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Filho, Federal University of Rio de Janeiro, Rio de Janeiro, Brazil

Unilateral brachial plexus injury (BPI) impairs sensory and motor functions of the upper
limb. This study aimed to map in detail brachial plexus sensory impairment both in
the injured and the uninjured upper limb. Touch sensation was measured through
Semmes-Weinstein monofilaments at the autonomous regions of the brachial plexus
nerves, hereafter called points of exclusive innervation (PEls). Seventeen BPI patients
(81.35years + 6.9 SD) and 14 age-matched healthy controls (27.57 years + 5.8 SD) were
tested bilaterally at six selected PEls (axillary, musculocutaneous, median, radial, ulnar,
and medial antebrachial cutaneous [MABC]). As expected, the comparison between the
control group and the brachial plexus patients’ injured limb showed a robust difference
for all PEls (p < 0.001). Moreover, the comparison between the control group and
the brachial plexus uninjured limb revealed a difference for the median (p = 0.0074),
radial (p = 0.0185), ulnar (p = 0.0404), and MABC (p = 0.0328) PEls. After splitting
the sample into two groups with respect to the dominance of the injured limb, higher
threshold values were found for the uninjured side when it occurred in the right dominant
limb compared to the control group at the median (p = 0.0456), radial (p = 0.0096),
and MABC (p = 0.0078) PEls. This effect was absent for the left, non-dominant arm.
To assess the effect of the severity of sensory deficits observed in the injured limb
upon the alterations of the uninjured limb, a K-means clustering algorithm (k = 2) was
applied resulting in two groups with less or more severe sensory impairment. The less
severely affected patients presented higher thresholds at the median (p = 0.0189), radial
(o = 0.0081), ulnar (p = 0.0253), and MABC (p = 0.0187) PEls in the uninjured limb
in comparison with the control group, whereas higher thresholds at the uninjured limb
were found only for the median PEI (p = 0.0457) in the more severely affected group.
In conclusion, an expressive reduction in touch threshold was found for the injured limb
allowing a precise mapping of the impairment caused by the BPI. Crucially, BPI also led to
reduced tactile threshold in specific PEls in the uninjured upper limb. These new findings
suggest a superordinate model of representational plasticity occurring bilaterally in the
brain after a unilateral peripheral injury.

Keywords: Semmens-Weinstein monofilaments, sensory threshold, brachial plexus neuropathy, impairment, light
touch sensation, deafferentation, uninjured
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INTRODUCTION

Brachial plexus injury (BPI) affects the sensory and motor
functions of the upper limb to varying degrees resulting in
complex patterns of sensorimotor dysfunction, often with very
poor prognosis (1, 2). Affecting predominantly young male
subjects [20-29 years, 89% male—(1)], BPI has major impacts on
psychosocial well-being and quality of life (3, 4). A key aspect
is that BPI often leads to loss of at least part of the upper
limb movements (5) thus putatively compromising movements
such as directional reaching, grasping and skilled manipulative
movements with the upper limb. This is due not only to the loss
of motor impairment, but also to the loss of sensation, known
to be of particular importance in manipulative movements (6)
[review in (7)]. Although most research in BPI has focused on
motor impairment, relatively little has been done to further our
understanding of its associated sensory dysfunction, despite its
potential to inform both to clinicians and researchers about its
severity and degree of impairment as well as to help improve
strategies to increase the functionality of the upper limb.

Furthermore, current investigations of sensory dysfunction
after a peripheral deafferentation consider the sensory deficit
evaluation only in the injured limb and are often directed to a
limited portion of the affected body surface (8-14). Given the
heterogeneous nature of BPIs, it is important to make a complete
investigation of all nerve territories of the BP, especially in its
autonomous zones (2), corresponding to areas of skin in which
each single nerve can be better assessed (15-17).

Although usually not evaluated after a peripheral nerve
injury, changes in sensory function affecting the uninjured limb
have been found in a variety of deafferentation models such
as nerve block (18), nerve injury (19), amputation (20, 21),
and in burned patients (22, 23). These changes have generally
been interpreted as being the result of central nervous system
adaptations occurring after the deafferentation.

Considering the lack of studies investigating the uninjured
limb and possible sensory changes resulting from a BPI lesion,
this study aimed to evaluate the sensory thresholds in BPI
patients using Semmes-Weinstein monofilaments (SWM). We
expected that a complete investigation of sensory thresholds
in both upper limbs would allow not only the identification
of the pattern of lesion-induced loss of sensation in the most
affected limb but also reveal possible sensory deficits in the
uninjured upper limb. This might expand the current knowledge
on sensory changes after peripheral nerve lesions, providing
novel approaches to clinical evaluation and also opening up
new possibilities for the study of central reorganization after
peripheral injury.

METHODS

Participants
Seventeen BPI patients (2 females) with a mean age of 31.35
years = 6.9 SD (19-40), were recruited at the Institute of

Abbreviations: BPI, Brachial plexus injury; MABC, medial antebrachial
cutaneous nerve; PEI, Point of exclusive innervation; SWM, Semmes-Weinstein
monofilaments.

Neurology Deolindo Couto (INDC-UFR]). Fifteen patients
were right handed (1 left handed and 1 ambidextrous) (24).
Inclusion criteria were age equal to or above 18 years, preserved
ability to communicate and unilateral traumatic BPI (any
level and severity, pre- or post- nerve surgery, see Table 1),
diagnosed through clinical and complementary exams such as
electromyography and magnetic resonance imaging. Exclusion
criteria were a previous history of primary or secondary
central and peripheral nervous system disease. Participants were
consecutively recruited between the years 2014 and 2015.

Eighteen healthy right-handed participants were also
evaluated, and from this sample fourteen age-matched healthy
participants were included in the analysis (27.57 years £ 5.8
SD). The remaining four participants were excluded based
on k-means clustering applied to homogenize the sample
(see Statistics).

Before the evaluation, all participants were asked whether
they felt comfortable enough to be evaluated. They were then
informed about the experimental procedures and provided
written informed consent to participate in the study, which was
approved by the local ethics committee (Institute of Neurology
Deolindo Couto—UFR]J, Brazil) and was in accordance with the
declaration of Helsinki.

Semmes-Weinstein Monofilaments

Assessment

In order to assess touch thresholds of the upper limb, a set of
20 Semmes-Weinstein Monofilaments (SWM, Bioseb, Vitrolles,
France) were used. SWM are classified by the necessary force in
grams to bend them against the skin, ranging from 0.007 to 160 g
or, as expressed in log (10 x F; with F = force in milligrams),
1.84 to 6.20. The force values for each monofilament after the
assessment using an analytical balance (Shimadzu Corp., Kyoto,
Japan) were slightly different from the values specified by the
manufacturer (see Supplementary Material). We decided to use
the values we found rather than those of the manufacturer. Values
for each monofilament are displayed in Supplementary Table 1.

Six stimulation points, called hereafter points of exclusive
innervation (PEIs), were identified to perform the sensory test.
The PEIs were within the five dermatomes (C5-T1) (25) of the
BP and corresponded to the autonomous zones of six BP nerves:
axillary, musculocutaneous, median, radial, ulnar and medial
antebrachial cutaneous (MABC) (15) (Figure 1A).

