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Abstract: Objectives: To investigate, using resting state (RS) functional connectivity (FC), the selectivity
of involvement of the sensorimotor network in patients with acquired (A) and with hereditary (H) peripheral
neuropathies (PN) and the correlations of RS FC abnormalities with clinical impairment and structural brain
damage. Temporal associations among RS networks were also explored. Experimental design: RS fMRI scans
were acquired from 13 APN, 12 HPN, and 18 age- and sex-matched healthy controls. Independent compo-
nent analysis and functional network connectivity were used to investigate RS FC within and among RS net-
works with potential functional relevance. Principal observations: Compared to controls, patients had a
decreased FC of the right precentral gyrus and an increased RS FC of the precuneus within the sensorimo-
tor network. Both decreased and increased RS FC also involved the visual and auditory networks, which
additionally had an increased coherence of function with the sensorimotor network (more pronounced in
HPN). RS FC modifications in patients extended to several cognitive networks and were correlated with
disease duration. In APN, they were also correlated with the severity of clinical impairment and corpus cal-
losum atrophy. Conclusions: In PN, RS FC modifications extend beyond the sensorimotor network and
involve other sensory and cognitive networks. The correlations between RS FC patterns and disease
duration in patients as well as with clinical impairment in patients with APN suggest that modifica-
tions of FC might reflect an adaptive mechanism, which takes time to occur and helps to limit the clin-
ical consequences of peripheral damage. Hum Brain Mapp 35:513–526, 2014. VC 2012 Wiley Periodicals, Inc.
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INTRODUCTION

Central nervous system (CNS) reorganization has been
shown to occur following peripheral nervous system
injury of different etiologies, including peripheral neuropa-
thy (PN) [Reddy et al., 2002, 2001], muscle reconstruction
[Chen et al., 2003), and limb amputation [Roricht et al.,
2001]. Neurophysiologic and functional magnetic reso-
nance imaging (fMRI) studies have consistently demon-
strated a reshaping of the motor and sensory networks in
these patients, characterized by an expanded
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representation for finger movement in patients with motor
neuropathy during active and passive tasks [Reddy et al.,
2001], an increased recruitment of motor areas and the pa-
rietal cortex in patients with neuropathic pain [Maihofner
et al., 2007], and local synaptic remapping with invasion
of the face and shoulder representation into the hand rep-
resentation after upper limb amputation [Dettmers et al.,
2001].

Although previous findings have helped to shed light
on functional CNS modifications following peripheral
nervous system injury, there are several aspects that
remain unexplored, including the evaluation of a possible
vicarious role of other sensory systems, similar to that
demonstrated in patients with isolated visual deficits
[Leclerc et al., 2000; Poirier et al., 2006; Rocca et al., 2011]

and the possible different involvement of the sensorimotor

versus other (e.g., cognitive) networks. Indeed, a previous

resting state (RS) study in patients with hereditary optic neu-

ropathy has demonstrated that abnormalities of function in
this condition are not limited to the visual system, but extend
to the auditory network, thus reinforcing the notion of a

cross-modal plasticity between these sensory modalities in

patients with visual deficits [Leclerc et al., 2000; Poirier et al.,

2006; Rocca et al., 2011]. Another important observation in

patients with visual deficits is that age at onset of the clinical

manifestations influences the observed modifications of corti-

cal representation due to a different level of maturation of

visual synapses in young compared to adult individuals

[Herschkowitz, 2000; Herschkowitz et al., 1997]. Whether

damage to the peripheral nervous system might be associ-

ated with a similar outcome, particularly in chronic condi-

tions, has not been investigated, so far. In this study, we

wished to explore these three aspects by using, as a model of

peripheral nervous system injury, patients with PN, a hetero-

geneous condition which is due to different etiologies and

which may result in different severities of the clinical mani-

festations. To assess the influence of age at onset on CNS

plasticity, we compared patients with hereditary (H) to those

with acquired (A) diseases. Notably, although patients with

HPN tend to have a slow progression of clinical symptoms

over decades [Pareyson and Marchesi, 2009], those with the

acquired forms (particularly those with chronic inflammatory

demyelinating polyradiculoneuropathy—CIDP) typically

show a more rapid accumulation of disability over a few

weeks or months. Since the interpretation of the results of

fMRI studies of active tasks in diseased people is biased by

the difficulty of matching task performance between patients

and controls and among patients with different degrees of

impairment, we used a task-free approach, based on RS

fMRI, to define whether functional CNS abnormalities in

patients with PN are limited to the motor and sensory sys-

tems, or, conversely tend to be more diffuse and involve

additional networks. In addition to a ‘‘classical’’ analysis of

RS data (i.e., an analysis of functional connectivity [FC] and

independent component analysis within all RSNs with

potential functional relevance), we also performed a func-

tional network connectivity (FNC) analysis [Jafri et al., 2008]

