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Brachial plexus injury (BPI) is a peripheral nerve in-
jury (PNI) that can result in a severe and disabling 
complete loss of motor and sensory function of the 

affected upper limb and can be associated with deafferen-
tation pain. Such injuries are associated with significant 
morbidity and psychological stress, all of which result in 
reduced quality of life.24 Despite improvements in our un-
derstanding of the pathophysiology of nerve injury, repair, 
and regeneration and improvements in microsurgical tech-
niques, the results of surgery to treat this injury have been 
far from satisfactory.16 Gaining insight into the changes 
in the brain that take place after these events might help 

us to develop new strategies for improving outcome after 
management of such injuries. Using task-based functional 
MRI (fMRI), transcranial magnetic stimulation, and intra-
operative electrophysiological studies, cortical plasticity 
(or cortical functional reorganization) has been seen in the 
sensorimotor cortex after PNI and its recovery in humans 
and in animal experiments.17,20,29,36

It is now known that after PNI, there is a loss of affer-
ent signals to the sensorimotor cortex and a rapid change 
in the somatotopic organization of body parts in both the 
sensory and motor cortices occur. The functions of the sur-
rounding normal cortices encroach on the defunct cortex, 
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OBJECTIVE The authors aimed to understand the alterations of brain resting-state networks (RSNs) in patients with 
pan–brachial plexus injury (BPI) before and after surgery, which might provide insight into cortical plasticity after periph-
eral nerve injury and regeneration.
METHODS Thirty-five patients with left pan-BPI before surgery, 30 patients after surgery, and 25 healthy controls un-
derwent resting-state functional MRI (rs-fMRI). The 30 postoperative patients were subdivided into 2 groups: 14 patients 
with improvement in muscle power and 16 patients with no improvement in muscle power after surgery. RSNs were 
extracted using independent component analysis to evaluate connectivity at a significance level of p < 0.05 (familywise 
error corrected).
RESULTS The patients with BPI had lower connectivity in their sensorimotor network (SMN) and salience network (SN) 
and greater connectivity in their default mode network (DMN) before surgery than the controls. Connectivity of the left 
supplementary motor cortex in the SMN and medial frontal gyrus and in the anterior cingulate cortex in the SN increased 
in patients whose muscle power had improved after surgery, whereas no significant changes were noted in the unim-
proved patients. There was a trend toward reduction in DMN connectivity in all the patients after surgery compared with 
that in the preoperative patients; however, this result was not statistically significant.
CONCLUSIONS The results of this study highlight the fact that peripheral nerve injury, its management, and successful 
treatment cause dynamic changes within the brain’s RSNs, which includes not only the obvious SMN but also the higher 
cognitive networks such as the SN and DMN, which indicates brain plasticity and compensatory mechanisms at work.
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which results in expansion of the surrounding somatotopic 
map into the defunct zone. After recovery, there is another 
reorganization, but the new map will not be the same as 
the original map because of peripheral mismatch in the 
regeneration of nerve fibers.5,6,9,13–15,18,19,30

Resting-state fMRI (rs-fMRI) is a novel method of ex-
amining the functional networks of the brain and is ben-
eficial because it does not depend on task performances, it 
allows data to be easily acquired, and it enables the evalu-
ation of functional networks.2,7,32,38 Although task-based 
fMRI cannot be performed for patients with BPI because 
their affected limb is completely paralyzed, rs-fMRI anal-
ysis can be done without patients performing any task. 
Thus, rs-fMRI shows tremendous potential for increasing 
our understanding of cortical functions in nerve injury 
and repair. Decreased interhemispheric functional con-
nectivity between motor cortices in patients with complete 
unilateral BPI before surgery, revealed through the use of 
seed-based rs-fMRI, has been found in a few studies.17,28 
Qiu et al.29 used a seed-based rs-fMRI approach to demon-
strate reduced resting-state functional connectivity (rsFC) 
between the supplementary motor area and motor cortical 
areas associated with the hand and arm contralateral to 
the injured side. This improvement over time despite no 
improvement in motor power was attributed to expansion 
of the adjacent cortical areas that encroach into the cor-
tical areas that control the hand and arm. The results of 
these studies indicate that rs-fMRI is useful for assessing 
the dynamic changes that take place in the brain after PNI.