During the assessment, participants sat in a chair in a
quiet room together with the experimenters BR and AS. The
upper limb to be tested rested on a pillow. Each limb was
assessed separately. A black curtain blocked the volunteer’s
view of the assessed limb (Figure 1B). Both experimenters
were trained to conduct the assessment the same way and
while one experimenter was applying the filaments the other
one was taking notes about the evoked sensations and the
threshold values. The experimenters were not blind regarding
the subject’s condition since all the patients had the injured arm
with some degree of paralysis and hypotrophy. The uninjured
upper limb of the BPI patients was assessed first, or the right
upper limb, in the case of healthy volunteers. The order of PEI
stimulation was pseudo-randomized for each upper limb. For
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TABLE 1 | BPI patient characteristics and time between injury and surgery and time between injury and the assessment.

Id Hand. Lesion Side T1 Surgical procedures T2

BPIO1 R S, M, | R X X 5.3
BPIO2 R S, M, | R 6.1 C5 graft and unsp. NT 156.2
BPIO3 A S, M, | L 3.3/4.2 Int. to Musc. NT + Sup. NN 28.2
BPIO4 L S, M, | L 3 Int. to Musc. NT + Acc. to Sup. NT 24

BPI05 R S, M, | L 12.2 C5, C6, and C7 NN 13.2
BPI06 R S, M, | L 8.4 Acc. to Sup. NT 36.1
BPIO7 R S R 6.1 Ul. to Musc. NT + Acc. to Sup. NT + Rad. to Axi. NT 45.7
BPI08 R S, M R 4.9 Ul. to Musc. NT + Acc. to Sup. NT 7.7
BPI09 R S, M L 1.7 Ul. to Musc. NT 12.9
BPI10 R | R X X 3

BPI11 R S, M L 11.3 Ul. to Musc. NT 17.6
BPI12 R S, M, | L 5.6 Int. to Musc. NT + unsp. NN and neuroma dissection 7.5
BPI13 R S, M R 6/10.4 Ul to Musc. NT + Acc. to Sup. NT 12.4
BPI14 R S, M L 4.6/10.7 Ul. to Musc. NT + unsp. NN 15

BPI15 R S, M, | L X X 14.1
BPI16 R S, M, | L 3 Int. to Musc. NT + Acc. to Sup. NT 5.5
BPI17 R S, M, | R 11.8/13.8 Int. to Musc. NT + Acc. to Sup. NT 18.4

Hand., handedness; R, right; L, left; A, ambidextrous; S, superior; M, middle; |, inferior; NT, nerve transfer; Int. to Musc, intercostal to musculocutaneous; Acc. to Sup., accessory
to suprascapular; Ul. to Musc., ulnar to musculocutaneous; Rad. to Axil., radial to axillary; NN, nerve neurolysis; Sup., suprascapular nerve; unsp., unspecified procedures; T1, time
between the injury and the surgery in months; T2, time between the injury and the sensory assessment in months.

Dorsum
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FIGURE 1 | (A) lllustration of the six Points of Exclusive Innervation (PEIs) in the upper limb. (B) lllustration of the experimental setup.

each PEI, monofilaments were applied in ascending order—from
the thinnest to the thickest. The thinnest filament detected by the
participant in 3 out of 5 applications was considered as the tactile
threshold for that PEI (26). All the procedures were explained
and demonstrated to the participants in advance. The intervals

between each stimulation were arbitrary to avoid the learning
of the stimulation sequence and, consequently, false positives.
When the participant was not able to feel even the thickest
filament (6.20, see Supplementary Table 1) his touch threshold
was established at this filament (6.20).
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Statistical Analysis

Threshold values for each participant were log transformed
(10 x force in mg—see Supplementary Table 1). For each PEI,
the threshold values were described as medians.

K-means Clustering
Both for the control and the patients’ group we used k-means
cluster analysis (27) to assign individuals to clusters based on
their threshold values for the six PEIs. The k-means algorithm
partitions the sample into k clusters based on variables of interest.
The algorithm uses a heuristic to find centroid seeds for k-
means clustering and then computes the squared Euclidean
distance from each observation to each centroid, assigning each
observation to its closest centroid. The goal of this procedure
is to minimize the within-cluster variance and maximize the
between-cluster variance.

The D’agostino-Pearson test was then used to assess normality
of the groups. Since data from some PEIs did not respect
Gaussian distribution, non-parametric tests were applied.

Control Group

For setting the control group, the K-means clustering algorithm
was applied and resulted in a cluster comprising 14 participants
(four participants were excluded from further analyses). The
comparison between each PEI with its counterpart in the same
control participant (right arm vs. left arm) was performed by
means of the Wilcoxon signed-rank test. Since the comparison
between right and left upper PEIs revealed no difference (axillary,
p = 0.5000; musculocutaneous, p = 0.7127; median, p = 0.3523;
radial, p = 0.3493; ulnar, p = 1; MABC, p = 0.2123), the mean
between the corresponding right and left PEIs from both upper
limbs was calculated. This procedure was performed to establish
a single threshold value per PEI for each participant.

To investigate if the sensory threshold differed among the six
PEIs of the control group, the Kruskal-Wallis test was applied,
followed by Dunn’s Multiple Comparison Test to compare the
six PEIs with each other—alfa = 0.05.

Control vs. Patients

The Mann-Whitney test was applied to compare PEIs between
control participants and BPI patients (control x injured; control
x uninjured upper limbs). For each patient, threshold values for
all PEIs of the uninjured limb were normalized to the median
values of the control group and these normalized data were
used to calculate Spearman correlation coeflicients employing the
patients’ age and the time interval between the injury and the
assessment (T2 from Table 1).

To investigate the effect of the side of the injury, patients were
separated into two groups comprising BPI in the dominant right
(n = 7) or non-dominant left limb (n = 8). BPI03 and BPI04
were excluded from the sample because they were ambidextrous
and left handed, respectively (Table 1). The Mann-Whitney test
was performed to compare the threshold values of the uninjured
side of both patient groups (dominant and non-dominant injury)
with those of the control group. In addition, a K-means clustering
algorithm was applied to the BPI group to separate patients into
two groups as a function of their sensory impairment (k = 2).

Thus, based on their PEI threshold values on the injured side,
patients were grouped into more or less severely affected. Sensory
thresholds of the uninjured side of both patient groups were then
compared with the control group using the Mann-Whitney test.
This analysis aimed to investigate if different levels of sensory
deficits in the injured side would result in different patterns of
sensory changes in the uninjured side.

RESULTS

Control Values for Absolute Touch
Threshold —“Typical” Index

A typical index per PEI was calculated for control subjects.
The comparison among the six PEI threshold values in the
control group revealed a significant difference (p < 0.0001).
Dunn’s Multiple Comparison Test (alfa = 0.05) revealed that the
most proximal PEIs had lower threshold values than the most
distal ones (Figure 2). Median (25th and 75th percentiles) PEI
threshold values are presented in Table 2.

