint 

https://doi.org/10.1101/2023.12.13.571314


 32 

Transient (on the 
day) limb pain 
(Pre, 3m, 6m, 
1.5/5yrs; 100 
max) 
(Pre, 3m, 6m, 
1.5/5yrs) 

50, 30, 0, 0  80, 45, 50, 70 50, 40, 20, NA 

Pain Detect 
Score  
(% max possible 
score) 
(Pre, 3m, 6m, 
1.5/5yrs) 

51%, 34%, 14%, 40% 68%, NA, 42%, 45% 65%, 65%, 65%, NA 

Pain Detect  
Pain Course 

- Persistent pain with 
pain attacks 
(Same pre and 3m) 
- Persistent pain with 
slight fluctuations (6m, 
1.5yrs) 

- Persistent pain with pain 
attacks (Same pre and 6m) 
- Persistent pain with slight 
fluctuations (5yrs) 

- Pain attacks with pain 
between them (pre) 
- Persistent pain with 
pain attacks (3m) 
- Pain attacks without 
pain between them 
(6m) 

Upper Extremity 
Functional 
Index 
(Pre, 3m, 6m, 
1.5/5yrs)  
100% = no 
impairment 

47%, 23%, 36%, 57% 30%, NA, 11%, 28% 0%, 39% 69%, NA 

Prosthesis Type 
 

None  None (fitted with a cosmetic 
prosthetic) 

Cosmetic prosthesis  

Prosthesis Use 
 

None None. Briefly used in the first 
6 months post-amputation (2 
days a week, ~2 hours a 
day) 

6m: 2 days a week, 8 
hours a day 

Supplementary Table 1. Demographics of case-study participants that 594 
underwent an amputation. PLS = phantom limb sensation; Limb pain reflects 595 
pre-amputation limb pain or post-amputation phantom limb pain. Frequency 596 
scores: 1 – all the time, 2 – daily, 3 – weekly, 4 – several times per month, and 5 597 
– once or less per month. Chronic pain/sensation values were calculated by 598 
dividing intensity by frequency. NA = not available/applicable. Upper extremity 599 
functional index measures participant difficulty with performing activities due to 600 
their missing limb. 601 
 602 
Case-study participant amputation surgeries 603 
There are noteworthy differences in their amputation surgeries of the three case-604 
study participants. P1 underwent an amputation to combat a rapidly developing 605 
arteriovenous malformation (AVM) in the upper arm. Before amputation, they had 606 
a relatively high level of motor control in the pre-amputated hand. Additionally, 607 
P1’s amputation included more advanced surgical techniques, involving a 608 
combination of targeted muscle reinnervation [TMR]35 and regenerative 609 
peripheral nerve interfaces [RPNI]36. In these approaches, rather than simply 610 
cutting the residual nerve, the remaining nerves were sutured to a new muscle 611 
(TMR) or implanted with a nerve graft near a new muscle target (RPNI; in P1’s 612 
case, the technique varied depending on the muscle, see Supp. Figure 9). P2 613 
underwent a traditional amputation procedure to remove a sarcoma tumor that 614 
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had been slowly progressing since 1995. The multiple operations of the arm, 615 
prior to the amputation, left her with restricted motor control of the fingers, though 616 
still able to move them (see Supp. Video 1). Similarly, P3 was diagnosed with 617 
Severell-Martorell syndrome which had led to her left arm having multiple chronic 618 
bone fractures. They underwent a traditional amputation procedure, where the 619 
major nerves were left to naturally retract. It is important to note here that the 620 
diversity of conditions, procedures and post-operative states across our case-621 
studies strengthen the universality of our results, which were consistent across 622 
case-studies.  623 
 624 
Longitudinal able-bodied control group 625 
In addition to the case-study participants that underwent an amputation, we 626 
tested a control group which included 16 older able-bodied participants [9 627 
females; mean age ± std = 53.1 ± 6.37; all right-handed]. The control group also 628 
completed four fMRI sessions at the same timescale as the participants that 629 
underwent an amputation and were age-matched to P2 and P3. 4 additional 630 
controls were also recruited for this group; however, we did not complete their 631 
testing, due to drop-out and incidental findings captured in the MRI sessions.  632 
 633 
Ethical approval for all longitudinal study participants was granted by the NHS 634 
National Research Ethics Committee (18/LO/0474), and in accordance with the 635 
Declaration of Helsinki. Written informed consent was obtained from all 636 
participants prior to the study for their participation, data storage and 637 
dissemination. 638 
 639 
Cross-sectional datasets 640 
From two previous studies37, we pooled two cross-sectional fMRI datasets: (1) a 641 
group of chronic amputees (n=26) and (2) a secondary group of able-bodied 642 
controls (n=18). The chronic amputee group included 26 upper-limb amputee 643 
participants [4 females; mean age ± std = 51.1 ± 10.6; 13 missing left upper-limb; 644 
level of amputation: 17 transradial, 8 transhumeral and 1 at wrist; mean years 645 
since amputation ± std = 23.5 ± 13.5]. The secondary able-bodied control group 646 
included 18 able-bodied participants [7 females; mean age ± std=43.1 ± 14.62; 647 
11 right-handed]. For more information on these datasets, see Supplementary 648 
Methods (https://osf.io/s9hc2/).  649 

