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Abstract

There is a large body of evidence showing substantial sensorimotor reorganizations after an
amputation. These reorganizations are believed to contribute to the development of phan-
tom limb pain, but alternatively, pain might influence the plasticity triggered by the deafferen-
tation. The aim of this study was to test whether pain impacts on deafferentation-induced
plasticity in the somatosensory pathways. Fifteen healthy subjects participated in 2 experi-
mental sessions (Pain, No Pain) in which somatosensory evoked potentials (SSEPs) asso-
ciated with electrical stimulation of the ulnar nerve were assessed before and after
temporary ischemic deafferentation induced by inflation of a cuff around the wrist. In the
Pain session capsaicin cream was applied on the dorsum of the hand 30 minutes prior to
cuff inflation. Results show that pain decreased the amplitude of the N20 (main effect of con-
dition, p = 0.033), with a similar trend for the P25. Temporary ischemic deafferentation had a
significant effect on SSEPs (main effect of time), with an increase in the P25 (p = 0.013) and
the P45 amplitude (p = 0.005), together with a reduction of the P90 amplitude (p = 0.002).
Finally, a significant time x condition interaction, reflecting state-dependent plasticity, was
found for the P90 only, the presence of pain decreasing the reduction of amplitude observed
in response to deafferentation. In conclusion, these results show that nociceptive input can
influence the plasticity induced by a deafferentation, which could be a contributing factor in
the cortical somatosensory reorganization observed in chronic pain populations.

Introduction

Most amputees experience a phantom limb sensation, which is the vivid perception that their
missing limb is still there [1]. Unfortunately, many of them also experience phantom limb
pain (PLP), i.e. pain perceived as arising from their missing limb, although the estimated prev-
alence varies from 29% to 72% across studies [2-5]. Some clinical studies have provided evi-
dence that the presence of pain in a limb prior to its amputation is a risk factor for the
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development of PLP [3, 5-8] (but see [4] and [9] for contrasting results). Furthermore, several
amputees report pain in their phantom limb that is qualitatively similar to the pain felt just
before amputation [8, 10, 11], and this led to a model based on somatosensory pain memories
[12]. These clinical observations in amputees linking pre-amputation pain with PLP are in line
with observations in animal studies showing that nociceptive stimuli applied just prior to deaf-
ferentation enhance the development of autotomy (self-mutilation behavior believed to reflect
pain) after deafferentation [13-15]. Similarly, clinical studies suggest that it is the presence of
pain at or close to the moment of the amputation, rather than the length of time that a patient’s
limb has been painful before the amputation, that is related to the presence of pain after ampu-
tation [7, 16].

Based on these observations, it has been hypothesized that the presence of pain might have
a modulatory effect on the plasticity that will be induced by the lesion [17]. There is a large
body of evidence showing that substantial cortical and subcortical reorganization occurs in the
sensorimotor system after an amputation [18-21]. These reorganizations, characterized by a
degradation of the missing hand representation and remapping of other body part representa-
tions, are proposed to cause or contribute to PLP [22-27]. This remains controversial however,
as several studies did not find significant associations between the extent of reorganization and
PLP, and as the cross-sectional designs generally used in clinical studies make it difficult to dis-
entangle the cause from the consequence [28-34]. Recently, we used an experimental model of
amputation (temporary ischemic deafferentation) in healthy controls to assess the effect of
“pre-amputation” pain on the changes induced in corticospinal excitability, in response to the
deafferentation. We showed that the presence of hand pain itself does not impact on corticosp-
inal excitability of forearm muscles located above the ischemic block, but that it does enhance
the corticospinal excitability changes induced by subsequent deafferentation of the hand [17].
This observation that corticospinal facilitation was greater when pain was present prior to
deafferentation, shows that nociceptive input can influence the plasticity induced by a deaffer-
entation, which could be a contributing factor in the cortical somatosensory reorganization
observed in chronic pain populations [31, 35, 36].

The aim of the present study was to test whether pain also impacts on the deafferentation-
induced plasticity in the somatosensory pathways. Transient ischemic deafferentation of the
hand, induced through inflation of a cuff at wrist level, was used as an experimental model of
amputation. Somatosensory evoked potentials (SSEPs) associated to the electrical stimulation of
the ulnar nerve above the block level were recorded to assess deafferentation-induced somato-
sensory plasticity, depending on whether pain was already present (Pain condition) or not (No
Pain condition). Importantly, nerve stimulations were applied above the cuff used to induce
hand deafferentation, so that the changes in SSEPs reflect change in the cortical representation
of the deafferented region, rather than the fact that the inflated cuff blocks nerve transmission.
This approach aims at characterizing changes occurring directly in the cortical representation
of the painful/deafferented body part, rather than looking at adjacent body parts/nerve territory.
Reorganization in the cortical representation of adjacent body parts following amputation or
transient deafferentation has often been interpreted as occurring “at the expense” of the miss-
ing/deafferented body part representation, resulting in reciprocal patterns of change. There is
increasing evidence, however, that this is not necessarily the case, as hand amputees appear to
retain a representation of their hand, both in the sensory and motor cortex [37-42]. Moreover,
it was elegantly shown that increased response of biceps to transcranial magnetic stimulation
during distal ischemia induced by an inflated cuff on the forearm is not accompanied by a cor-
responding decrease in the efferent neural potential recorded in the median and ulnar nerve at
a level above the block. This shows the need for studies looking at sensorimotor changes
induced in the cortical representation of the deafferented body part itself [43].
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Experimental procedures
Participants

Fifteen healthy participants (4 males; 3 left-handed; 24.7 years +4.4) were recruited from Laval
University mailing lists for this study. Exclusion criteria were a history of neurological or psy-
chiatric disorders, of musculoskeletal injury affecting the upper limbs, or of chronic pain. Par-
ticipants were also excluded if they reported any type of acute pain on the day of testing. Each
participant provided her/his written informed consent in accordance with the Declaration of
Helsinki. The study was approved by the local ethics committee (CER-2009-173, Institut de
réadaptation en déficience physique de Québec). Participants received a reimbursement of
their travel fees for each visit.