Control vs. Injured Side

The comparison between the control group and the BPI patients’
injured side showed a clear difference for all evaluated PEIs
(Figure 3). It confirms the important sensory deficit in the latter
group. Touch thresholds on the injured side were highly variable
among patients, ranging from 1.84 to 6.20 (Table 2). For several
patients, even the thickest monofilament was not detectable in
some PEIs.

Control vs. Uninjured Side

The comparison between the control group and the patients’
uninjured side is shown in Figure 4. Statistical analysis showed
differences for the median, radial, ulnar, and MABC PEIs,
indicating that the uninjured side is also affected by the BPL
Moreover, sensory threshold values from the patients uninjured
limb were globally considerably more variable than those of the
control group, with several patient values lying above the control
group range (Table 2).

Spearman correlation coefficients analysis showed no
significant correlation between the normalized values of each
uninjured PEI and patient age or for the time interval between
the injury and the assessment (p > 0.1).

Side of Injury and Sensory Deficits in the
Uninjured Side

After excluding the left handed and the ambidextrous patients
we found that patients with BPI in the dominant right
limb presented higher threshold values for the uninjured side
compared to the control group at the median (p = 0.0456), radial
(p = 0.0096) and MABC (p = 0.0078) PEIs (axillary: p = 0.0732;
musculocutaneous: p = 0.6531; ulnar: p = 0.0628). Conversely,
patients with BPI in the non-dominant left limb showed no PEI
threshold difference from those of the control group (axillary:
p = 0.3762; musculocutaneous: p = 0.1157; median: p = 0.0568;
radial: p = 0.2722; ulnar: p = 0.4035; MABC: p = 0.6539). Table 3
presents median threshold values of both groups. With respect to
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FIGURE 2 | Comparison between the six PEls of the control group revealed a significant difference (Kruskal-Wallis test—p < 0.0001). Dunn’s Multiple Comparison
Test (alfa = 0.05) applied to compare all pairs of PEls revealed that the most proximal PEls (axillary and musculocutaneous) had lower thresholds than the distal PEls
(median, radial and ulnar). *** p < 0.05 at the Dunn’s Multiple Comparison Test.

TABLE 2 | Median (Q1-Q3) threshold values for the control group and the injured
and uninjured upper limbs of the BPI patients.

PEls Control (n = 14) Injured (n = 17) Uninjured (n = 17)
Axillary 1.84 (1.84-2.30) 6.02 (4.84-6.20)** 1.84 (1.84-2.30)
Musculoc. 1.84 (1.84-2.07) 6.20 (2.45-6.20)** 1.84 (1.84-1.84)
Median 2.79 (2.72-2.95) 4.65 (3.69-6.20)** 3.06 (2.95-3.60)*
Radial 2.84 (2.56-2.95) 4.65 (3.42-6.20)** 3.06 (2.85-3.69)*
Ulnar 2.85 (2.72-3.06) 4.11 (3.33-6.20)* 3.60 (2.85-3.69)*
MABC 2.32 (2.01-2.86) 4.11 (2.83-6.20)* 2.85 (2.45-3.60)*

*0 <0.05, *p < 0.001, **p < 0.0001 compared to the control group (n = 14).

the ambidextrous and the left handed patients we cannot take any
conclusion regarding the small sample size.

Severity of Injury and Sensory Deficits in

the Uninjured Side

A K-means clustering algorithm applied to the BPI group (k = 2)
resulted in the formation of two groups: one with less severe
sensory impairment (# = 10: BPI01, BP102, BP1I03, BP107, BPI0S,
BPI09, BPI10, BPI11, BPI13, and BPI14) and the other with
more severe BPI impairment of sensory function (n = 7: BP104,
BPIO5, BPI06, BPI12, BPI15, BPI16, and BPI17). For graphs
depicting the patients’ individual assessment of both limbs, see
Supplementary Figures 1, 2.

The comparison between the control group and the uninjured
side of the less severely affected patients (n 10) revealed
higher thresholds for patients at the median (p = 0.0189), radial
(p = 0.0081), ulnar (p = 0.0253), and MABC (p = 0.0187) PEIs
(axillary: p = 0.6482; musculocutaneous: p = 0.3864). Similar
results were obtained after excluding the ambidextrous patient
from the sample, with higher thresholds for the uninjured side in
the less severely affected patients (n = 9) compared to the control
group (axillary: p = 0.5261; musculocutaneous: p = 0.4581;

median: p = 0.0277; radial: p = 0.0161; ulnar: p = 0.0466; and
MABC: p = 0.0367).

From this sample of less severely affected patients, six have
undergone ulnar to musculocutaneous nerve transfer. For these 6
patients the difference between the uninjured side and the control
group was found only for the ulnar nerve (p = 0.0332) (axillary:
p = 0.5500; musculocutaneous: p = 0.1745; median: p = 0.0791;
radial: p = 0.1582; MABC: p = 0.2452).

The comparison between the uninjured side of the more
severely affected patients and the control group showed statistical
difference only for the median PEI (p 0.0457) (axillary:
p = 0.3976; musculocutaneous: p = 0.3958; radial: p = 0.3109;
ulnar: p = 0.3434; MABC: p = 0.3288). This group comprised 6
right-handed and one left-handed patients. When the left handed
patient was excluded from this group, no difference between the
uninjured side and the control group was observed (axillary:
p = 0.7989; musculocutaneous: p = 0.1745; median: p = 0.1033;
radial: p = 0.3002; ulnar: p = 0.6440; MABC: p = 0.4543).

Taken together, these results suggest that more severe injuries
are associated with minor sensory dysfunction in the uninjured
upper limb. In contrast, for the less severe group, the unaffected
upper limb presented a higher number of affected PEIs. Table 4
presents median threshold values of both groups.

DISCUSSION

By applying Semmes-Weinstein monofilaments, we were able
to characterize, for the first time, superficial sensibility deficits
in points of exclusive innervation (PEI) both in the injured
and the uninjured upper limbs in BPI patients as compared to
an age-paired and sex-matched control group. The comparison
between the control group and the BPI patients’ injured side
showed higher thresholds for all PEIs in the affected limb.
Interestingly, the comparison between the sensory thresholds
of the control group and those of the BPI patients’ uninjured
side also revealed higher thresholds for the median, radial, ulnar
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FIGURE 3 | Individual sensory threshold values in the 6 PEls of the control group compared to the BPI patients’ injured upper limb. Lines represent the median values
of each group with the interquartile ranges. P-values of the statistical difference between groups (control x injured) are presented in each graph. The broken line
represents the top limit of the set of monofilaments used (6.20). ® = control (1 = 14) and B = BPI patients (n = 17).
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FIGURE 4 | Individual sensory threshold values of the 6 PEls of the control group compared to the BPI patients’ uninjured upper limb. Lines represent the median
values and the interquartile ranges of each group. P-values of the difference between groups (control x uninjured) are presented in each graph. The broken line
represents the top limit of the set of monofilaments (6.20). @ = control (n = 14) and B = BPI patients (n = 17).

and MABC PEIs. After splitting the sample of right handed  was absent. Using the K-means clustering algorithm, the patient
patients with respect to the dominance of the injured limb, we  sample was then split into two groups based on the threshold
found higher threshold values for the uninjured side in the BPI  values of the injured side. Thresholds of the uninjured side of the
patients in the right dominant limb compared to the control  resulting two groups of patients were compared to those of the
group at the median, radial and MABC PEIs. On the other hand,  control group. Less severely affected BPI patients (n = 10) had
in patients with BPI in the left non-dominant arm, this effect  higher thresholds for the median, radial, ulnar and MABC PEIs.
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TABLE 3 | Median (Q1-Q3) threshold values for the injured and uninjured upper limbs after a BPI in the dominant and non-dominant limb.