  650 
 Longitudinal younger adults able-bodied control dataset 651 

P1 is younger than the longitudinal control group. As such, we re-analyzed a 652 
previously collected dataset including 22 able-bodied controls of a similar age to 653 
P1 (mean ± std: 23.2 ± 3.8), each were scanned twice, one-week-apart on the 654 
same fMRI task and scanner38.  655 
 656 
Questionnaires 657 
Due to a restricted time window for performing the tests before amputation, as well 658 
as the participants’ high level of physical discomfort and emotional distress, we 659 
were highly limited in the number of assessments we could perform. As such we 660 
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focused the physically-involved testing on the functional neuroimaging tasks. 661 
However, in addition, we collected data on multiple questionnaires and had 662 
participants perform a functional ecological task. 663 
 664 
Kinesthetic vividness 665 
Kinesthetic vividness was quantified for each finger before and after the 666 
amputation [“When moving this finger, how vivid does the movement feel? Please 667 
rate between 0 (I feel no finger movement) to 100 (I feel the finger movement as 668 
vividly as I can feel my other hand finger moving).”] 669 
 670 
Finger motor control 671 
Perceived finger movement difficulty was quantified for each finger before and after 672 
amputation [“When moving this finger, how difficult is it to perform the movement? 673 
Please rate between 100 (I found it as easy as moving the homologous finger in 674 
the unimpaired hand) to 0 (the most difficult thing imaginable).”].  675 
 676 
Pain ratings 677 
Before and after amputation, case-study participants were asked to rate the 678 
frequency of their pre-amputation limb pain or post-amputation phantom limb 679 
pain, respectively, as experienced within the last year, as well as the intensity of 680 
worst pain experienced during the last week (or in a typical week involving pain; 681 
see Supp. Table 1). Chronic pain was calculated by dividing worst pain intensity 682 
(scale 0–100: ranging from no pain to worst pain imaginable) by pain frequency 683 
(1 – all the time, 2 – daily, 3 – weekly, 4 – several times per month, and 5 – once 684 
or less per month). This approach reflects the chronic aspect of pain as it 685 
combines both frequency and intensity39,40. A similar measure was obtained for 686 
non-painful phantom sensation vividness and stump pain. Participants also filled 687 
out the Pain Detect questionnaire41. Additionally, before and after amputation, 688 
participants reported intensity values for different words describing different 689 
aspects of pain, quantified using an adapted version of the McGill Pain 690 
Questionnaire42. For each word, participants were asked to describe the intensity 691 
between 0 (non-existing) to 100 (excruciating pain) as it relates to each word. 692 
Please note that we used a larger response scale than standard to allow the 693 
participants to articulate even small differences in their pain experience (see 694 
Supp. Figure 1).  695 