In this study, we aimed to understand dynamic altera-
tions in the resting-state networks (RSNs) that might oc-
cur after BPI and repair. We hypothesized that after BPI, 
there is a loss of motor and sensory functions that results 
in disturbed rsFC involving the sensorimotor cortex, and 
either direct or indirect changes in the cognitive associa-
tion networks along with the SMN can occur and might be 
attributed to psychological stress. Our second aim was to 
use rs-fMRI to gain an understanding of cortical plasticity 
and brain reorganization after surgery in patients with BPI.

Methods
Patient Selection

The study group consisted of consecutive patients who 
were previously in good health and had sustained a pan-
BPI or complete BPI to the left upper limb for which sur-
gery was performed between 2012 and 2015 at the Na-
tional Institute of Mental Health and Neurosciences in 
India. Patients with head and/or and spine injury were 
excluded from the study. The demographic data, clinical 
findings, surgical procedure, and postoperative improve-
ment during follow-up were recorded. The surgical proce-
dure performed was intercostal musculocutaneous nerve 
anastomosis with sural nerve graft, which was followed 
by regular physiotherapy.23,36 The surgery was performed 
after the induction of general anesthesia. The musculo-
cutaneous nerve was exposed in the arm proximal to its 
entry into the biceps, followed by the exposure of any two 
adjacent intercostal nerves under the third to fifth ribs. 
The intercostal nerves were cut, and the proximal end was 
anastomosed to the musculocutaneous nerve using the su-

ral nerve harvested from the ipsilateral leg. Preoperative 
and postoperative rs-fMRI was performed in all patients. 
Handedness-, age-, and sex-matched healthy individuals 
were used as controls.

This study was approved by the National Institute of 
Mental Health and Neurosciences Human Ethical Com-
mittee. Written consent was obtained from each study sub-
ject.

Data Acquisition
Structural and rs-fMRI were performed in each sub-

ject. The rs-fMRI data were acquired using a 3-T Skyra 
MRI (Siemens) scanner with a 32-channel coil. A total of 
185 volumes of spin-echo echo-planar images were ob-
tained using the following parameters: TR 3000 msec; 
TE 35 msec; 36 slices with 4-mm thickness; field of view 
192 × 192 mm; matrix 64 × 64; and voxel size 3 × 3 × 3 
mm. After rs-fMRI, T1-weighted magnetization-prepared 
rapid gradient-echo (MP-RAGE) data were acquired with 
192 slices in a single volume with a TR of 1600 msec, a 
TE of 0.35 sec, and a voxel size of 1 × 1 × 1 mm.

Data Analysis
The rs-fMRI data were preprocessed using FSL soft-

ware (https://fsl.fmrib.ox.ac.uk/fsl/fslwiki). The prepro-
cessing steps included nonbrain tissue extraction,33 motion 
correction, slice-timing correction, and 5-mm full width 
at half-maximum spatial smoothing. The functional im-
ages were coregistered with the structural image in Mon-
treal Neurological Institute 152 (MNI 152) standard space, 
and the data were resampled to 2-mm resolution.2,7,32–34,38 
Followed by the preprocessing steps, independent compo-
nent analysis (ICA) was performed to extract RSNs and 
exclude the noise components for subjects by multivariate 
exploratory linear optimized decomposition into indepen-
dent components (MELODIC).4,34 The noise components 
were examined visually and excluded using the fsl_regfilt 
function in FSL.

After individual subject analysis, multivariate group 
probability ICA was performed using MELODIC to de-
rive maximally and spatially independent components 
across all subjects. The rs-fMRI data were decomposed 
into 15 sets of independent component vectors.4,34 Dual-
regression analysis was performed for group-wise com-
parisons of independent components, which enabled 
voxel-wise comparisons.3,11 Statistical differences were as-
sessed using randomized nonparametric permutation, and 
the threshold-free cluster-enhancement technique was in-
corporated by performing 5000 random permutations.26,35 
To estimate group mean effects, the results were threshold 
with familywise error (FWE) corrected at p ≤ 0.05, and 
intergroup effects were threshold with false-discovery rate 
(FDR) corrected at p ≤ 0.05.11