Experimental design

Each participant completed two experimental sessions, each session corresponding to one of
two experimental conditions (No Pain, Pain) presented in a counterbalanced manner, one to
two weeks apart. The two sessions were exactly similar, except that capsaicin cream was
applied to the dorsum of the right hand prior to the application of the block in the Pain session,
as the experimental model of “pre-amputation pain”. Participants sat comfortably in a chair
while keeping their eyes fixed on a static reference situated approximately 1.5 m away, at eye
level, to ensure that eye movements were kept to a minimum. Both arms were placed on cus-
tom-made adjustable armrests with the forearm pronated, and the fingers slightly flexed to
ensure maximum comfort and minimize arm movement during the procedure. Prior to the
beginning of the experiment, an EEG sensor net was installed, the stimulation electrodes were
positioned bilaterally over the ulnar nerves, just above the medial condyles, and the stimula-
tion thresholds were determined (see details below).

Fig 1 illustrates the experimental design, that was very similar to the one reported in our
previous study [17]. In both experimental sessions, temporary ischemic deafferentation was
induced through the inflation of a pediatric blood pressure cuff applied just proximal to the
right wrist (pressure of 220 mmHg) from T55 to T90 (time in minutes, TO corresponding to
the beginning of the experimental protocol). Deafferentation was monitored using Von Frey
hair testing (VFHT). VFHT was performed two times prior to block application (T0 and T35)
and two times after (T65 and T85). In the Pain session only, the subjects also received a topical
application of 1% capsaicin cream (layer of ~1 mm, over a surface of ~25 cm®) on the dorsum
of the right hand at T20, i.e. ~30 minutes prior to block application for pain to reach a stable
level prior block application. In both sessions, participants were required to provide pain rat-
ings every 5 minutes on a numerical rating scale (NRS), 0 corresponding to No pain and 100
to the Worst pain imaginable. SSEPs were recorded at 3 time periods, starting at T5 (prior to
any experimental manipulation), T40 (after pain induction, if applicable, but prior to block
inflation) and T70 minutes (after block inflation). Although experimental manipulations (cap-
saicin and ischemic deafferentation) were applied solely on the right arm, SSEPs were recorded
for both right and left arm stimulation, to verify whether the effects were specific to the side
exposed to the experimental conditions.

Electrical stimulation

SSEPs were evoked by electrical stimulation of the right and left ulnar nerves at the elbow, just
above the medial condyles, using a square wave pulse of 200 ps (GRASS S88 stimulator with
SIUS stimulus isolation unit; West Warwick, Rhode Island, USA). Intensity was individually
adjusted to a comfortable level (110% of the radiating threshold, which was defined as the

PLOS ONE | https://doi.org/10.1371/journal.pone.0206141 October 22, 2018 3/14


https://doi.org/10.1371/journal.pone.0206141

®PLOS | one

Effect of pain on deafferentation-induced modulation of somatosensory evoked potentials

Capsaicin application
Cuff application

Cuff removal

50-
- Initial Pre Post
) 40
2 40
<
%30-
1 33
£ o® X [ ]
© 204
- % * o * %
£ °
© 10-
o @ [ 3
® ° ® ®
04— — = = ==

I I ]
0O 10 20 30 40 50 60 70 80 90
Elapsed time

Fig 1. Time course of an experimental session, with the specific timing for each SSEP block (shaded area; three
measurement times) with respect to capsaicin application (Pain session only) and the cuff inflation (Pain and No
Pain sessions). Red and blue symbols represent the mean pain rating on a numerical rating scale (NRS, /100) in the
Pain and No Pain sessions, respectively. Error bars represent the standard error of the mean. Mechanical detection
thresholds were assessed just prior to each SSEP block (T0, T35, T65) as well as after the last block (T85) (indicated by
asterisks). Then the cuff was removed (T90).

https://doi.org/10.1371/journal.pone.0206141.g001

lowest stimulation intensity required to evoke a clear paresthesia radiating in the fifth digit).
Stimulation intensity was adjusted separately for each side and was kept constant throughout
all SSEP blocks. For each SSEP block, 6 trains of stimuli with a duration of 120 seconds were
applied at 1Hz (120 stimuli / train). Three trains were performed on each side, alternating
between sides (starting with the right side), for a total of 360 stimuli for each side at each
SSEPs time point of the experiment.

EEG recordings

Electroencephalographic (EEG) data was acquired with a 128-channel system consisting in a
saline-soaked HydroCel Geodesic Sensor Net fitted on the scalp according to the International
10-10 System, a Net Amps 300 amplifier and the Net Station software (Electrical Geodesics
Inc., Eugene, OR, USA). Data was sampled at 1000 Hz and referenced to Fz. Scalp impedance
for each electrode was monitored before each recording block and kept below 50 kQ. Time-
locked EEG data (synchronized to the electrical stimulation) was acquired through Net Station,
converted to binary RAW data, and then imported to Brainstorm [44] for further analyses.

Mechanical detection thresholds

Testing was performed by perpendicularly applying von Frey monofilaments (Stoelting, Wood
Dale, IL, USA) to the glabrous skin on the ulnar side of the hand until it bows. The number of
the monofilament represents the logarithm of 10-times the force required in milligrams
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required to bow it. Testing started with filament 2.83, applied three times with an inter-stimuli
interval varying between 2 and 15 seconds (to minimize the predictability of each stimulus).
Participants were instructed to give a verbal response whenever a stimulus was felt. A method
of limits with ascending and descending monofilament numbers was used to identify the
mechanical detection threshold, defined as the smallest monofilament for which three conse-
cutive positive responses were obtained [45].

Data analysis

Before extracting single trial epochs, continuous EEG RAW data was visually inspected for
artifacts (blinks, electromyographic activity, and so forth) and time segments containing arti-
facts were removed prior to conducting further analyses. Importantly, pre-processing was per-
formed by an investigator blinded to the experimental conditions during which the signal was
acquired. EEG single trial epochs were extracted from 100 ms before to 200 ms after the electri-
cal stimulation and individual electrodes for each epoch were baseline corrected using a win-
dow between -100 ms and -10 ms (with respect to the onset of the electrical stimulation).
Single epochs from a given time point and condition were then averaged, and visual inspection
of each electrode was performed to detect potential outliers. The electrode of interest for each
component of the SSEPs was determined by examining the centro-parietal region, the parietal
region and the region located at the edge of the centro-parietal and the temporal cortex on the
mean scalp topographies obtained during the first block of SSEPS, i.e. prior to any experimen-
tal manipulation (see Fig 2). The selected electrodes were CP3 for the left hemisphere (right
hand stimulation) and CP4 for the right hemisphere during left hand stimulation.