Dominant (n =7)

Non-dominant (n = 8)

PEls Injured Uninjured Injured Uninjured
Axillary 6.02 (4.11-6.20)** 2.30 (1.84-3.60) 6.02 (5.62-6.20)* 1.84 (1.84-1.84)
Musculoc. 2.85 (1.84-6.20)* 1.84 (1.84-1.84) 6.20 (2.75-6.20)** 1.84 (1.84-1.84)
Median 3.78 (3.60-5.26)* 3.06 (2.85-3.60)* 6.20 (4.61-6.20)** 3.06 (2.90-3.06)
Radial 4.65 (2.85-5.57)* 3.60 (2.85-3.60)* 6.20 (3.863-6.20)** 2.95 (2.60-3.73)
Ulnar 3.60 (2.85-4.60)* 3.60 (2.85-3.60)* 5.88 (3.60-6.20)** 2.85 (2.85-3.73)
MABC 3.06 (2.30-4.90)* 3.06 (2.85-3.60) 6.11 (3.73-6.20)** 2.60 (1.95-2.60)
*p < 0.05, *p < 0.001, **p < 0.0001 compared to the control group (n = 14).
TABLE 4 | Median (Q1-Q3) threshold values for the injured and uninjured upper limbs of the less and more severe BPI.

Less severe (n = 10) More severe (n =7)
PEls Injured Uninjured Injured Uninjured
Axillary 5.67 (3.98-6.02)** 1.84 (1.84-2.30) 6.20 (6.02-6.20)* 1.84 (1.84-2.85)
Musculoc. 2.72 (2.18-6.06)* 1.84 (1.84-1.84) 6.20 (6.20-6.20)** 1.84 (1.84-1.84)
Median 3.89 (3.60-4.61)* 3.06 (3.01-3.19)* 6.20 (6.20-6.20)* 3.06 (2.85-3.60)*
Radial 3.94 (3.01-4.65)* 3.60 (2.85-3.78)* 6.20 (6.20-6.20)* 2.85 (2.60-3.60)
Ulnar 3.60 (2.79-3.73) 3.60 (2.85-3.64)* 6.20 (6.20-6.20)** 2.85 (2.85-3.78)
MABC 3.33 (2.30-3.73)* 3.06 (2.52-3.64)" 6.20 (6.02-6.20)** 2.60 (2.30-2.85)

*p < 0.05, *p < 0.001, **p < 0.0007 compared to the control group (n = 14).

Conversely, more severe BPI patients showed higher thresholds
only for the median PEL These results suggest that both the
laterality and the degree of sensory impairment of the injured
arm associate to higher sensory thresholds in the uninjured side.
These findings expand the current knowledge on sensory changes
after peripheral nerve lesions, providing novel approaches to
clinical evaluation and also opening up new possibilities for the
study of central reorganization after peripheral injury.

“Typical” Threshold Values for the Upper
Limb

In this study, it was possible to establish the control group’s
“typical” threshold for each PEL The lack of difference between
the sensory thresholds for the left and right upper limb in
the control subjects corroborates previous findings (28). A
“typical” threshold value has been previously described in healthy
subjects (29). Many studies have employed this threshold value to
evaluate all dermatomes of the upper limb (hand/arm/forearm)
(11, 12, 14). Nevertheless, we found lower threshold values in
proximal PEIs (axillary and musculocutaneous) than in distal
PEIs (median, radial and ulnar). One possible explanation for
this discrepancy may be related to the hairiness of the evaluated
skin. Proximal PEIs are in hairy skin regions while the distal
ones are in glabrous skin (30). The hair follicle shaft has
collars of mechanoreceptor terminals, including at least three
low threshold mechanoreceptor subtypes (31). Therefore, hair
deflection might be associated with a lower threshold in the
proximal PEIs. In this case, applying the normative threshold
value of 2.85, which is higher than the “typical” threshold found

for this population, to assess the entire upper limb could induce
the detection of false negative sensory deficits.

Threshold Values in the Injured Upper Limb
After a BPI

The assessment of the injured upper limb of the BPI patients at
the six selected PEIs agreed with their clinical diagnoses. Indeed,
in the majority of our sample BPI had been documented as
affecting mainly the superior and middle trunk of the brachial
plexus. Accordingly, axillary, musculocutaneous and the median
PEIs presented the highest sensory thresholds when compared
to the control group. The huge variability amongst threshold
values found for most PEIs in the injured limb (Figure 2) can
be attributed to the highly variable degree of severity that is
commonly seen for BPI (1).

Unilateral BPI Induces Bilateral Touch

Threshold Impairment

BPI led to increased tactile threshold in specific PEIs of the
uninjured upper limb. These results are in agreement with a
variety of deafferentation models that also found changes in
sensory processing in the uninjured limb (18-23, 32). Both
in burn patients (22, 23) and lower limb amputees (20), the
assessment of cutaneous threshold presented higher values for
the uninjured limb as compared to controls.

The sensory impairment in the uninjured limb found in BPI
patients suggests that BPI leads to central modifications in the
hemisphere contralateral to the uninjured limb, as shown in
different models of deafferentation (33-41). As reviewed by Wall
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et al. (42), chronic nerve injuries (peripheral nerve injury, root
injury, spinal injury, and amputation) in humans and primates
promote not only cortical but also subcortical changes at all
levels of the somatosensory system. In animal models, unilateral
injuries also lead to bilateral changes in the somatosensory
ascending pathway (43-46).

For contralateral alterations to be reflected in the ipsilateral
hemibody there must be an interhemispheric transfer of
information at some level in the brain. Sensory input is ordinarily
processed in the contralateral primary somatosensory cortex but
there is also to some extent an ipsilateral cortical response to
peripheral stimulation (47, 48). As shown by Iwamura et al.
(47), this ipsilateral response seems to depend on the opposite
hemisphere via transcallosal connections between homotopic
areas. In addition, as described by Preuss and Goldman-Rakic
(49) in primates, the midline thalamic nuclei project bilaterally to
the prefrontal cortex, an important path of top-down regulation
of attention to a given stimulus (50). Thus, the altered ascending
information coming from the injured limb could lead to reduced
activity in the intralaminar nuclei and reduce the attentional
network associated with the detection of ascending tactile stimuli,
both for the injured and the uninjured limb.

BPIs of the Dominant Right Limb Are
Linked to a Large Sensory Impairment in

the Uninjured Side

When the injury occurred in the dominant right limb, higher
sensory thresholds were observed in the non-dominant left
uninjured limb. Thus, higher thresholds were found for the
uninjured limb when the limb was the dominant one. With
respect to the ambidextrous and the left handed patients we
cannot take any conclusion due to the small sample size.