Results
Thirty-five patients with left BPI and a mean (± SD) 

age of 22 ± 4.32 years were included in the study. A total 
of 42 patients underwent surgery to treat a left BPI during 
the study period, but 7 patients refused to participate in the 
study. Every patient was male. The most common mode 
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of injury was an accident while riding on a motor bike (31 
patients), 3 patients fell from a height, and 1 patient sus-
tained injury as a result of falling from a moving train. All 
the patients were right handed and had sustained a pan-
BPI; they each had limp upper-left limb strength rated as a 
Medical Research Council (MRC) grade of 0/5 in all mus-
cles groups in that limb. Results of electroneuromyogra-
phy in all these patients were suggestive of preganglionic 
injury; hence, none of them underwent exploration of the 
brachial plexus, but peripheral intercostal musculocutane-
ous nerve coaptation was performed for each of them. We 
advise shoulder joint arthrodesis if a patient has persis-
tent shoulder dislocation; however, none of these patients 
required such an intervention. The mean (± SD) interval 
between injury and surgery was 6.05 ± 1.34 months. We 
followed up with the patients every 3 months, and clinical 
recovery was seen in the sixth and ninth months of fol-
low-up for most patients. Each patient underwent postop-
erative rs-fMRI once. Five follow-up fMRI studies were 
discarded because of the long spans (20–24 months) be-
tween surgery and postoperative MRI or artifacts in data. 
The remaining 30 postoperative patients were divided 
into 1 of 2 groups: 1) those who experienced improve-
ment in muscle power after surgery (elbow flexion MRC 
grade of at least 3/5) or 2) those whose muscle power had 
not improved after surgery (elbow flexion MRC grade of 
0/5–2/5). A total of 14 patients showed improvement after 
surgery (mean age 21.85 ± 4.7 years; mean time between 
injury and surgery 6.5 ± 1.4 months), and 16 patients did 
not show improvement after surgery (mean age 20.75 ± 

3.69 years; mean time between injury and surgery 5.87 ± 
1.35 months). MRI was performed 7 ± 1.8 months after 
surgery (see Supplemental Table 1). Twenty-five healthy 
male age-matched right-handed volunteers with no previ-
ous history of brain insult, PNI, or psychiatric illness were 
recruited (mean age 22.61 ± 5.13 years) as controls.

From 15 independent components, we found differ-
ences in 3 that corresponded to the sensorimotor network 
(SMN), the default mode network (DMN), and the sa-
lience network (SN). We analyzed the group mean effects 
of controls, preoperative patients with BPI, postoperative 
patients with improvement, and postoperative patients 
without improvement.

Sensorimotor Network
Less rsFC in the SMN was noted in the patients with 

BPI than in the controls. The bilateral precentral gyrus 
and postcentral gyrus of the SMN network showed less 
rsFC in patients with BPI before surgery than that in con-
trols. In the postoperative groups, SMN rsFC increased 
significantly (p < 0.05) in the left postcentral gyrus in 
postoperative patients with improvement in muscle power, 
whereas no change in SMN rsFC was seen in the post-
operative patients who experienced no improvement in 
muscle power (Fig. 1; Table 1).

Salience Network
The SN showed less rsFC in patients with BPI before 

surgery than in the controls. After surgery, we observed a 

FIG. 1. Functional MR images of the SMN in healthy controls (A), preoperative patients (B), postoperative patients who showed 
no improvement (C), postoperative patients who did show improvement (D), and healthy controls versus preoperative patient with 
BPI (indicating that patients with BPI have decreased connectivity in the SMN) (E) and subtracted functional MR images of post-
operative patients who showed no improvement versus postoperative patients who did show improvement (indicating increased 
connectivity in the SMN in postoperative patients who showed improvement) (F). A = anterior; L = left; P = posterior; R = right.
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significant increase in rsFC in clinically improved post-
surgical patients over that of presurgical patients with BPI 
and the controls. We found no significant changes in the 
postsurgical patients without improvement. The anterior 
cingulate gyrus, right superior frontal gyrus, and left insu-
lar cortex showed weaker rsFC in patients with BPI than 
in the controls. The bilateral middle frontal gyrus and 
right superior frontal gyrus showed greater rsFC in the 
postsurgical patients with improvement than in the post-
surgical patients without improvement and the preopera-
tive patients (Fig. 2; Table 2).

Default Mode Network
We found greater rsFC in the DMN in patients with 

BPI than in the controls. They had a higher rsFC in the 
posterior cingulate cortex and precuneus. The mean group 
image maps of DMN showed a trend toward decreased 
rsFC after surgery, but we found no significant changes 
in the DMN between the preoperative and postoperative 
patient groups (Fig. 3; Table 3).