The SSEPs of the first block (i.e. prior to any experimental manipulation) were inspected
for each participant to determine the onset of the first negative deflection (corresponding to
the N20 wave [46]), immediately followed by a positive deflection (corresponding to the P25
wave). The P45 (37-47 ms) and P90 (82-112 ms) components were also located. The average
latency across all participants was used to extract the amplitudes of each component. Single
peak amplitudes were extracted for the N20 (15 ms) and the P25 (19 ms) waves, whereas aver-
age amplitude within a time window from -5 ms to +5 ms relative to each identified compo-
nent was extracted (P45: 38 ms to 48 ms; P90: 79 ms to 89 ms). Note that the peak latencies are
shorter than what is typically described in the literature given the fact that the stimulation was
applied at the elbow level, while they are typically applied at wrist level. To control for SSEPs
variation across sessions, the average amplitude during the first block of stimulation was sub-
tracted from the amplitude obtained during the second and third blocks (pre-inflation and
post-inflation). All statistical analyses were performed on these normalized amplitudes.

Statistical analysis

As in our previous study using a similar paradigm [17], two-way repeated-measure analyses of
variance (ANOVA) were performed to assess the effect of Condition (Pain/No Pain) and Time

Fig 2. Mean scalp topography during of the different components of the SSEPs extracted at 15 ms (N20), 19 ms
(P25), 43 ms (P45) and 84 ms (P90). Note that these maps are based solely on the first block of SSEPs, i.e. prior to any
experimental manipulation.

https://doi.org/10.1371/journal.pone.0206141.9002
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(Pre-inflation/Post-inflation) on SSEPs. Independent analyses were performed for each side
(right/left stimulation) and each component of interest (N20, P25, P45 and P90). A main effect
of the Condition can be interpreted as the direct effect of pain on SSEP, a main effect of Time
as the effect of the temporary deafferentation, while an interaction is interpreted as an effect of
pain on the plasticity induced by the temporary ischemic deafferentation, reflecting state-
dependent plasticity. Partial ETA squared (nzp) and partial omega squared (wpz) were also cal-
culated for each significant effect. Partial ETA squared was used as it is the most commonly
reported effect size while partial omega squared is the most representative of the population
effect size [47]. Prior to this analysis, it was first verified that the order of the sessions did not
influence the SSEP amplitude (N20: F(1,13) = 1.527, p = 0.435; P25: F(1,13) = 0.095, p = 0.372;
P45: F(1,13) = 2.868, p = 0.153; P90: F(1,13) = 0.003, p = 0.652). Therefore, the order of the ses-
sion was not entered in the ANOVA model.

A similar two-way repeated-measure ANOVA was performed on mechanical detection
thresholds. Finally, an ANOVA was performed to verify that there was no difference between
Conditions (Pain/No Pain) and Sides (Right/Left) on the average intensity of the individually
adjusted stimulation intensity. All statistical analyses were performed using SPSS 21 software
(SPSS Inc., Chicago, IL, USA) and statistical significance was set at p < 0.05. P-values between
0.05 and 0.06 were considered as trend for a difference.

Results
Mechanical detection thresholds

Fig 3 shows the mechanical detection thresholds, over time, for each hand. A significant increase
in mechanical detection thresholds was observed over time for the right hand only (Mean + SD:
Pre-inflation: 3.17 + 0.29; Post-inflation: 4.00 + 0.29; Pain: 4.29 + 0.73; No Pain: 3.17 + 0.20))
F(3,39) = 76.4, p < 0.001, °, = 0.86), confirming that the inflated cuff successfully induced grad-
ual deafferentation. No effect of Condition or Condition X Time interaction was observed.

Somatosensory evoked potentials

The average intensity of the individually adjusted stimulation intensity was 82.55 V + 20.54,
and did not differ between left and right sides (F(1,13) = 0.27, p = 0.61) nor between experi-
mental conditions (F(1,13) = 0.22, p = 0.65).

Mechanical thresholds (Right Hand) Mechanical thresholds (Left Hand)
C C L
o 1 Cuff application o 11 Cuff application
5 ] © ] Cuff removal
> Cuff removal >
= L=
o o
— "
(7] (72}
® o
= = g—o—o—39
~ -
0.1 T T T T 0.1 T T T T
0 35 65 85 0 35 65 85
Elapsed time Elapsed time

Fig 3. Mean mechanical detection threshold (grams) for each measure throughout each session. Red and blue symbols represent the Pain and the No Pain
sessions, respectively.

https://doi.org/10.1371/journal.pone.0206141.9003
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Pre-inflation vs Post-inflation
P45

No Pain Session

Stimulation artifact

Pain Session

20 ms

Fig 4. Mean curve of SSEPs recorded from CP3 (left hemisphere) at the Pre-inflation period (dashed line) vs. the
Post-inflation period (full line) in each condition. Blue lines represent the No Pain session and red lines represent
the Pain session. Note that for comparisons between sessions, data was normalized against the initial block of
stimulation. Normalized amplitude of SSEP components used for statistical analyses is presented in Fig 5.

https://doi.org/10.1371/journal.pone.0206141.g004

SSEPs waveforms recorded at different time points and conditions are presented in Fig 4,
and the results extracted for each component are presented in Fig 5 (left hemisphere only, i.e.
contralateral to the limb to which experimental conditions were applied). Statistical results for
each SSEP’s component on each side are summarized in Table 1.

SSEPs for the right limb (left hemisphere). The presence of hand pain (main effect of
Condition) resulted in a significant reduction in the N20 amplitude (p = 0.033) and a trend for
decrease in the P25 amplitude (p = 0.059).

Temporary ischemic deafferentation (main effect of Time) caused a significant increase in
the P25 amplitude (p = 0.013) and the P45 amplitude (p = 0.005), together with a significant
reduction of the P90 amplitude (p = 0.002).

Finally, a significant interaction was observed only for the P90 amplitude (p = 0.049),
revealing that the reduction of P90 amplitude caused by the deafferentation was attenuated by
the presence of hand pain.