 696 
Functional Index 697 
Before and after amputation, case-study participants were asked to rate their 698 
difficulty at performing a diversity of functional activities because of their upper 699 
limb problem, quantified using the Upper Extremity Functional Index43.  700 
 701 
Ecological Task 702 
To characterize habitual compensatory behavior, participants completed a task 703 
involving wrapping a present [based on ref. 44]. Task performance was video 704 
recorded but will not be reported in this paper.   705 
 706 
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Finger Movement Task 707 
To capture how participant’s move when cued to perform individual finger 708 
movements, at each session, we asked participants to perform a finger 709 
movement task where we cued them to move a single finger. Case study 710 
participants were cued to perform unilateral movements of the phantom fingers, 711 
intact fingers and then mirrored movements of the intact and phantom fingers 712 
simultaneously. Task performance was video recorded and is shown in Supp. 713 
Video 1.  714 
 715 
Intact Finger Kinematic Task 716 
To test whether the intact fingers are being moved simultaneously during 717 
phantom finger movements, we invited 2 of the 3 case-study participants back for 718 
a separate session to assess the kinematics of the intact fingers. The task setup 719 
and data are shown in Supp. Figure 12.    720 

 721 
Scanning Procedures 722 
Each MRI session for the longitudinal cohort consisted of a structural scan, four 723 
fMRI finger-mapping scans and two body localizer scans, which we report here. 724 
The additional cross-sectional datasets are detailed in the Supplementary 725 
Methods section.  726 

 727 
fMRI Task Design 728 
Finger-mapping scans 729 
The fMRI design was the same as a previous study from our lab38, though 730 
specific adaptations were made to account for the phantom experience of the 731 
case-study participants that underwent an amputation (described below). 732 
Considering that S1 topography is similarly activated by both passive touch and 733 
active movement24, participants were instructed to perform visually cued 734 
movements of individual fingers, bilateral toe curling, lips pursing or resting (13 735 
conditions total). The different movement conditions and rest (fixation) cue were 736 
presented in 9-second blocks and each repeated 4 times in each scan. 737 
Additionally, each task started with 7 seconds of rest (fixation) and ended with 9 738 
seconds of rest.  739 

 740 
To simulate a phantom-like tactile experience for the participants pre-amputation, 741 
the affected hand was physically slightly elevated during scanning such that 742 
affected finger tapping-like movements were performed in the air. Alternatively, 743 
for the unaffected hand (before and after amputation), the individual finger 744 
movements were performed in the form of button presses on an MRI-compatible 745 
button box (four buttons per box) secured on the participant’s thigh. The 746 
movement of the thumb was performed by tapping it against the wall of the 747 
button box. For the control participants, half of the participants had the right hand 748 
elevated, performing the finger movements in the air, and the other half had the 749 
left hand elevated.  750 
 751 
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Instructions were delivered via a visual display projected into the scanner bore. 752 
Ten vertical bars, representing the fingers, flashed individually in green at a 753 
frequency of 1 Hz, instructing movements of a specific finger at that rate. Feet 754 
and lips movements were cued by flashing the words “Feet” or “Lips” at the same 755 
rate. Each condition was repeated four times within each run in a semi-756 
counterbalanced order. Participants performed four scan runs of this task. One 757 
control participant was only able to complete 3 runs of the task for one of the 758 
sessions.  759 
 760 
Imagery control scans 761 
In each of the two body localizer scans, participants were visually cued to move 762 
each hand, imagine moving the affected (case-study participants) or non-763 
dominant hand (controls), in addition to actual lips, toes (on the affected side 764 
only) and arm (on the affected side only) movements. The different movement 765 
conditions and a rest (fixation) cue were presented in 10-second blocks and 766 
repeated 4 times in each scan.  767 
 768 
MRI Data Acquisition 769 
MRI images were obtained using a 3-Tesla Prisma scanner (Siemens, Erlangen, 770 
Germany) with a 32-channel head coil. Anatomical data were acquired using a 771 
T1-weighted magnetization prepared rapid acquisition gradient echo sequence 772 
(MPRAGE) with the parameters: TR = 2.53 s, TE = 3.34 ms, FOV = 256 mm, flip 773 
angle = 7˚, and voxel size = 1 mm isotropic resolution. Functional data based on 774 
the blood oxygenation level-dependent signal were acquired using a multiband 775 
gradient echo-planar T2*-weighted pulse sequence 45 with the parameters: TR = 776 
1.5 s, TE = 35 ms, flip-angle = 70˚, multi-band acceleration factor = 4, FOV = 212 777 
mm, matrix size of 106 x 106, and voxel size = 2 mm isotropic resolution. 778 
Seventy-two slices, with a slice thickness of 2 mm and no slice gap, were 779 
oriented parallel to the anterior commissure – posterior commissure, covering the 780 
whole cortex, with partial coverage of the cerebellum. Each of the four functional 781 
runs comprising the main task consisted of 335 volumes (8 min 22 s). 782 
Additionally, there were 204 volumes for the two imagery control scans (5 min 10 783 
s). For all functional scans, the first dummy volume of every run was saved and 784 
later used as a reference for co-registration.  785 
 786 
fMRI Analysis  787 
Functional MRI data processing was carried out using FMRIB’s Expert Analysis 788 
Tool (FEAT; Version 6.0), part of FSL (FMRIB’s Software Library, 789 
www.fmrib.ox.ac.uk/fsl), in combination with custom bash, Python (version 3) and 790 
Matlab scripts [(R2019b, v9.7, The Mathworks Inc, Natick, MA; including an RSA 791 
toolbox46,47. Cortical surface reconstructions were produced using FreeSurfer [v. 792 
7.1.148,49] and Connectome Workbench (humanconnectome.org) software. 793 
Decoding analyses were carried out using scikit-learn (v.1.2.2). 794 
 795 
fMRI Preprocessing 796 