Discussion
To our knowledge, this study is the first to have evalu-

ated changes in RSNs in patients with BPI before and after 
surgical repair. Overall, we observed alterations in rsFC 
in the SMN, DMN, and SN before and after surgery and 
compared rsFC with that in healthy controls. We tried to 
identify any differences in these networks between pa-
tients who had improved muscle power after surgery and 
those who did not. We found changes in the SMN of pa-
tients with BPI before and after surgery and differences 
between muscle power in the improved and unimproved 
groups, as well. These results can be attributed to corti-
cal plasticity; however, what is interesting is that although 
there is no primary insult to the brain after PNI, changes 
in higher cognitive networks (DMN and SN) were found 
in these patients with BPI. Not only were these changes 
seen before surgery, but dynamic changes were also ob-
served after surgery, especially in the group of patients 
whose muscle power had improved.

SMN is a well-studied RSN, and its major subareas in-

TABLE 1. Group mean effects on SMN images in the 4 study groups

Group Brain Region
Coordinate Cluster 

Voxel
Peak 

z-Stat*x y z

Control Postcentral gyrus, lt −42  −22 40 2,673 10.4
Postcentral gyrus, rt 40  −22 44 1,634 9.7
Precentral gyrus, lt  −30  −26 62 1,986 8.3
Precentral gyrus, rt 21  −30 62 1,396 8.2
Supplementary motor area, lt  −2 3 51 783 8
Supplementary motor area, rt 3 4 52 782 8.1

Presurgical Postcentral gyrus, lt  −42  −22 40 466 7.6
Postcentral gyrus, rt 58  −2 32 559 7.3
Precentral gyrus, lt  −42  −6 43 102 6.8
Supplementary motor area, lt  −2 9 52 282 6.1
Supplementary motor area, rt 6 6 60 224 6.3

Postsurgical, not improved Postcentral gyrus, lt  −50  −10 36 548 6.7
Postcentral gyrus, rt 59  −6 28 330 5.8
Precentral gyrus, lt  −55  −4 28 385 5.1
Precentral gyrus, rt 58 3 28 101 4.6
Supplementary motor area, lt  −13  −12 61 34 4.1

Postsurgical, improved Postcentral gyrus, lt 40  −20 43 1,540 8.1
Postcentral gyrus, rt 41  −21 43 933 7.9
Precentral gyrus, lt  −18  −24 61 1,652 7.8
Precentral gyrus, rt 26  −24 60 1,196 7.9
Supplementary motor area, lt  −6  −9 60 648 8.5
Supplementary motor area, rt 2  −10 52 606 9.6

Control > presurgical Postcentral gyrus, lt  −36  −26 49 102 0.983
Postcentral gyrus, rt 28  −26 58 69 0.982
Precentral gyrus, lt  −23  −27  −60 89 0.993
Precentral gyrus, rt 14  −30 64 56 0.992

Postsurgical, improved > postsurgical, not improved Postcentral gyrus, lt  −39  −26 42 39 0.992

Group mean effects derived from SMN images in the 4 groups (control; presurgical; postsurgical, not improved; and postsurgical, improved) 
were FWE corrected at p ≤ 0.05 for multiple comparisons; between-group contrasts (control > presurgical; postsurgical, improved > postsurgi-
cal, not improved) were FDR corrected at p < 0.05. Coordinates were extracted from MNI 152 space.
* Peak z-stat denotes the maximum statistical value (z-stat) for peak activity.
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FIG. 2. Functional MR images of the SN in a healthy control individual (A), a preoperative patient (B), a postoperative patient who 
showed no improvement (C), a postoperative patient who did show improvement (D), and a healthy control versus a preoperative 
patient with BPI (indicating that patients with BPI have decreased connectivity in the SN) (E) and subtracted functional MR images 
of a postoperative patient who showed no improvement versus a postoperative patient who did show improvement (indicating 
increased connectivity in the SN in postoperative patients who showed improvement) (F).

FIG. 3. Functional MR images of the DMN in a healthy control individual (A), a preoperative patient (B), a postoperative patient 
who showed no improvement (C), and a postoperative patient who did show improvement (D) and subtracted functional MR 
images of a healthy control individual versus a preoperative patient with BPI (indicating that patients with BPI have increased con-
nectivity in the DMN) (E).