SSEPs for the left limb (right hemisphere). No significant effect of Condition, Time or
Condition X Time interaction or SSEPs was observed for the left limb, apart from a trend for
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Fig 5. Mean normalized amplitude of each SSEP component of interest recorded from CP3 (left hemisphere) for Pre-inflation (filled
columns) and Post-inflation (dashed columns) periods, in the Pain (red) and No Pain (blue) sessions. Error bars represent SEM.

https://doi.org/10.1371/journal.pone.0206141.g005

Table 1. List of all the significant effects (or trends) on the amplitudes of each component at their respective electrodes of interest (CP3 for the right limb and CP4

for the left limb).
Condition Time Interaction
(Pain/No Pain) (Pre/Post-inflation) Condition X Time
Component Electrode Fa,19 P nZP wl,2 F1,14) P nzp wP2 Fa,19 P nzp wP2
N20 CP3 5.62 .033 0.29 0.25 - - - - - - -
CP4 - - - - - - - - - - -
P25 CP3 4.21 .059 0.23 0.19 8.19 .013 0.37 0.31 - - -
CP4 - - - - - - - - - - -
P45 CP3 - - - - 11.01 .005 0.44 0.42 - - -
CP4 - - - - 4.56 .051 0.25 0.20 - - -
P90 CP3 - - - - 14.17 .002 0.50 0.48 4.64 .049 0.25 0.21
CP4 . . , . . . . . . . - -

n’p: Partial ETA squared which corresponds to an observed effect for each condition.

w,”: Partial omega squared which corresponds to an observed effect for each condition.

https://doi.org/10.1371/journal.pone.0206141.t001
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an increase of the P45 during transient deafferentation (p = 0.051). However, the observed
effect size was smaller than for the right hemisphere (n?, = 025 vs. 0.44, respectively).

Discussion

The aim of this study was to test whether pain impacts the deafferentation-induced plasticity
in the somatosensory pathways. Significant effects were observed only for SSEP for the right
limb, indicating that the effects of the experimental conditions were specific to the side
exposed to those manipulations. The significant Time x Condition interaction found for the
P90 confirms the presence of such state-dependent plasticity, nociceptive input decreasing the
reduction observed in response to deafferentation. However, before elaborating on this inter-
action between the effect of pain and that of transient deafferentation, the independent effects
of pain and transient deafferentation will be discussed.

Pain alone was found to influence early components of SSEPs (N20, P25) evoked from the
painful hand (with no effect on the contralateral side). This observation is consistent with pre-
vious studies assessing median nerve SSEPs following capsaicin application [48, 49]. Interest-
ingly, one of these studies showed a decrease in SSEPs during a local, but not remote,
application of capsaicin [49], which is consistent with the lack of contralateral effect. A similar
pain-induced depression of the P25 component of the ulnar nerve SSEPs was also reported
after injection of a Levo-Ascorbic (L-AS) solution in the first dorsal interosseous muscle [50],
suggesting that this effect is not modality-specific.

Transient ischemic deafferentation induced more complex effects. Early components (P25,
P45) were increased by the deafferentation of the territory of the stimulated nerve, consistent
with previous observations for deafferentation of adjacent body parts [51-54]. Conversely, the
P90 was reduced. This pattern of results suggests independent effects on SI and SII. Indeed,
results from MEG studies indicate that the earliest components of the SEP originate in areas
3b and 1 within SI, while later SEP components originate from SII [55-57]. Reduction of the
P90 component after deafferentation might play a role in non-painful phantom sensations.
For instance, perception of a supernumerary limb has been found to be associated with the
suppression of activity in contralateral SII, suggesting that SII play a role in the maintenance of
the body schema [58].

This effect of deafferentation on the P90 was partially blocked by the presence of pain
(although pain per se had no effect on that component), confirming that pain can modulate
the plasticity induced by another event (e.g. deafferentation). It is interesting to observe the
presence of an interaction only for P90, given that SII was identified as an integration area of
nociceptive (N140-P170 CO2 laser-evoked potentials) and non-nociceptive (N60-P90 electri-
cal evoked potentials) somatosensory inputs [59]. Our previous study using a similar paradigm
to investigate corticospinal changes showed that deafferentation-induced changes were primed
(rather than blocked) by the presence of nociceptive input prior to the deafferentation [17].
This discrepancy might be explained either by the fact that in the transcranial magnetic study,
the muscles above the block were tested (i.e. body part adjacent to the deafferented area) while
in the present study SSEPs were recorded by stimulating a nerve with a territory correspond-
ing to the deafferented body part itself. It might alternatively reflect the fact that nociceptive
input has a different impact on plasticity occurring in the motor and in the sensory areas. The
complexity of the different functional contexts (sensory versus sensorimotor) and different
methods used to assess cortical reorganization, as well as the various sources of plasticity fol-
lowing amputation, have been highlighted in a recent review paper [32].

How can these results contribute to our understanding of PLP? Interestingly, it has recently
been proposed that cortical changes occurring after an amputation are due to a combination
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of loss of sensory inputs and pain experience [33]. According to these authors, sensory depri-
vation would result in disrupted local cortical representations, while pain would contribute to
maintain local cortical representations and disrupt inter-regional connectivity. Our results,
showing that some of the effects of deafferentation are partially blocked by the presence of
pain, are consistent with this hypothesis. An interesting future direction would be to develop
an fMRI paradigm using the capsaicin and transient ischemic deafferentation model employed
here to allow more direct comparisons with the measures employed in the amputee population
(typically focusing on remapping of hand vs. face representation). Another interesting ques-
tion would be to determine whether capsaicin would also impact on the cortical reorganization
caused by limb immobilization [60], which would contribute to explain the cortical somato-
sensory reorganization observed in chronic pain populations beyond PLP.

Some limitations of the present study need to be highlighted. First, temporary ischemic
deafferentation is obviously an imperfect model of amputation-induced reorganization,
although it can offer some insight into these complex interactions, by allowing the experimen-
tal manipulation of various variables. One of these limitations is the fact that temporary ische-
mic deafferentation itself results in some pain (see Fig 1). Second, multiple ANOVAs (2 sides
x 4 SSEP components were performed, without correcting p-values. We considered it overly
conservative to apply a correction between ANOVAs. Importantly, large effect sizes (n?), >
0.25; w,” > 0.19) were found for each statistically significant result, which increased the level
of confidence in the observed effect. Finally, the sample size was limited and not representative
of the general population (mainly composed of female university students), which decreases
the generalizability of the results. Nevertheless, the pattern of results observed for the isolated
effect of pain and of temporary deafferentation were very consistent with previous reports in
literature.

In conclusion, results of the present study show that the presence of nociceptive input prior
to a deafferentation can modulate the plasticity that it induces. This highlights the potential
importance of pain in explaining some of the variability in outcomes after injury, as differences
in reorganization occurring in somatosensory areas might in turn contribute to differences in
painful or nonpainful (e.g. altered body perception) sensations in clinical populations with
deafferentation.