A behavioral study of tactile perception after bilateral hand
transplant showed that the somatosensory perception of the
right hand was largely reduced when the right side of the
face was concurrently stimulated. The same was not true for
the left side (51). After a bilateral hand allograft, Vargas et al.
(52) showed that the motor cortical reorganization was faster
and more extensive for the non-dominant hand than for the
dominant hand. One possibility raised by these authors was
that the hemisphere contralateral to the dominant hand is more
“hardwired” (and thus less plastic) in the context of a bilateral
hand allograft. Interestingly, the amputation of the dominant
upper limb elicits more errors and slower responses in motor
imagery and handedness judgment tasks (53).

Greater cortical functional reorganization is observed in
patients with BPI when the dominant limb is affected as
compared to the non-dominant limb (54). This suggests that a
relatively more extensive adaptive process may occur following
an injury to the dominant hand. The long-standing loss and/or
disuse of the dominant limb may degrade the sensorimotor
efficiency of both the dominant and the non-dominant upper
limb. If this is correct, then it is possible that a dominant side
BPI has a greater impact over sensorimotor representations,
with reduced plasticity in the hemisphere contralateral to the
dominant hand.

Reduced Sensory Impairments in the
Injured Side Are Linked to Greater Sensory

Impairment in the Uninjured Side

The group of patients with less severe sensory impairment
presented a higher number of affected PEIs in their uninjured
upper limb, while the more severe lesions were associated
with lower sensory dysfunction in the uninjured upper limb.
These results suggest that the severity of injury is inversely
related to the impaired threshold detection observed in the
uninjured upper limb. One possibility is that the less severe
injury is associated with a higher sensorimotor disorganization
in the hemisphere contralateral to the injured limb. This, in
turn, would affect the representations of the uninjured limb
to a greater extent. Indeed, Jain et al. (55) showed in owl
monkeys that an incomplete unilateral cervical (C3-C4) dorsal
column section leads to expanded cortical representations in
the contralateral cortical somatosensory area 3b. Interestingly,
the remaining parts of the hand in the deafferented cortical
areas present larger receptive fields and abnormal response
properties compared to complete lesions. It was also shown
that the combination of median+radial nerve injury leads to
far more silent regions in the primary somatosensory cortex
(S1) than that of the median+ulnar lesion (56-58). These
results suggest that both the type and extent of peripheral
lesion matter when it comes to the cortical reorganization
of S1 topographical maps. The manner by which these
changes reflect modifications of the representation of the
unaffected limb is unknown. The abnormal reorganization
taking place in the less severe injuries can thus contribute
to higher touch thresholds in the contralateral hemibody due
to changes in interhemispheric communication of cortical
maps (40, 41).

The group of patients classified as more severely impaired
corresponded to those with extended lesions (superior, medium,
and inferior trunks, SMI), most of them having undergone an
intercostal to musculocutaneous nerve transfer. This surgery has
already been proven to produce changes in the biceps cortical
representation (59, 60). However, the small sample of patients
with this type of surgery recruited in the present study precluded
any further analysis on the effect of this nerve transfer upon
sensory threshold impairment in the uninjured limb.

The group of less severely affected patients comprised those
having undergone ulnar to musculocutaneous nerve transfer.
Contrasting with the prevailing effect of higher threshold values
found for the uninjured side, for these patients the difference
between the uninjured side and the control group was found
only for the ulnar nerve. As discussed above, a less severe injury
would be associated with a higher sensorimotor disorganization
in the hemisphere contralateral to the injured limb. This in turn
would lead to a change in the cortical representation of the
uninjured limb. In this context, the ulnar to musculocutaneous
nerve transfer, already associated to functional improvement of
the affected limb (61) and possibly of cortical representation
restoration (62), could play a role by reducing the tactile
threshold impairment of the uninjured limb through callosal
modulatory effects (38).
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CONCLUSION

This is the first report of superficial sensibility deficit in
both injured and the uninjured upper limbs in BPI patients.
Furthermore, the higher sensory deficits in the uninjured side
were associated to BPI of the dominant limb and the lower
severity of sensory deficits in the injured side. These findings
corroborate previous results reported after other peripheral
injuries such as in amputees and suggest a superordinate model
of representational plasticity occurring bilaterally in the brain
after unilateral peripheral deafferentation. Indeed, peripheral
nerve lesion causes continuous, time-dependent adaptation in
the cortical network (63, 64). Among the limitations of the
current study we highlight the small sample size as well as its
heterogeneity regarding the lesion extent, the occurrence and
type of surgical intervention and the time elapsed from lesion.
Expanding the knowledge on sensory changes after peripheral
nerve lesions might provide novel approaches to understand and
treat BPL.

The raw data supporting the conclusions of this manuscript
will be made available by the authors, without undue reservation,
to any qualified researcher.

ETHICS STATEMENT

Participants were informed about the experimental procedures
and provided written informed consent to participate in the
study, which was approved by the ethics committee of the
Institute of Neurology Deolindo Couto—UEFR], Brazil (number:
298.925 from June 10th, 2013), and was in accordance with the
declaration of Helsinki.

AUTHOR CONTRIBUTIONS

BR: conception, data collection, analysis, and interpretation
and drafting. MR: data collection, analysis, and interpretation
and drafting. AS: conception and data collection. FE and CV:
conception, data analysis, and interpretation and revision.

REFERENCES
1. Midha R. Epidemiology of brachial plexus injuries in a
multitrauma population. Neurosurgery. (1997) 40:1182-

9. doi: 10.1097/00006123-199706000-00014

2. Moran SL, Steinmann SP, Shin AY. Adult brachial plexus injuries: mechanism,
patterns of injury, and physical diagnosis. Hand Clin. (2005) 21:13-
24. doi: 10.1016/j.hcl.2004.09.004

3. Mancuso CA, Lee SK, Dy CJ, Landers ZA, Model Z, Wolfe SW. Expectations
and limitations due to brachial plexus injury: a qualitative study. Hand. (2015)
10:741-9. doi: 10.1007/s11552-015-9761-z

4. Franzblau L, Chung KC. Psychosocial outcomes and coping after complete
avulsion traumatic brachial plexus injury. Disabil Rehabil. (2015) 37:135-
43. doi: 10.3109/09638288.2014.911971

5. Thatte MR, Babhulkar S, Hiremath A. Brachial plexus injury in adults:
diagnosis and surgical treatment strategies. Ann Indian Acad Neurol. (2013)
16:26-33. doi: 10.4103/0972-2327.107686

6. Johansson RS, Westling G. Roles of glabrous skin receptors and sensorimotor
memory in automatic control of precision grip when lifting rougher or

FUNDING

This work was funded by the Fundagdo de amparo a pesquisa
do Estado de Sao Paulo (FAPESP) project NeuroMat (grant
2013/07699-0), Conselho Nacional de Pesquisa (CNPq)
(grants 306817/2014-4 and 309560/2017-9), Fundagdo de
Amparo a Pesquisa do Estado do Rio de Janeiro FAPER]
(grants E-26/111.655/ 2012 and E26/010.002902/2014),
and Financiadora de Estudos e Projetos—FINEP (Pro-infra
Hospitalar - 0.1.12.0308.00).