105 and is also made available for use under a CC0 license. 
(which was not certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 USC 

The copyright holder for this preprintthis version posted February 4, 2025. ; https://doi.org/10.1101/2023.12.13.571314doi: bioRxiv preprint 

https://doi.org/10.1101/2023.12.13.571314


 37 

The following pre-statistical processing was applied: motion correction using 797 
MCFLIRT50, non-brain removal using BET51,  spatial smoothing using a Gaussian 798 
kernel of FWHM 3mm for the functional task data, grand-mean intensity 799 
normalization of the entire 4D dataset by a single multiplicative factor, and high-800 
pass temporal filtering (Gaussian-weighted least-squares straight line fitting, with 801 
σ = 90 s). Time-series statistical analysis was carried out using FILM with local 802 
autocorrelation correction52. The time series model included trial onsets 803 
convolved with a double γ HRF function; six motion parameters were added as 804 
confound regressors. Indicator functions were added to model out single volumes 805 
identified to have excessive motion (>.9 mm). A separate regressor was used for 806 
each high motion volume (deviating more than .9mm from the mean position). 807 
For the finger mapping scans, the average number of outlier volumes for an 808 
individual scan, across all participants, was 1.5 volumes. 809 
 810 
To ensure all longitudinal sessions (Pre1, Pre2, 3m, 6m, 1.5/5 years) were well 811 
aligned, for each participant, we calculated a structural mid-space between the 812 
structural images from each session, i.e., the average space in which the images 813 
are minimally reorientated53. The functional data for each individual scan run 814 
within a session were then registered to this structural mid-space using 815 
FLIRT50,54.  816 
 817 
Low Level Task-Based Analysis 818 
We applied a general linear model (GLM) using FMRI Expert Analysis Tool 819 
(FEAT) to each functional run. For the primary task, the movement of each 820 
finger/body-part (10 fingers, lips and feet – total of 12 conditions) was modeled 821 
against rest (fixation). To capture finger selectivity, the activity for each finger 822 
was also modelled as a contrast against the sum of the activity of all other fingers 823 
of the same hand. 824 
 825 
We performed the same GLM analysis on the 6 conditions of the imagery scans. 826 
To capture the selectivity for actual attempted phantom movements versus 827 
imagine phantom hand movements, the activity for attempted hand movement 828 
was also modelled as a contrast against imagined hand movement.  829 
 830 
For each participant, parameter estimates of the each of the different conditions 831 
(versus rest) and GLM residuals of all voxels were extracted from each run's first-832 
level analysis. All analyses were performed with the functional data aligned to the 833 
structural mid-space.  834 