Unauthenticated | Downloaded 12/29/21 12:15 PM UTC



D. I. Bhat et al.

Neurosurg Focus Volume 42 • March 20176

clude the precentral gyrus, postcentral gyrus, and supple-
mentary motor area. Using seed-based methods to identify 
the SMN, Liu et al.17 and Min et al.22 found an absence of 
motor area activity on the side contralateral to the limb 
affected by BPI. Liu et al.17 found decreased interhemi-
spheric rsFC between motor cortices in patients with BPI. 
No studies have documented postoperative changes in this 
network. We observed rsFC in the bilateral precentral gy-
rus, in both the posterior and anterior cingulate gyrus, and 
postcentral gyrus in the SMN in patients that was lower 
than that in controls, which indicates decreased rsFC at-
tributable to deafferentation. SMN rsFC reformation in the 
group of postoperative patients who showed improvement 
was much higher than that in the postoperative patients 
who showed no improvement and in the preoperative pa-
tients but less than that in the controls. Why there was in-
creased connectivity in the left supplementary motor cor-
tex (ipsilateral to the side of injury) is difficult to explain 
and probably reflects the overactivity of the dominant lobe 
after injury and recovery.

The SN is a principal functional network that plays an 
important role in attention, cognitively relevant events, and 
the subsequent engagement of frontoparietal systems for 
working memory and higher-order cognitive control. Ana-
tomically, the SN includes the dorsal anterior cingulate 
cortex, frontoinsular cortex, and limbic structures.21 The 
SN has been studied extensively in patients with neuropsy-
chiatric illness, which affects cognition, and a considerable 
decrease in the rsFC of this network has been demonstat-
ed.1 No studies have evaluated alterations in the SN after 
PNI. Ros et al.31 noted an increase in SN connectivity after 
neurofeedback training. They found neurobehavioral evi-
dence for the brain’s exquisite functional plasticity and for 
a temporally direct impact of neurofeedback on a key cog-
nitive control network. In our study, we found decreased 
rsFC in the anterior cingulate gyrus of the SN in patients 

TABLE 2. Group mean effects on SN images in the 4 study 
groups

Group Brain Region
Coordinate Cluster 

Voxel
Peak 
z-Statx y z

Control Insula, lt  −38 14  −5 578 11.2
Insula, rt 33 18  −4 333 7.2
Putamen, lt  −17 8  −5 189 11.2
Putamen, rt 24 10  −4 172 7.2
Cingulum, anterior, rt 10 23 23 1,925 10.7
Cingulum, middle, lt 5 14 36 1,036 9.9
Frontal, middle, lt  −47 44 16 1,688 10.1
Frontal, middle, rt 38 44 16 1,329 9.7
Frontal, superior, lt  −23 44 16 888 9.1
Frontal, superior, rt 30 51 13 554 9.8
Supramarginal, lt  −58  −42 29 202 6.3
Supramarginal, rt 55  −42 28 202 5.8

Presurgi-
cal

Insula, lt  −37 14  −5 527 8.8
Insula, rt 43 15  −6 274 6.5
Putamen, lt  −18 17  −6 47 8.7
Putamen, rt 29 15 3 21 6.2
Cingulum, anterior, rt 5 34 14 1,378 8.8
Cingulum, middle, lt 8 18 36 660 7.9
Frontal, middle, lt  −32 42 22 1,611 8.4
Frontal, middle, rt 30 34 28 985 7.3
Frontal, superior, lt  −20 49 22 525 8.7
Frontal, superior, rt 18 55 18 269 7.1
Supramarginal, lt  −50  −46 37 84 5.2
Supramarginal, rt 55  −42 32 311 7.3

Postsurgi-
cal, not 
im-
proved

Insula, lt  −42 18  −5 411 6.8
Insula, rt 41 14  −4 215 7.2
Putamen, lt  −18 11  −2 223 6.1
Putamen, rt 19 11  −2 109 7
Cingulum, anterior, rt 6 32 19 1,204 7.6
Cingulum, middle, lt 8 18 36 611 6.9
Frontal, middle, lt  −31 43 24 1,158 7.8
Frontal, middle, rt 26 42 28 714 5.9
Frontal, superior, lt  −21 55 16 329 7.6
Frontal, superior, rt 27 55 18 202 6.3
Supramarginal, lt  −58  −42 28 66 4.8
Supramarginal, rt 54  −42 28 119 5.5