Supporting information

S1 Table. Mean normalized amplitude of each SSEP component of interest recorded from
CP3 or CP4. S1A: N20 S1B: P25 S1C: P45 S1D: P90.
(PDF)

Acknowledgments

This study was supported by the Natural Sciences and Engineering Research Council of Can-
ada (NSERC) [grant number RGPIN 355896-2012]. IP is supported by fellowships from the
Canadian Institutes of Health Research (CIHR) and by the Institut de recherche Robert-Sauvé
en santé et sécurité au travail (IRSST). CM is supported by a salary award from Fonds de
recherche Québec—Santé (FRQS).

Author Contributions
Conceptualization: Julien I. A. Voisin, Catherine Mercier.

Data curation: Catherine Mercier.

PLOS ONE | https://doi.org/10.1371/journal.pone.0206141 October 22, 2018 10/14


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0206141.s001
https://doi.org/10.1371/journal.pone.0206141

®PLOS | one

Effect of pain on deafferentation-induced modulation of somatosensory evoked potentials

Formal analysis: Jean-Daniel Dubois, Isabelle Poitras.

Funding acquisition: Catherine Mercier.

Investigation: Jean-Daniel Dubois, Isabelle Poitras.

Methodology: Jean-Daniel Dubois, Isabelle Poitras, Julien I. A. Voisin, Catherine Mercier.

Project administration: Catherine Mercier.

Supervision: Julien I. A. Voisin, Catherine Mercier.

Validation: Julien I. A. Voisin, Catherine Mercier.

Writing - original draft: Jean-Daniel Dubois, Isabelle Poitras, Catherine Mercier.

Writing - review & editing: Julien I. A. Voisin.

References

1.

10.

11.

12

13.

14.

15.

Ramachandran VS, Hirstein W. The perception of phantom limbs. Brain. 1998; 121:1603-30. PMID:
9762952

Desmond DM, MacLachlan M. Prevalence and Characteristics of Phantom Limb Pain and Residual
Limb Pain in the Long Term after Upper Limb Amputation. International Journal of Rehabilitation
Research. 2010; 33(3):279-82. https://doi.org/10.1097/MRR.0b013e328336388d PMID: 20101187

Jensen TS, Krebs B, Nielsen J, Rasmussen P. Immediate and long-term phantom limb pain in ampu-
tees: incidence, clinical characteristics and relationship to pre-amputation limb pain. Pain. 1985;
21(3):267-78. Epub 1985/03/01. PMID: 3991231.

Kooijman CM, Dijkstra PU, Geertzen JH, Elzinga A, van der Schans CP. Phantom pain and phantom
sensations in upper limb amputees: an epidemiological study. Pain. 2000; 87(1):33—41. PMID:
10863043

YinY, Zhang L, Xiao H, Wen C, Dai Y, Yang G, et al. The pre-amputation pain and the postoperative
deafferentation are the risk factors of phantom limb pain: a clinical survey in a sample of Chinese popu-
lation. BMC ANESTHESIOLOGY. 2017; 17(1). https://doi.org/10.1186/s12871-017-0359-6 PMID:
28549447

Flor H. Phantom-limb pain: characteristics, causes, and treatment. The Lancet Neurology. 2002; 1(3):
182-9. http://dx.doi.org/10.1016/S1474-4422(02)00074-1. PMID: 12849487

Nikolajsen L, llkjeer S, Krgner K, Christensen JH, Jensen TS. The influence of preamputation pain on
postamputation stump and phantom pain. Pain. 1997; 72(3):393—405. http://dx.doi.org/10.1016/S0304-
3959(97)00061-4. PMID: 9313280

Katz J, Melzack R. Pain ‘memories’ in phantom limbs: review and clinical observations. Pain. 1990;
43(3):319-36. Epub 1990/12/01. PMID: 2293143.

Wall R, Novotny-Joseph P, Macnamara TE. Does preamputation pain influence phantom limb pain in
cancer patients? Southern medical journal. 1985; 78(1):34—6. Epub 1985/01/01. PMID: 3966170.

Giummarra MJ, Georgiou-Karistianis N, Nicholls ME, Gibson SJ, Chou M, Bradshaw JL. Maladaptive
plasticity: imprinting of past experiences onto phantom limb schemata. The Clinical journal of pain.
2011;27(8):691-8. https://doi.org/10.1097/AJP.0b013e318216906f PMID: 21487290.

Nikolajsen L, likjaer S, Kroner K, Christensen JH, Jensen TS. The influence of preamputation pain on
postamputation stump and phantom pain. Pain. 1997; 72(3):393-405. PMID: 9313280.

Flor H. Maladaptive plasticity, memory for pain and phantom limb pain: review and suggestions for new
therapies. Expert review of neurotherapeutics. 2008; 8(5):809-18. Epub 2008/05/07. https://doi.org/10.
1586/14737175.8.5.809 PMID: 18457537.

Katz J, Vaccarino AL, Coderre TJ, Melzack R. Injury prior to neurectomy alters the pattern of autotomy
in rats. Behavioral evidence of central neural plasticity. Anesthesiology. 1991; 75(5):876-83. Epub
1991/11/01. PMID: 1952211

Wiesenfeld Z, Lindblom U. Behavioral and electrophysiological effects of various types of peripheral
nerve lesions in the rat: a comparison of possible models for chronic pain. Pain. 1980; 8(3):285-98.
Epub 1980/06/01. PMID: 6250115.

Seltzer Z, Beilin BZ, Ginzburg R, Paran Y, Shimko T. The role of injury discharge in the induction of neu-
ropathic pain behavior in rats. Pain. 1991; 46(3):327-36. Epub 1991/09/01. PMID: 1758712.