 835 
Regions of Interest 836 
S1: Broadmann Area 3b 837 
We were specifically interested in testing changes in topography within (and 838 
around) BA3b. First, the structural mid-space T1 image were used to reconstruct 839 
the pial and white-gray matter surfaces using FreeSurfer’s recon-all. Surface co-840 
registration across hemispheres and participants was conducted using spherical 841 
alignment. Participant surfaces were nonlinearly fitted to a template surface, first 842 
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in terms of the sulcal depth map and then in terms of the local curvature, 843 
resulting in an overlap of the fundus of the central sulcus across participants55.  844 

 845 
S1 (BA3b) hand region of interest 846 
The BA3b ROI was defined in the fsaverage template space using probabilistic 847 
cytotectonic maps55 by selecting all surface nodes with at least 25% probability of 848 
being part of the grey matter of BA3b56. Further, for the multivoxel pattern 849 
analyses, we restricted the BA3b ROI to just the area roughly representing the 850 
hand. This was done by isolating all surface nodes 2.5 cm proximal/distal of the 851 
anatomical hand knob57. An important consideration is that this ROI may not 852 
precisely reflect BA3b for each participant and may contain relevant activity from 853 
neighboring S1 areas, due to the nature of our data (3T fMRI, smoothing FWHM 854 
3mm) and the probabilistic nature of the atlas. As such, we consider this as a 855 
definitive localizer of S1 and an indicative localizer of BA3b. The surface ROIs 856 
were then mapped to the participant’s volumetric high-resolution anatomy. 857 

 858 
49 segments of BA3b 859 
To segment BA3b into 49 segments, we loaded the fsaverage cortical surface 860 
with the boundaries of the BA3b ROI, as defined by the Glasser atlas58. We 861 
rotated the map so that the central sulcus was perpendicular to the axis. We 862 
overlayed a box with 49 segments of equal height, on this ROI. By masking the 863 
box to the ROI, we constructed 49 segments of the BA3b ROI. Because this 864 
masking approach requires drawing boundary lines using the vertices on the 865 
cortical flat map, we could optimally only get 49 segments (maximum) without 866 
issues with the boundary drawing approach. These ROIs were then mapped onto 867 
the participant’s volumetric high-resolution anatomy and further to the 868 
participant’s cortical surfaces. 869 
 870 
M1: Broadmann Area 4 871 
The approach for defining the motor cortex region of interest was the same as 872 
described above, with the sole exception of selecting the BA4 region. 873 
 874 
Projecting Functional Activity onto the Cortical Surface  875 
Using the cortical surfaces generated using recon-all, fMRI maps were projected 876 
to the surface using workbench command’s volume-to-surface-mapping function 877 
which included a ribbon constrained mapping method. The only exception is the 878 
cross-sectional datasets where we projected all maps onto a standard cortical 879 
surface, see Supplementary Methods.  880 

 881 
Univariate Activity (in the order the analyses are reported across figures) 882 
Contrast maps for moving versus imagine moving the phantom 883 
To visualize the contrast maps for attempted versus imagine phantom hand 884 
movements, estimates from the two imagery-control scan runs for the 885 
participant’s post (6m) session were averaged in a voxel wise manner using a 886 
fixed effects model with a cluster forming z-threshold of 3.1 and family-wise error 887 
corrected cluster significance threshold of p < 0.05. Maps were then projected 888 
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onto each participant’s cortical surface. These contrast maps are visualized in 889 
Figure 1C with a minimum z-threshold in both directions of 3.1. 890 
 891 
Contrast maps for the hand and lips 892 
To visualize the contrast maps for the hand and lip movements, estimates from 893 
the four finger-mapping scan runs for each session were averaged in a voxel 894 
wise manner using a fixed effects model with a cluster forming z-threshold of 3.1 895 
and family-wise error corrected cluster significance threshold of p < 0.05. Maps 896 
were then projected onto participant’s cortical surface. These contrast maps 897 
(hand in red and lips in blue) are visualized in Figure 1D with a minimum z-898 
threshold of 33% the maximum participant-specific z-statistic.  899 
 900 
For completion, the boundaries of the lip maps, for all participants that underwent 901 
an amputation across all sessions, are visualized in Figure 3D. All maps were 902 
minimally thresholded at Z > 4.5 to provide a complementary thresholding 903 
approach relative to Figure 1D.  904 