ACKNOWLEDGMENTS

The authors would like to thank José Fernando Guedes Correa,
Paulo Leonardo Tavares, José Vicente Martins, and Michelle
Miranda for their contribution to this work and Karen Reilly for
her comments on a previous version of this manuscript.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fneur.
2019.00872/full#supplementary-material

Supplementary Figure 1 | Individual sensory threshold values in the 6 PEls of
each BPI patients’ injured (dark gray) and uninjured (light gray) upper limbs of the
more severe group. The black line represents the median values of the control
group (n = 14). The top dashed line represents the higher threshold value possible
to assess with our filaments set (6.20). ¢ = PEls in which the subjects were unable
to feel even the thickest filament assessed (6.20).

Supplementary Figure 2 | Individual sensory threshold values in the 6 PEls of
each BPI patients’ injured (dark gray) and uninjured (light gray) upper limbs of the
less severe group. The black line represents the median values of the control
group (n = 14). The top dashed line represents the higher threshold value possible
to assess with our filaments set (6.20). ¢ = PEls in which the subjects were unable
to feel even the thickest filament assessed (6.20).

Supplementary Table 1 | Calibration measures of the set of 20 SWM used.
Forces in grams (g) and the log of the force (log) (10 x force in mg) needed to
bend the filament (90° to the skin) in a “C” shape according to the manufacturer
(Manufacturer’s information) and after filaments calibration (Mean of the
Calibrations).

more slippery objects. Exp Brain Res. (1984) 56:550-64. doi: 10.1007/BF002
37997

7. Johansson RS, Flanagan JR. Coding and use of tactile signals from the
fingertips in object manipulation tasks. Nat Rev Neurosci. (2009) 10:345-
59. doi: 10.1038/nrn2621

8. Novak CB. Evaluation of the nerve-injured patient. Clin Physiol. (2003)
30:127-38. doi: 10.1016/S0094-1298(02)00098-6

9. Bentolila V, Nizard R, Bizot P, Sedel
brachial  plexus palsy. J Bone Jt Surg.
8. doi: 10.2106/00004623-199901000-00004

10. Doi K, Muramatsu K, Hattori Y, Otsuka K, Tan S-H, Nanda V, et al.
Restoration of prehension with the double free muscle technique following
complete avulsion of the brachial plexus. | Bone Jt Surg. (2000) 82A:652-
66. doi: 10.2106/00004623-200005000-00006

11. Htut M, Misra P, Anand P, Birch R, Carlstedt T. Pain phenomena and sensory
recovery following brachial plexus avulsion injury and surgical repairs. ] Hand
Surg Am. (2006) 31B:596-605. doi: 10.1016/].JHSB.2006.04.027

12. Bertelli JA, Ghizoni ME, Loureiro Chaves DP. Sensory disturbances and
pain complaints after brachial plexus root injury: a prospective study

traumatic
81A:20-

L. Complete
(1999)

Frontiers in Neurology | www.frontiersin.org

August 2019 | Volume 10 | Article 872


https://www.frontiersin.org/articles/10.3389/fneur.2019.00872/full#supplementary-material
https://doi.org/10.1097/00006123-199706000-00014
https://doi.org/10.1016/j.hcl.2004.09.004
https://doi.org/10.1007/s11552-015-9761-z
https://doi.org/10.3109/09638288.2014.911971
https://doi.org/10.4103/0972-2327.107686
https://doi.org/10.1007/BF00237997
https://doi.org/10.1038/nrn2621
https://doi.org/10.1016/S0094-1298(02)00098-6
https://doi.org/10.2106/00004623-199901000-00004
https://doi.org/10.2106/00004623-200005000-00006
https://doi.org/10.1016/J.JHSB.2006.04.027
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Ramalho et al.

Bilateral Impairment After Unilateral Injury

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

involving 150 adult patients. Microsurgery. (2011) 31:93-7. doi: 10.1002/micr.
20832

Bertelli JA, Ghizoni MF. Very distal sensory nerve transfers in
high median nerve lesions. ] Hand Surg Am. (2011) 36:387-
93. doi: 10.1016/j.jhsa.2010.11.049

Bertelli JA. Distal sensory nerve transfers in lower-type injuries of the brachial
plexus. ] Hand Surg Am. (2012) 37A:1194-9. doi: 10.1016/j.jhsa.2012.02.047
Russel SM (ed). The diagnostic anatomy of the brachial plexus. In:
Examination of Peripheral Nerve Injuries: An Anatomical Approach. New
York, NY: Thieme Medical Publishers Inc. (2006). p. 66-89.

Highet WB. Procaine nerve block in the investigation of peripheral nerve
injuries. ] Neurol Psychiatry. (1942) 5:101-16. doi: 10.1136/jnnp.5.3-4.101
Haymaker W, Woodhall B. Causes and manifestations of peripheral nerve
injuries. In: Peripheral Nerve Injuries: Principles of Diagnosis. Philadelphia, PA:
WB Saunders (1953). p. 138-41.

Werhahn KJ, Mortensen J, Van Boven RW, Zeuner KE, Cohen LG. Enhanced
tactile spatial acuity and cortical processing during acute hand deafferentation.
Nat Neurosci. (2002) 5:936-8. doi: 10.1038/nn917

De La Llave-Rincon Al, Ferndndez-De-Las-Penas C, Fernindez-Carnero J,
Padua L, Arendt-Nielsen L, Pareja JA. Bilateral hand/wrist heat and cold
hyperalgesia, but not hypoesthesia, in unilateral carpal tunnel syndrome. Exp
Brain Res. (2009) 198:455-63. doi: 10.1007/500221-009-1941-z
Kavounoudias A, Tremblay C, Gravel D, Iancu A, Forget R. Bilateral changes
in somatosensory sensibility after unilateral below-knee amputation. Arch
Phys Med Rehabil. (2005) 86:633-640. doi: 10.1016/j.apmr.2004.10.030
Wahren LK. Changes in thermal and mechanical pain thresholds in hand
amputeres. A clinical and physiological long term follow-up. Pain. (1990)
42:269-77. doi: 10.1016/0304-3959(90)91139-A

Malenfant A, Forget R, Amsel R, Papillon ], Frigon JY, Choiniére
M. Tactile, thermal and pain sensibility in burned patients with and
without chronic pain and paresthesia problems. Pain. (1998) 77:241-
51. doi: 10.1016/S0304-3959(98)00096-7

Hermanson A, Jonsson C-E, Lindblom U. Sensibility after burn injury. Clin
Physiol. (1986) 6:507-21. doi: 10.1111/j.1475-097X.1986.tb00784.x

Oldfield RC. The assessment and analysis of handedness:
the  Edinburgh  inventory.  Neuropsychologia. (1971) 9:97-
113. doi: 10.1016/0028-3932(71)90067-4

Gardner EP, Johnson KO. The somatosensory system: receptors and central
pathways. In: Kandel ER, Schwartz JH, Jessell TM, Siegelbaum SA, Hudspeth
AJ, editors. Principles of Neural Science. New York, NY: McGraw-Hill (2013).
p. 475-97.

Gardner EP, Johnson KO. Sensory coding. In: Kandel ER, Schwartz JH, Jessell
TM, Siegelbaum SA, Hudspeth AJ, editors. Principles of Neural Science. New
York, NY: McGraw-Hill (2013). p. 449-74.