Postsurgi-
cal, im-
proved

Insula, lt  −38 10  −4 750 12.3
Insula, rt 38 10  −4 540 9.7
Putamen, lt  −17 8  −5 468 12
Putamen, rt 20 10  −4 357 9.1
Cingulum, anterior, rt 10 35 13 2,451 13.1
Cingulum, middle, lt 11 18 36 1,811 12.4
Frontal, middle, lt  −42 45 19 1,973 11.3
Frontal, middle, rt 38 45 18 1,747 11.8
Frontal, superior, lt  −23 58 18 1,196 13.1
Frontal, superior, rt 31 59 12 1,029 12.7
Supramarginal, lt  −58  −38 32 266 6
Supramarginal, rt 54  −42 28 385 7.2

CONTINUED IN NEXT COLUMN »

TABLE 2. Group mean effects on SN images in the 4 study 
groups

Group Brain Region
Coordinate Cluster 

Voxel
Peak 
z-Statx y z

Control > 
presur-
gical

Anterior cingulate 
gyrus

11 23 25 104 9.83

Superior frontal 
gyrus, rt

33 50 14 78 0.981

Insular cortex, lt  −34 12  −5 47 0.981
Postsurgi-

cal, im-
proved 
> post-
surgical, 
not im-
proved

Middle frontal gyrus, 
lt

 −40 42 22 164 9.81

Middle frontal gyrus, 
rt

35 47 16 113  0.982

Superior frontal 
gyrus, rt

30 56 15 52 0.981

Group mean effects derived from SN images in the 4 groups (control; presurgi-
cal; postsurgical, not improved; and postsurgical, improved) were FWE cor-
rected at p ≤ 0.05 for multiple comparisons; between-group contrasts (control 
> presurgical; postsurgical, improved > postsurgical, not improved) were FDR 
corrected at p < 0.05. Coordinates were extracted from MNI 152 space.

» CONTINUED FROM PREVIOUS COLUMN

Unauthenticated | Downloaded 12/29/21 12:15 PM UTC



Resting-state networks in patients with brachial plexus injury

Neurosurg Focus Volume 42 • March 2017 7

with BPI before surgery. The increased rsFC in the bilat-
eral middle frontal gyrus and right superior frontal gyrus 
in patients who improved after surgery points toward brain 
plasticity and an inherent effort of the brain to form net-
works that restore functionality. Further longitudinal study 
might help us to gain a deeper understanding of the SN 
in therapeutics and interventions and to determine if this 
gain in functionality has a graded response.

The DMN is another network that has been studied ex-
tensively with rs-fMRI and has been shown to be reliably 
present in most neuroscience studies. Its subarea includes 
the posterior cingulate cortex, ventromedial prefrontal 
cortex, and the inferior parietal lobules. Functionally, it is 
considered to be a large-scale network of brain areas that 
form an integrated system for self-related cognitive activ-
ity, including autobiographical, self-monitoring, and social 
functions and for the mind-wandering process.12,16,31,37,40 Its 
rsFC has been shown to be decreased and disrupted after 
head injury, brain tumor, and various neuropsychiatric dis-
orders such as schizophrenia, Alzheimer’s disease, demen-
tia disease, and epilepsy.8,27,39,40 Changes in this network 
after PNI have not been studied. We saw increased rsFC 

in the postcentral gyrus of the DMN in patients with BPI 
before surgery and a trend toward decreases in rsFC after 
surgery.

In our study, the postoperative patients who showed 
improvement experienced significant changes in rsFC 
compared with the group of postoperative patients with no 
improvement, which substantiates the notion that changes 
occur in the brain as a result of cortical plasticity and reor-
ganization and is commensurate with the changes that oc-
cur in the peripheral nervous system along with its target 
innervation. Thus, there is a relationship between changes 
that occur in the periphery after a nerve injury and the 
changes seen in the cortex. Insufficient data exist to im-
plicate one as the cause and the other as the effect; at best, 
the results of our study highlight only an association be-
tween the two. These changes are not limited to the motor 
and sensory cortical connections; such changes also occur 
at the higher cognitive levels. The DMN findings were in 
contrast to the SN changes. We found a reduction in DMN 
rsFC after surgery, although it was not statistically signifi-
cant. It is a remote possibility that subtle anesthesia-related 
brain injury was a factor in the reduction in activity after 

TABLE 3. Group mean effects on DMN images in the 4 study groups

Group Brain Region
Coordinate Cluster  

Voxel T-Maxx y z 

Control

Posterior cingulate cortex 6  −54 24 1,579 7.6
Medial frontal gyrus  −2 38  −12 4,400 7.3
Angular gyrus, lt  −42  −70 36 673 9
Angular gyrus, rt 54  −62 32 533 7.5
Middle temporal gyrus, lt  −62  −10  −24 409 7.6
Middle temporal gyrus, rt 58  −2  −28 216 6.3