 905 
Hand topography across 49 segments of BA3b 906 
Using the 49 segments of BA3b (described above), we projected the neural 907 
activity for the hand (versus rest) for each hemisphere (contralateral to the hand 908 
being moved), session and participant. The average activity across all voxels 909 
within each segment was averaged to extract a single value per segment.   910 
 911 
Center of gravity  912 
To quantify changes in the hand, finger or lip topography, we computed the 913 
center of gravity (CoG) of activity (for a single body-part) across the 49 BA3b 914 
segments. To do this, we first computed the weighted activity (βw) across the 915 
segments. To do this each segment number was multiplied by the average 916 
activity in the segment.  917 
 918 

𝛽! = (1	𝑥	𝛽") + (2	𝑥	𝛽#)…			 919 
 920 

To compute the CoG, we then divided the sum of the weighted activity (∑βw) by 921 
the sum of the activity (∑β).  922 

𝐶𝑜𝐺 = 	
∑𝛽!
∑β  923 

 924 
When comparing changes in the CoG for the hand or a finger, the CoG for each 925 
post-session was subtracted by the average CoG of the pre-sessions (e.g., 3m 926 
CoG – Pre. Avg CoG). A value greater than zero reflects the CoG moving more 927 
medially in the post session compared to the pre. A value less than zero reflects 928 
the post CoG being more lateral compared to the pre.  929 
 930 
Finger selectivity maps 931 
To visualize selectivity maps, estimates from the four finger-mapping scan runs 932 
for each session were averaged in a voxel wise manner using a fixed effects 933 
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model. When visualizing the clusters, we minimally thresholded each z-statistic at 934 
33% the maximum z-statistic. We stacked the images such that the smallest 935 
cluster is the highest overlay (e.g. the pinky) and the largest cluster is the 936 
underlay. Finally, we applied a 70% opacity to the visualizations to capture multi-937 
finger activity at each voxel.  938 
 939 
Representative control participant body-part maps 940 
To provide an example visualization of the activity for each of the body-parts 941 
(shown in Figure 3C), estimates from the four finger-mapping scan runs for each 942 
session were averaged in a voxel wise manner using a fixed effects model with a 943 
cluster forming z-threshold of 3.1 and family-wise error corrected cluster 944 
significance threshold of p < 0.05. We then visualized the z-statistic map for the 945 
contrast of lips > feet and all left fingers > feet on an inflated cortical surface and 946 
applied a threshold to each body-part (Z > 3.1).   947 
 948 

 Lips activity in BA3b hand region 949 
To test whether there is an increase in lip activity within the BA3b hand region, 950 
the average activity for all voxels (non-thresholded) in the ROI was computed for 951 
each session and each run. Activity was averaged across runs to compute a 952 
session estimate. When testing for a difference between the post and pre 953 
amputation sessions, the activity for the two pre-sessions was averaged for a pre 954 
avg. estimate. The activity in each post-amputation session (3m, 6m, 1.5/5y) was 955 
then subtracted to the activity of the pre avg.  956 

 957 
Winner-Takes-All Analysis 958 
As a qualitative demonstration of our findings compatibility with previous studies 959 
investigating cortical reorganization that used a winner-takes-all approach, we 960 
applied a winner-takes-all analysis to S1 functional activity of the case-study 961 
participants that underwent an amputation. Using each participant’s final post-962 
amputation session data, we performed two variations of the analysis including 963 
the conditions: (1) lips, hand and feet or (2) lips and feet (excluding hand). Each 964 
voxel was assigned exclusively to the condition with the highest activity. The 965 
resulting images were mapped to the participant’s cortical surface and visualized 966 
in Supp. Figure 10.  967 