Hartigan JA, Wong MA. Algorithm AS 136 : a K-means clustering algorithm.
J R Stat Soc. (1979) 28:100-8. doi: 10.2307/2346830

Jain S, Muzzafarullah S, Peri S, Ellanti R, Moorthy K, Nath I. Lower touch
sensibility in the extremities of healthy Indians: further deterioration with age.
J Peripher Nerv Syst. (2008) 13:47-53. doi: 10.1111/§.1529-8027.2008.00157.x
Bell-Krotoski JA, Fess EE, Figarola JH, Hiltz D. Threshold detection
and Semmes-Weinstein monofilaments. | Hand Ther. (1995) 8:155-
62. doi: 10.1016/50894-1130(12)80314-0

Garn SM. Types and distribution of the hair in man. Ann N'Y Acad Sci. (1951)
53:498-507. doi: 10.1111/j.1749-6632.1951.tb31952.x

Zimmerman A, Bai L, Ginty DD. The gentle touch receptors of mammalian
skin. Science. (2014) 346:950-4. doi: 10.1126/science.1254229

Konopka KH, Harbers M, Houghton A, Kortekaas R, van Vliet A,
Timmerman W, et al. Bilateral sensory abnormalities in patients with
unilateral neuropathic pain; A quantitative sensory testing (QST) study. PLoS
ONE. (2012) 7:e37524. doi: 10.1371/journal.pone.0037524

Capaday C, Richardson MP, Rothwell JC, Brooks DJ. Long-term changes of
GABAergic function in the sensorimotor cortex of amputees. A combined
magnetic stimulation and 11C-flumazenil PET study. Exp Brain Res. (2000)
133:552-6. doi: 10.1007/5002210000477

Werhahn KJ, Mortensen J, Kaelin-Lang A, Boroojerdi B, Cohen LG.
Cortical excitability changes induced by deafferentation of the contralateral
hemisphere. Brain. (2002) 125:1402-13. doi: 10.1093/brain/awf140

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Fraiman D, Miranda ME, Erthal E Buur PE Elschot M, Souza L, et al.
Reduced functional connectivity within the primary motor cortex of
patients with brachial plexus injury. Neurolmage Clin. (2016) 12:277-
84. doi: 10.1016/j.nicl.2016.07.008

Calford MB, Tweedale R. Interhemispheric transfer of plasticity in the cerebral
cortex. Science. (1990) 249:805-7. doi: 10.1126/science.2389146

Elbert T, Sterr A, Flor H, Rockstroh B, Knecht S, Pantev C, et al.
Input-increase and input-decrease types of cortical reorganization after
upper extremity amputation in humans. Exp Brain Res. (1997) 117:161-
4. doi: 10.1007/s002210050210

Simoes EL, Bramati I, Rodrigues E, Franzoi A, Moll ], Lent R, et al. Functional
expansion of sensorimotor representation and structural reorganization of
callosal connections in lower limb amputees. J Neurosci. (2012) 32:3211-
20. doi: 10.1523/JNEUROSCI.4592-11.2012

Pawela CP, Biswal BB, Hudetz AG, Li R, Jones SR, Cho YR, et al
Interhemispheric neuroplasticity following limb deafferentation detected by
resting-state functional connectivity magnetic resonance imaging (fcMRI)
and functional magnetic resonance imaging (fMRI). Neuroimage. (2010)
49:1-25. doi: 10.1016/j.neuroimage.2009.09.054

Hsieh J-C, Cheng H, Hsieh H-M, Liao K-K, Wu Y-T, Yeh T-C, et al. Loss of
interhemispheric inhibition on the ipsilateral primary sensorimotor cortex
in patients with brachial plexus injury: fMRI study. Ann Neurol. (2002)
51:381-5. doi: 10.1002/ana.10149

Liu B, Li T, Tang WJ, Zhang JH, Sun HP, Xu WD, et al. Changes of inter-
hemispheric functional connectivity between motor cortices after brachial
plexuses injury: a resting-state fMRI study. Neuroscience. (2013) 243:33-
9. doi: 10.1016/j.neuroscience.2013.03.048

Wall JT, Xu J, Wang X. Human brain plasticity: an emerging view of the
multiple substrates and mechanisms that cause cortical changes and related
sensory dysfunctions after injuries of sensory inputs from the body. Brain Res
Rev. (2002) 39:181-215. doi: 10.1016/50165-0173(02)00192-3

Behera D, Behera S, Jacobs KE, Biswal S. Bilateral peripheral neural
activity observed in vivo following unilateral nerve injury. Am J Nucl Med Mol
Imaging. (2013) 3:282-90.

Verge VM, Wiesenfeld-Hallin Z, Hokfelt T. Cholecystokinin in mammalian
primary sensory neurons and spinal cord: in situ hybridization studies in rat
and monkey. Eur J Neurosci. (1993) 5:240-50.

Chew DJ, Carlstedt T, Shortland PJ. A comparative histological analysis of
two models of nerve root avulsion injury in the adult rat. Neuropathol Appl
Neurobiol. (2011) 37:613-32. doi: 10.1111/j.1365-2990.2011.01176.x

Koltzenburg M, Wall PD, McMahon SB. Does the right hand
know what the left hand is doing? Trends Neurosci. (1999)
22:122-7. doi: 10.1016/S0166-2236(98)01302-2

Iwamura Y, Taoka M, Iriki A. Bilateral activity and callosal
connections in the somatosensory cortex. Neuroscientist. (2001)

7:419-29. doi: 10.1177/107385840100700511

Hansson T, Brismar T. Tactile stimulation of the hand causes bilateral cortical
activation: a functional magnetic resonance study in humans. Neurosci Lett.
(1999) 271:29-32. doi: 10.1016/S0304-3940(99)00508-X

Preuss TM, Goldman-Rakic PS. Crossed corticothalamic and thalamocortical
connections of macaque prefrontal cortex. ] Comp Neurol. (1987) 257:269-
81. doi: 10.1002/cne.902570211

Hagen MC, Zald DH, Thornton TA, Pardo JV. Somatosensory processing
in the human inferior prefrontal cortex. /| Neurophysiol. (2002) 88:1400-
6. doi: 10.1152/jn.2002.88.3.1400

Farné A, Roy AC, Giraux P, Pawson T, Sirigu A. Face or hand, not both:
perceptual correlates of reafferentation in a former amputee. Curr Biol. (2002)
12:1342-6. doi: 10.1016/S0960-9822(02)01018-7

Vargas CD, Aballéa A, Rodrigues EC, Reilly KT, Mercier C, Petruzzo
P, et al. Re-emergence of hand-muscle representations in human motor
cortex after hand allograft. Proc Natl Acad Sci USA. (2009) 106:7197-
202. doi: 10.1073/pnas.0809614106

Nico D, Daprati E, Rigal E, Parsons L, Sirigu A. Left and right hand recognition
in upper limb amputees. Brain. (2004) 127:120-32. doi: 10.1093/brain/awh006
Feng JT, Liu HQ, Xu JG, Gu YD, Shen YD. Differences in brain adaptive
functional reorganization in right and left total brachial plexus injury patients.
World Neurosurg. (2015) 84:702-8. doi: 10.1016/j.wneu.2015.04.046