PLOS ONE | https://doi.org/10.1371/journal.pone.0206141 October 22, 2018 11/14


http://www.ncbi.nlm.nih.gov/pubmed/9762952
https://doi.org/10.1097/MRR.0b013e328336388d
http://www.ncbi.nlm.nih.gov/pubmed/20101187
http://www.ncbi.nlm.nih.gov/pubmed/3991231
http://www.ncbi.nlm.nih.gov/pubmed/10863043
https://doi.org/10.1186/s12871-017-0359-6
http://www.ncbi.nlm.nih.gov/pubmed/28549447
http://dx.doi.org/10.1016/S1474-4422(02)00074-1
http://www.ncbi.nlm.nih.gov/pubmed/12849487
http://dx.doi.org/10.1016/S0304-3959(97)00061-4
http://dx.doi.org/10.1016/S0304-3959(97)00061-4
http://www.ncbi.nlm.nih.gov/pubmed/9313280
http://www.ncbi.nlm.nih.gov/pubmed/2293143
http://www.ncbi.nlm.nih.gov/pubmed/3966170
https://doi.org/10.1097/AJP.0b013e318216906f
http://www.ncbi.nlm.nih.gov/pubmed/21487290
http://www.ncbi.nlm.nih.gov/pubmed/9313280
https://doi.org/10.1586/14737175.8.5.809
https://doi.org/10.1586/14737175.8.5.809
http://www.ncbi.nlm.nih.gov/pubmed/18457537
http://www.ncbi.nlm.nih.gov/pubmed/1952211
http://www.ncbi.nlm.nih.gov/pubmed/6250115
http://www.ncbi.nlm.nih.gov/pubmed/1758712
https://doi.org/10.1371/journal.pone.0206141

®PLOS | one

Effect of pain on deafferentation-induced modulation of somatosensory evoked potentials

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Hanley MA, Jensen MP, Smith DG, Ehde DM, Edwards WT, Robinson LR. Preamputation pain and
acute pain predict chronic pain after lower extremity amputation. The journal of pain: official journal of
the American Pain Society. 2007; 8(2):102-9. https://doi.org/10.1016/}.jpain.2006.06.004 PMID:
16949876.

Mavromatis N, Gagne M, Voisin JI, Reilly KT, Mercier C. Experimental tonic hand pain modulates the
corticospinal plasticity induced by a subsequent hand deafferentation. Neuroscience. 2016; 330:403-9.
https://doi.org/10.1016/j.neuroscience.2016.06.008 PMID: 27291642.

Chen R, Cohen LG, Hallett M. Nervous system reorganization following injury. Neuroscience. 2002;
111(4):761-73. http://dx.doi.org/10.1016/S0306-4522(02)00025-8. PMID: 12031403

Sanes JN, Suner S, Lando JF, Donoghue JP. Rapid reorganization of adult rat motor cortex somatic
representation patterns after motor nerve injury. Proceedings of the National Academy of Sciences of
the United States of America. 1988; 85(6):2003—7. Epub 1988/03/01. PMID: 3162322

Cohen LG, Bandinelli S, Findley TW, Hallett M. Motor reorganization after upper limb amputation in
man. A study with focal magnetic stimulation. Brain: a journal of neurology. 1991; 114 (Pt 1B):615-27.
Epub 1991/02/01. PMID: 2004259.

Ziemann U, Hallett M, Cohen LG. Mechanisms of deafferentation-induced plasticity in human motor cor-
tex. The Journal of neuroscience: the official journal of the Society for Neuroscience. 1998; 18(17):
7000-7. Epub 1998/08/26. PMID: 9712668.

Flor H, Elbert T, Knecht S, Wienbruch C, Pantev C, Birbaumer N, et al. Phantom-limb pain as a percep-
tual correlate of cortical reorganization following arm amputation. Nature. 1995; 375(6531):482—4.
https://doi.org/10.1038/375482a0 PMID: 7777055

Flor H, Elbert T, Muhlnickel W, Pantev C, Wienbruch C, Taub E. Cortical reorganization and phantom
phenomena in congenital and traumatic upper-extremity amputees. Exp Brain Res. 1998; 119(2):
205-12. Epub 1998/04/16. PMID: 9535570.

Lotze M, Flor H, Grodd W, Larbig W, Birbaumer N. Phantom movements and pain. An fMRI study in
upper limb amputees. Brain. 2001; 124(Pt 11):2268—77. PMID: 11673327

Karl A, Muhlinickel W, Kurth R, Flor H. Neuroelectric source imaging of steady-state movement-related
cortical potentials in human upper extremity amputees with and without phantom limb pain. Pain. 2004;
110(1-2):90—-102. Epub 2004/07/28. https://doi.org/10.1016/j.pain.2004.03.013 PMID: 15275756.

Maclver K, Lloyd DM, Kelly S, Roberts N, Nurmikko T. Phantom limb pain, cortical reorganization and
the therapeutic effect of mental imagery. Brain. 2008; 131(Pt 8):2181-91. https://doi.org/10.1093/brain/
awn124 PMID: 18567624

Raffin E, Richard N, Giraux P, Reilly KT. Primary motor cortex changes after amputation correlate with
phantom limb pain and the ability to move the phantom limb. Neuroimage. 2016. Epub 2016/02/09.
https://doi.org/10.1016/j.neuroimage.2016.01.063 PMID: 26854561.

Gagne M, Hetu S, Reilly KT, Mercier C. The map is not the territory: motor system reorganization in
upper limb amputees. Human brain mapping. 2011; 32(4):509—-19. Epub 2011/03/11. https://doi.org/10.
1002/hbm.21038 PMID: 21391244,

Vaso A, Adahan HM, Gjika A, Zahaj S, Zhurda T, Vyshka G, et al. Peripheral nervous system origin of
phantom limb pain. Pain. 2014; 155(7):1384—-91. Epub 2014/04/29. https://doi.org/10.1016/j.pain.2014.
04.018 PMID: 24769187.

Makin TR, Scholz J, Henderson Slater D, Johansen-Berg H, Tracey |. Reassessing cortical reorganiza-
tion in the primary sensorimotor cortex following arm amputation. Brain: a journal of neurology. 2015;
138(P1t 8):2140-6. https://doi.org/10.1093/brain/awvi161 PMID: 26072517.

Jutzeler CR, Curt A, Kramer JL. Relationship between chronic pain and brain reorganization after deaf-
ferentation: A systematic review of functional MRl findings. Neuroimage Clin. 2015; 9:599-606. https://
doi.org/10.1016/j.nicl.2015.09.018 PMID: 26740913.

Andoh J, Milde C, Tsao JW, Flor H. Cortical plasticity as a basis of phantom limb pain: Fact or fiction?
Neuroscience. 2017;In press.

Makin TR, Scholz J, Filippini N, Henderson Slater D, Tracey |, Johansen-Berg H. Phantom pain is asso-
ciated with preserved structure and function in the former hand area. Nature Communications. 2013;
4:1570. https://doi.org/10.1038/ncomms2571 PMID: 23463013

Kikkert S, Johansen-Berg H, Tracey |, Makin TR. Reaffirming the link between chronic phantom limb
pain and maintained missing hand representation. Cortex. 2018; 106:174—-84. https://doi.org/10.1016/j.
cortex.2018.05.013 PMID: 30005369

Henry DE, Chiodo AE, Yang W. Central nervous system reorganization in a variety of chronic pain
states: a review. PM R. 2011; 3(12):1116-25. https://doi.org/10.1016/j.pmrj.2011.05.018 PMID:
22192321.