 968 
Multivoxel Pattern Analyses 969 
We performed several multi-voxel pattern analyses that can be broadly 970 
categorized into two themes: intra-finger, inter-finger and inter-body-part. In these 971 
measures, we were interested in capturing differences within a session and 972 
differences between sessions. For all of these analyses, we only included voxels 973 
within the BA3b hand region. 974 
 975 
Intra-finger 976 
Pearson correlations 977 
We first wanted to quantify changes in the pattern of activation for single fingers 978 
(intra-finger). We performed Pearson correlations on the beta-weights for each 979 
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finger using data from runs from different sessions (Figure 2B; Supp Figure 5). 980 
For between-session correlations, the beta-weights [in our instance, contrast of 981 
parameter estimates (COPE)] for each finger in the 4 scan runs were separated 982 
into partitions each with 2 runs; each set from different sessions. The activity 983 
within each 2-run set were averaged at every voxel. A Pearson correlation was 984 
then performed between the averaged activity in each of the splits. We 985 
performed all unique 2-run combinations between-sessions (36 total 986 
combinations) and averaged these correlation coefficients to get a single value 987 
per finger. Between-session correlations were performed for all 6 unique session 988 
comparisons: Pre1 to Pre2, Pre1 to 3m, Pre1 to 6m, Pre2 to 3m, Pre2 to 6m, and 989 
3m to 6m. Additionally, for P1 and P2, Pre1 to 1.5/5 years and Pre2 to 1.5/5 990 
years. All correlation coefficients were then averaged and plotted in Supp. Figure 991 
5. For a more simplistic visualization, we plotted just the first combination for 992 
each participant’s final scan relative to the Pre Avg. in Figure 2B.  993 

 994 
Inter-finger 995 
We next wanted to quantify changes in the pattern of activation between finger 996 
pairs (inter-finger) using a decoding approach (Figure 2D) and cross-validated 997 
Mahalanobis distances (Supp. Figure 6). Both approaches capture slightly 998 
different aspects of the representational structure59, which we elaborate on 999 
below.  1000 
 1001 
For these two analyses, the beta-weights from the first-level GLM for each 1002 
participant were extracted and spatially pre-whitened using a multivariate noise-1003 
normalization procedure [as described in ref. 59]. This was done using the 1004 
residuals from the GLM, for each scan. We then used these noise-normalized 1005 
beta-weights for the next analyses. 1006 
 1007 
Decoding 1008 
First, we performed a decoding analysis. A strength of this approach is that it 1009 
provides an estimate for chance performance (50%), i.e., is the classification 1010 
accuracy significantly greater than chance. For the case-study participants that 1011 
underwent an amputation, the decoding approach can tell us whether a decoder 1012 
trained on pre-amputated finger pairs can correctly decode the same information 1013 
on a phantom hand.  1014 
 1015 
We used a linear support vector machine classifier (scikit-learn v.1.2.2; 1016 
sklearn.svm, LinearSVC) to quantify between-session decoding for each finger 1017 
pair. The default parameters were used for the classifier. Classification accuracy 1018 
above chance (50%) denotes there is some amount of shared information 1019 
between the train and test datasets.  1020 

 1021 
We trained the classifier on the noise-normalized beta-weights for each finger 1022 
pair (10 total). The train/test splits were performed using data from different 1023 
sessions, such that the classifier was trained on each unique 2-run combination 1024 
from one session and tested on all unique 2-run combinations in a separate 1025 
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session (36 combinations for each finger pair). We performed the same 1026 
classification approach in the reverse direction (72 total combinations) because 1027 
the forward and reverse directions provide unique values. The accuracies for 1028 
each finger pair for each 2-run combination for each train/test direction were then 1029 
averaged. Between-session accuracies are shown in Figure 1D. 1030 