Frontiers in Neurology | www.frontiersin.org

August 2019 | Volume 10 | Article 872


https://doi.org/10.1002/micr.20832
https://doi.org/10.1016/j.jhsa.2010.11.049
https://doi.org/10.1016/j.jhsa.2012.02.047
https://doi.org/10.1136/jnnp.5.3-4.101
https://doi.org/10.1038/nn917
https://doi.org/10.1007/s00221-009-1941-z
https://doi.org/10.1016/j.apmr.2004.10.030
https://doi.org/10.1016/0304-3959(90)91139-A
https://doi.org/10.1016/S0304-3959(98)00096-7
https://doi.org/10.1111/j.1475-097X.1986.tb00784.x
https://doi.org/10.1016/0028-3932(71)90067-4
https://doi.org/10.2307/2346830
https://doi.org/10.1111/j.1529-8027.2008.00157.x
https://doi.org/10.1016/S0894-1130(12)80314-0
https://doi.org/10.1111/j.1749-6632.1951.tb31952.x
https://doi.org/10.1126/science.1254229
https://doi.org/10.1371/journal.pone.0037524
https://doi.org/10.1007/s002210000477
https://doi.org/10.1093/brain/awf140
https://doi.org/10.1016/j.nicl.2016.07.008
https://doi.org/10.1126/science.2389146
https://doi.org/10.1007/s002210050210
https://doi.org/10.1523/JNEUROSCI.4592-11.2012
https://doi.org/10.1016/j.neuroimage.2009.09.054
https://doi.org/10.1002/ana.10149
https://doi.org/10.1016/j.neuroscience.2013.03.048
https://doi.org/10.1016/S0165-0173(02)00192-3
https://doi.org/10.1111/j.1365-2990.2011.01176.x
https://doi.org/10.1016/S0166-2236(98)01302-2
https://doi.org/10.1177/107385840100700511
https://doi.org/10.1016/S0304-3940(99)00508-X
https://doi.org/10.1002/cne.902570211
https://doi.org/10.1152/jn.2002.88.3.1400
https://doi.org/10.1016/S0960-9822(02)01018-7
https://doi.org/10.1073/pnas.0809614106
https://doi.org/10.1093/brain/awh006
https://doi.org/10.1016/j.wneu.2015.04.046
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Ramalho et al.

Bilateral Impairment After Unilateral Injury

55.

56.

57.

58.

59.

60.

61.

Jain N, Catania KC, Kaas JH. Deactivation and reactivation of
somatosensory cortex after dorsal spinal cord injury. Nature. (1997)
386:495-8. doi: 10.1038/386495a0

Merzenich MM, Kaas JH, Wall ], Nelson RJ, Sur M, Felleman D.
Topographic reorganization of somatosensory cortical areas 3b and 1 in adult
monkeys following restricted deafferentation. Neuroscience. (1983) 8:33-
55. doi: 10.1016/0306-4522(83)90024-6

Garraghty PE, Kaas JH. Large-scale functional reorganization in adult monkey
cortex after peripheral nerve injury. Proc Natl Acad Sci USA. (1991) 88:6976-
80. doi: 10.1073/pnas.88.16.6976

Garraghty PE, Hanes DP, Florence SL, Kaas JH. Pattern of
peripheral  deafferentation  predicts  reorganizational  limits  in
adult primate somatosensory cortex. Somatosens Mot Res. (1994)

11:109-17. doi: 10.3109/08990229409028864

Malessy MJ, van der Kamp W, Thomeer RT, van Dijk JG. Cortical excitability
of the biceps muscle after intercostal-to-musculocutaneous nerve transfer.
Neurosurgery. (1998) 42:787-94. doi: 10.1097/00006123-199804000-00062
Malessy MJ, Bakker D, Dekker AJ, Van Duk JG, Thomeer RT. Functional
magnetic resonance imaging and control over the biceps muscle after
intercostal-musculocutaneous nerve transfer. Neurosurgery. (2003) 98:261-
8. doi: 10.3171/jns.2003.98.2.0261

Oberlin C, Beal D, Leechavengvongs S, Salon A, Dauge MC, Sarcy JJ. Nerve
transfer to biceps muscle using part of ulnar nerve for C5-Cé6 avulsion of the
brachial plexus: anatomical study and report of four cases. ] Hand Surg. (1994)
19:232-7. doi: 10.1016/0363-5023(94)90011-6

63.

64.

. de

Sousa AC, Guedes-Corréa  JF. Post-Oberlin ~ procedure
cortical neuroplasticity in traumatic injury of the upper brachial
plexus. Radiol Bras. (2016) 49:201-2. doi: 10.1590/0100-3984.
2015.0082

Jiang S, Li Z-Y, Hua X-Y, Xu W-D, Xu J-G, Gu Y-D. Reorganization
in motor cortex after brachial plexus avulsion injury and repair with
the contralateral C7 root transfer in rats. Microsurgery. (2010) 30:314-
20. doi: 10.1002/micr.20747

Qiu TM, Chen L, Mao Y, Wu JS, Tang WJ, Hu SN,
Sensorimotor  cortical ~ changes  assessed  with resting-state
fMRI following total brachial plexus avulsion. ] Neurol
Neurosurg ~ Psychiatry.  (2014)  85:99-105. 10.1136/jnnp-2013-

304956

et al

root

doi:

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2019 Ramalho, Rangel, Schmaedeke, Erthal and Vargas. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Neurology | www.frontiersin.org

11

August 2019 | Volume 10 | Article 872


https://doi.org/10.1038/386495a0
https://doi.org/10.1016/0306-4522(83)90024-6
https://doi.org/10.1073/pnas.88.16.6976
https://doi.org/10.3109/08990229409028864
https://doi.org/10.1097/00006123-199804000-00062
https://doi.org/10.3171/jns.2003.98.2.0261
https://doi.org/10.1016/0363-5023(94)90011-6
https://doi.org/10.1590/0100-3984.2015.0082
https://doi.org/10.1002/micr.20747
https://doi.org/10.1136/jnnp-2013-304956
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

	Unilateral Brachial Plexus Lesion Impairs Bilateral Touch Threshold
	Introduction
	Methods
	Participants
	Semmes-Weinstein Monofilaments Assessment
	Statistical Analysis
	K-means Clustering
	Control Group
	Control vs. Patients


	Results
	Control Values for Absolute Touch Threshold—``Typical'' Index
	Control vs. Injured Side
	Control vs. Uninjured Side
	Side of Injury and Sensory Deficits in the Uninjured Side
	Severity of Injury and Sensory Deficits in the Uninjured Side

	Discussion
	``Typical'' Threshold Values for the Upper Limb
	Threshold Values in the Injured Upper Limb After a BPI
	Unilateral BPI Induces Bilateral Touch Threshold Impairment
	BPIs of the Dominant Right Limb Are Linked to a Large Sensory Impairment in the Uninjured Side
	Reduced Sensory Impairments in the Injured Side Are Linked to Greater Sensory Impairment in the Uninjured Side

	Conclusion
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