PLOS ONE | https://doi.org/10.1371/journal.pone.0206141 October 22, 2018 12/14


https://doi.org/10.1016/j.jpain.2006.06.004
http://www.ncbi.nlm.nih.gov/pubmed/16949876
https://doi.org/10.1016/j.neuroscience.2016.06.008
http://www.ncbi.nlm.nih.gov/pubmed/27291642
http://dx.doi.org/10.1016/S0306-4522(02)00025-8
http://www.ncbi.nlm.nih.gov/pubmed/12031403
http://www.ncbi.nlm.nih.gov/pubmed/3162322
http://www.ncbi.nlm.nih.gov/pubmed/2004259
http://www.ncbi.nlm.nih.gov/pubmed/9712668
https://doi.org/10.1038/375482a0
http://www.ncbi.nlm.nih.gov/pubmed/7777055
http://www.ncbi.nlm.nih.gov/pubmed/9535570
http://www.ncbi.nlm.nih.gov/pubmed/11673327
https://doi.org/10.1016/j.pain.2004.03.013
http://www.ncbi.nlm.nih.gov/pubmed/15275756
https://doi.org/10.1093/brain/awn124
https://doi.org/10.1093/brain/awn124
http://www.ncbi.nlm.nih.gov/pubmed/18567624
https://doi.org/10.1016/j.neuroimage.2016.01.063
http://www.ncbi.nlm.nih.gov/pubmed/26854561
https://doi.org/10.1002/hbm.21038
https://doi.org/10.1002/hbm.21038
http://www.ncbi.nlm.nih.gov/pubmed/21391244
https://doi.org/10.1016/j.pain.2014.04.018
https://doi.org/10.1016/j.pain.2014.04.018
http://www.ncbi.nlm.nih.gov/pubmed/24769187
https://doi.org/10.1093/brain/awv161
http://www.ncbi.nlm.nih.gov/pubmed/26072517
https://doi.org/10.1016/j.nicl.2015.09.018
https://doi.org/10.1016/j.nicl.2015.09.018
http://www.ncbi.nlm.nih.gov/pubmed/26740913
https://doi.org/10.1038/ncomms2571
http://www.ncbi.nlm.nih.gov/pubmed/23463013
https://doi.org/10.1016/j.cortex.2018.05.013
https://doi.org/10.1016/j.cortex.2018.05.013
http://www.ncbi.nlm.nih.gov/pubmed/30005369
https://doi.org/10.1016/j.pmrj.2011.05.018
http://www.ncbi.nlm.nih.gov/pubmed/22192321
https://doi.org/10.1371/journal.pone.0206141

®PLOS | one

Effect of pain on deafferentation-induced modulation of somatosensory evoked potentials

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Moseley GL, Flor H. Targeting cortical representations in the treatment of chronic pain: a review. Neu-
rorehabil Neural Repair. 2012; 26(6):646-52. https://doi.org/10.1177/1545968311433209 PMID:
22331213.

Gagne M, Reilly KT, Hetu S, Mercier C. Motor control over the phantom limb in above-elbow amputees
and its relationship with phantom limb pain. Neuroscience. 2009; 162(1):78—86. https://doi.org/10.1016/
j-neuroscience.2009.04.061 PMID: 19406214

Mackert BM, Sappok T, Grusser S, Flor H, Curio G. The eloguence of silent cortex: analysis of afferent
input to deafferented cortex in arm amputees. Neuroreport. 2003; 14(3):409—12. PMID: 12634493.

Mercier C, Reilly KT, Vargas CD, Aballea A, Sirigu A. Mapping phantom movement representations in
the motor cortex of amputees. Brain. 2006; 129(Pt 8):2202—10. https://doi.org/10.1093/brain/awl180
PMID: 16844715

Reilly KT, Mercier C, Schieber MH, Sirigu A. Persistent hand motor commands in the amputees’ brain.
Brain. 2006; 129(Pt 8):2211-23. Epub 2006/06/27. https://doi.org/10.1093/brain/awl154 PMID:
16799174.

Bruurmijn M, Pereboom IPL, Vansteensel MJ, Raemaekers MAH, Ramsey NF. Preservation of hand
movement representation in the sensorimotor areas of amputees. Brain: a journal of neurology. 2017;
140(12):3166-78. https://doi.org/10.1093/brain/awx274 PMID: 29088322.

Kikkert S, Kolasinski J, Jbabdi S, Tracey |, Beckmann CF, Johansen-Berg H, et al. Revealing the neural
fingerprints of a missing hand. Elife. 2016; 5. https://doi.org/10.7554/eLife.15292 PMID: 275520583.

McNulty PA, Macefield VG, Taylor JL, Hallett M. Cortically evoked neural volleys to the human hand are
increased during ischaemic block of the forearm. J Physiol. 2002; 538(Pt 1):279-88. Epub 2002/01/05.
https://doi.org/10.1113/jphysiol.2001.013200 PMID: 11773335.

Tadel F, Baillet S, Mosher JC, Pantazis D, Leahy RM. Brainstorm: A User-Friendly Application for
MEG/EEG Analysis. Computational Intelligence and Neuroscience. 2011; 2011. https://doi.org/10.
1155/2011/879716 PMID: 21584256

Serup J, Jemec GBE, Grove GL. Handbook of Non-Invasive Methods and the Skin, Second Edition:
Taylor & Francis; 2006.

Legatt AD, Kader A. Topography of the initial cortical component of the median nerve somatosensory
evoked potential. Relationship to central sulcus anatomy. Journal of clinical neurophysiology: official
publication of the American Electroencephalographic Society. 2000; 17(3):321-5. Epub 2000/08/06.
PMID: 10928643.

Lakens D. Calculating and reporting effect sizes to facilitate cumulative science: a practical primer for
t-tests and ANOVAs. Frontiers in Psychology. 2013; 4(863). https://doi.org/10.3389/fpsyg.2013.00863
PMID: 24324449

Dancey E, Murphy B, Andrew D, Yielder P. The interactive effect of acute pain and motor learning
acquisition on sensorimotor integration and motor learning outcomes. J Neurophysiol. 2016:jn 00337
2016. https://doi.org/10.1152/jn.00337.2016 PMID: 27535371.