 1031 
Cross-validated Mahalanobis distances 1032 
Because our decoding analysis performed at ceiling (close to 100%), we also 1033 
performed a representational similarity analysis using cross-validated 1034 
Mahalanobis distances. The strength of this approach is that it computes a 1035 
distance measure (continuous) as opposed to a binary decoding measure. As 1036 
such, it is arguably more sensitive for capturing the inter-finger representational 1037 
structure. Larger distances reflect more dissimilar (distinct) activity patterns and 1038 
smaller distances reflect more similar patterns. 1039 
 1040 
We performed this analysis using data from different sessions to compute 1041 
between-session distances (our desired measure for representational stability 1042 
over time). A distance cross-validated between sessions captures the stability of 1043 
the information content.  1044 
 1045 
We calculated the squared cross-validated Mahalanobis distance between 1046 
activity patterns: 1047 
 1048 

𝑑#1𝑥$ , 𝑥%3 = 1𝑥$ − 𝑥%3&
'∑("1𝑥$ −	𝑥%3) 1049 

 1050 
where 1𝑥$ −	𝑥%3& corresponds to the difference between the activity patterns of 1051 
conditions y (e.g., thumb) and z (e.g., index finger) in partition A, and Σ refers to 1052 
the voxel-wise noise covariance matrix. We performed this procedure over all 1053 
possible 2-run cross-validation folds and then averaged the resulting distances 1054 
across folds. There were 36 total unique cross-validation folds between-sessions. 1055 
We want to note that the cross-validated distance gives you the same distance 1056 
value regardless of whether its assigned partition A or partition B. Between-1057 
session distances are shown in Supp. Figure 6.  1058 

 1059 
Typicality 1060 
To quantify a measure that represents the degree of ‘normality’ of the hand 1061 
representation, we computed a representational typicality measure10. For each 1062 
participant’s non-dominant left hand, we extracted the 10 cross-nobis distances 1063 
for the Pre-3m and Pre-6m comparisons. We then averaged these vectors 1064 
across all the able-bodied participants to get an average typical hand pattern. We 1065 
then performed a Spearman’s rho correlation between the cross-validated 1066 
Mahalanobis finger-pair distances for each participant’s affected or non-dominant 1067 
(left) hand and the average typical hand pattern. When comparing a control 1068 
participant to the control mean, the respective participant was left out from the 1069 
estimation of the control mean distances. These values are depicted in Supp. 1070 
Figure 6. 1071 
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 1072 
Inter-body-part 1073 
Finally, we wanted to quantify changes in the pattern of activation between the 1074 
thumb, lips and feet within the S1 hand region. We computed the cross-validated 1075 
Mahalanobis distances between these body-parts in the same manner as the 1076 
inter-finger analysis. The thumb to lips distances are plotted Figure 3. The 1077 
distances between all conditions are plotted in Supp. Figure 7. 1078 

 1079 
Statistical Analyses 1080 
All statistical analyses were performed using either python scripts utilizing 1081 
scipy.stats and statsmodels.stats.multitest or JASP (0.17.2.1). Tests for normality 1082 
were conducted using a Shapiro–Wilk test. For the majority of analyses, to test 1083 
whether a case-study participant was significantly different from the control 1084 
group, we used Crawford and Howell’s method which provides a point estimate 1085 
of the abnormality of each case’s distance from a control sample60. For all 1086 
Crawford tests, we report uncorrected, two-tailed p-values. When comparing 1087 
estimates to 0 or chance decoding (50%), we used a one-sample t-test (two-1088 
tailed). When testing for a decrease in measures within-participant, we used a 1089 
Wilcoxon Signed-Ranks test. Additionally for the correlation analyses, Pearson 1090 
correlations were used for the intra-finger multivoxel pattern analysis and 1091 
Spearman correlations were used for the typicality analysis.  1092 
 1093 
Across all of our previous studies, we operationally define amputees’ intact hand 1094 
as their de-facto dominant hand, and as such have always compared non-1095 
dominant hand of controls to the missing hand of amputees (see for example 1096 
refs.9,14,40,61–64). Therefore, across all case-study to controls comparison 1097 
analyses, we statistically compare (and plot) the controls left (non-dominant) 1098 
hand side to the case-study participants missing hand side.  1099 
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