Presurgical

Posterior cingulate cortex 6  −54 20 2,428 12.8
Medial frontal gyrus  −6 46 4 5,163 9.7
Angular gyrus, lt  −46  −62 28 605 7.6
Angular gyrus, rt 54  −58 28 420 8
Middle temporal gyrus, lt  −58  −22  −20 318 7.9
Middle temporal gyrus, rt 62  −6  −24 65 5.1

Postsurgical, not 
improved

Posterior cingulate cortex 6  −54 24 1,539 7.8
Medial frontal gyrus  −2 38  −12 3,846 7.3
Angular gyrus, lt  −50  −66 32 486 7
Angular gyrus, rt 54  −78 28 228 5.2
Middle temporal gyrus, lt  −58  −6  −24 151 4.1
Middle temporal gyrus, rt 58  −10  −28 145 5.4

Postsurgical, im-
proved

Posterior cingulate cortex 6  −54 24 2,028 7.9
Medial frontal gyrus  −2 38  −12 4,109 7.6
Angular gyrus, lt  −42  −70 36 605 7.3
Angular gyrus, rt 54  −62 32 420 7.9
Middle temporal gyrus, lt  −62  −10  −24 318 7.8
Middle temporal gyrus, rt 58  −2  −28 65 5.0

Presurgical > control 
Posterior cingulate cortex 6  −54 24 43 0.983
Medial frontal gyrus  −2 38  −12 12 0.981

Group mean effects derived from DMN images in the 4 groups (control; presurgical; postsurgical, not improved; and postsurgical, improved) 
were FWE corrected at p ≤ 0.05 for multiple comparisons; between-group contrasts (control > presurgical; postsurgical, improved > postsurgi-
cal, not improved) were FDR corrected at p < 0.05. Coordinates were extracted from MNI 152 space.
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surgery. We have no supporting evidence to implicate an-
esthesia for the changes, but it is well known that after an-
esthesia for cardiac and noncardiac extracranial surgeries, 
patients experience a period of cognitive decline (known 
as postoperative cognitive decline) that usually lasts for a 
few weeks up to 6 months or more.25

Feng et al.10 studied changes in rs-fMRI results in pa-
tients with BPI who had not undergone surgery. They 
calculated a resting-state index, namely, amplitude of low-
frequency fluctuation. Along with changes in the senso-
rimotor cortex, they found activities in the regions related 
to higher cognition, especially in the right precuneus, cal-
carine/lingual gyri, and parahippocampal gyrus, that were 
lower than those in healthy controls.

We did not perform any neuropsychological tests be-
fore or after surgery to look for subtle cognitive changes in 
our patients. It is not known whether widespread clinically 
non-manifesting long-standing subtle changes in brain 
function and connections occur after surgery that manifest 
as changes in the RSNs and are yet to be identified. Fur-
ther studies with rs-fMRI to associate neuropsychological 
results before and after surgery need to be performed.

We have shown that in patients with PNI, alterations in 
motor task–related and some unrelated RSNs and further 
changes in these networks were seen after surgery, depend-
ing on muscle power recovery. Before surgery, stress, pain, 
loss of motor cortex activity, and deafferentation of the 
sensory cortex might bring about cortical reorganization, 
resulting in changes in rs-fMRI signals. After surgery, if 
the patient’s muscle power improves, cortical reorganiza-
tion will happen again, and these changes were not seen in 
the postoperative patients who showed no improvement. 
What will be the natural course of these changes, whether 
they normalize, change, or remain the same, is not known 
and can be answered only through long-term follow up rs-
fMRI studies.

Conclusions
To our knowledge, ours is the first study to have found 

cortical plasticity in RSNs (i.e., SMN, SN, and DMN) in 
patients with BPI before and after successful or unsuc-
cessful surgical repair. We found increased rsFC in the 
SMN and SN in patients whose muscle power improved 
after surgery, which indicates brain plasticity and network 
recovery after surgery. We also found increased rsFC in 
the DMN in patients with BPI, and that rsFC was reduced 
after surgery. In patients who did not improve after sur-
gery, the RSNs were further reduced in activity after sur-
gery. Further studies with neuropsychological assessments 
might be useful for increasing our understanding of the 
significance of these findings.
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