Dancey E, Murphy BA, Andrew D, Yielder P. The effect of local vs remote experimental pain on motor
learning and sensorimotor integration using a complex typing task. Pain. 2016; 157(8):1682—-95. Epub
2016/03/30. https://doi.org/10.1097/j.pain.0000000000000570 PMID: 27023419.

Rossi S, della Volpe R, Ginanneschi F, Ulivelli M, Bartalini S, Spidalieri R, et al. Early somatosensory
processing during tonic muscle pain in humans: relation to loss of proprioception and motor ‘defensive’
strategies. Clin Neurophysiol. 2003; 114(7):1351-8. PMID: 12842734.

Murphy BA, Haavik Taylor H, Wilson SA, Knight JA, Mathers KM, Schug S. Changes in median nerve
somatosensory transmission and motor output following transient deafferentation of the radial nerve in
humans. Clinical neurophysiology: official journal of the International Federation of Clinical Neurophysi-
ology. 2003; 114(8):1477-88. Epub 2003/07/31. PMID: 12888031.

Rossini PM, Martino G, Narici L, Pasquarelli A, Peresson M, Pizzella V, et al. Short-term brain ‘plasticity’
in humans: transient finger representation changes in sensory cortex somatotopy following ischemic
anesthesia. Brain research. 1994; 642(1-2):169-77. PMID: 8032877

Tinazzi M, Rosso T, Zanette G, Fiaschi A, Aglioti SM. Rapid modulation of cortical proprioceptive activ-
ity induced by transient cutaneous deafferentation: neurophysiological evidence of short-term plasticity
across different somatosensory modalities in humans. Eur J Neurosci. 2003; 18(11):3053-60. PMID:
14656300.

Tinazzi M, Zanette G, Polo A, Volpato D, Manganotti P, Bonato C, et al. Transient deafferentation in
humans induces rapid modulation of primary sensory cortex not associated with subcortical changes: a
somatosensory evoked potential study. Neuroscience letters. 1997; 223(1):21—4. PMID: 9058413.

PLOS ONE | https://doi.org/10.1371/journal.pone.0206141 October 22, 2018 13/14


https://doi.org/10.1177/1545968311433209
http://www.ncbi.nlm.nih.gov/pubmed/22331213
https://doi.org/10.1016/j.neuroscience.2009.04.061
https://doi.org/10.1016/j.neuroscience.2009.04.061
http://www.ncbi.nlm.nih.gov/pubmed/19406214
http://www.ncbi.nlm.nih.gov/pubmed/12634493
https://doi.org/10.1093/brain/awl180
http://www.ncbi.nlm.nih.gov/pubmed/16844715
https://doi.org/10.1093/brain/awl154
http://www.ncbi.nlm.nih.gov/pubmed/16799174
https://doi.org/10.1093/brain/awx274
http://www.ncbi.nlm.nih.gov/pubmed/29088322
https://doi.org/10.7554/eLife.15292
http://www.ncbi.nlm.nih.gov/pubmed/27552053
https://doi.org/10.1113/jphysiol.2001.013200
http://www.ncbi.nlm.nih.gov/pubmed/11773335
https://doi.org/10.1155/2011/879716
https://doi.org/10.1155/2011/879716
http://www.ncbi.nlm.nih.gov/pubmed/21584256
http://www.ncbi.nlm.nih.gov/pubmed/10928643
https://doi.org/10.3389/fpsyg.2013.00863
http://www.ncbi.nlm.nih.gov/pubmed/24324449
https://doi.org/10.1152/jn.00337.2016
http://www.ncbi.nlm.nih.gov/pubmed/27535371
https://doi.org/10.1097/j.pain.0000000000000570
http://www.ncbi.nlm.nih.gov/pubmed/27023419
http://www.ncbi.nlm.nih.gov/pubmed/12842734
http://www.ncbi.nlm.nih.gov/pubmed/12888031
http://www.ncbi.nlm.nih.gov/pubmed/8032877
http://www.ncbi.nlm.nih.gov/pubmed/14656300
http://www.ncbi.nlm.nih.gov/pubmed/9058413
https://doi.org/10.1371/journal.pone.0206141

®PLOS | one

Effect of pain on deafferentation-induced modulation of somatosensory evoked potentials

55.

56.

57.

58.

59.

60.

Hoshiyama M, Kakigi R. Correspondence between short-latency somatosensory evoked brain poten-
tials and cortical magnetic fields following median nerve stimulation. Brain research. 2001; 908(2):
140-8. PMID: 11454324,

Hoshiyama M, Kakigi R, Koyama S, Watanabe S, Shimojo M. Activity in posterior parietal cortex follow-
ing somatosensory stimulation in man: magnetoencephalographic study using spatio-temporal source
analysis. Brain Topogr. 1997; 10(1):23-30. PMID: 9358951.

Kakigi R. Somatosensory evoked magnetic fields following median nerve stimulation. Neurosci Res.
1994; 20(2):165—74. PMID: 7808699.

Hari R, Hanninen R, Makinen T, Jousmaki V, Forss N, Seppa M, et al. Three hands: fragmentation of
human bodily awareness. Neuroscience letters. 1998; 240(3):131-4. PMID: 9502221.

Frot M, Garcia-Larrea L, Guenot M, Mauguiere F. Responses of the supra-sylvian (SlI) cortex in
humans to painful and innocuous stimuli. A study using intra-cerebral recordings. Pain. 2001; 94(1):
65-73. PMID: 11576746.

Roll R, Kavounoudias A, Albert F, Legre R, Gay A, Fabre B, et al. lllusory movements prevent cortical
disruption caused by immobilization. Neurolmage. 2012; 62(1):510-9. Epub 2012/05/16. https://doi.
org/10.1016/j.neuroimage.2012.05.016 PMID: 22584228.

PLOS ONE | https://doi.org/10.1371/journal.pone.0206141 October 22, 2018 14/14


http://www.ncbi.nlm.nih.gov/pubmed/11454324
http://www.ncbi.nlm.nih.gov/pubmed/9358951
http://www.ncbi.nlm.nih.gov/pubmed/7808699
http://www.ncbi.nlm.nih.gov/pubmed/9502221
http://www.ncbi.nlm.nih.gov/pubmed/11576746
https://doi.org/10.1016/j.neuroimage.2012.05.016
https://doi.org/10.1016/j.neuroimage.2012.05.016
http://www.ncbi.nlm.nih.gov/pubmed/22584228
https://doi.org/10.1371/journal.pone.0206141