to investigate functional interactions between the RSNs stud-

ied. Finally, to get additional insights into the role of the

detected abnormalities, we also investigated whether and at

which magnitude they were correlated with clinical scales of

disease severity and with MRI measures of structural brain

damage (if present). For the latter goal, we quantified whole

brain T2 lesion volume, as a measure of global brain damage,

and corpus callosum (CC) area, as a measure of interhemi-

spheric structural integrity.

MATERIAL AND METHODS

Subjects

We studied 25 right-handed patients with PN and 18
age-matched right-handed healthy controls with no history
of neurological disorders and a normal neurological exami-
nation. The diagnosis of PN was based on electrophysiologi-
cal and/or pathological examination at the time of onset of
clinical symptoms. Thirteen patients had an APN (11 CIDP
and 2 alcoholic neuropathy) and 12 had a HPN (10 Charcot-
Marie-Tooth disease—none of them with mitofusin 2 gene
mutation—and 2 hereditary neuropathy with liability to
pressure palsies). To be included, subjects had to have no
history of concomitant psychiatric or major medical condi-
tions. In addition, patients had to have no hearing loss or
visual disturbances. None of the patients had hyperalgesia
or autonomic dysfunction. In patients, peripheral nerve
function was tested using the clinical version of the total
neuropathy score (TNSc) (i.e., the TNS version based exclu-
sively on clinical evaluation of the patients) [Cavaletti et al.,
2006]. The main demographic and clinical characteristics of
the study groups are reported in Table I.

Approval was received from local ethical standards
committee on human experimentation, and written
informed consent was obtained from all subjects partici-
pating into the study.

MRI Acquisition

Using a 3.0-Tesla Philips Intera scanner, the following
images of the brain were acquired from all subjects: (a)
T2*-weighted single-shot echo planar imaging (EPI)
sequence for RS fMRI (repetition time [TR]¼ 3,000 ms,
echo time [TE] ¼ 35 ms, flip angle [FA] ¼ 90�, field of
view [FOV] ¼ 240 mm2; matrix ¼ 128 � 128, slice thick-
ness ¼ 4 mm, 200 sets of 30 contiguous axial slices, paral-
lel to the AC-PC plane); (b) dual-echo turbo spin echo (SE)
(TR/TE ¼ 3,500/24–120 ms; FA ¼ 150�; FOV ¼ 240 mm2;
matrix ¼ 256 � 256; echo train length [ETL] ¼ 5; 44 contig-
uous, 3-mm-thick axial slices); (c) 3D T1-weighted fast
field echo (FFE) (TR ¼ 25 ms, TE ¼ 4.6 ms, FA ¼ 30�, FOV
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¼ 230 mm2, matrix ¼ 256 � 256, slice thickness ¼ 1 mm,
220 contiguous axial slices, in-plane resolution ¼ 0.89 �
0.89 mm2).

Total acquisition time for RS fMRI was about 10 min.
During scanning, subjects were instructed to remain
motionless, to close their eyes and not to think of anything
in particular. All subjects reported that they had not fallen
asleep during scanning, according to a questionnaire deliv-
ered immediately after the MRI assessment.

Analysis of Intrinsic Brain FC in RSNs

(FC Analysis)

Using SPM8, RS fMRI scans were realigned to the first
image of each session with a 6� rigid-body transformation to
correct for minor head movements. None of the subjects
was excluded from the analysis because of motion, since the
maximum cumulative translation was <1.5 mm and the
maximum rotation was <0.3� for all of them. Data were
then normalized to the SPM8 default EPI template using a
standard affine transformation, with data subsampling to a
resolution of 3 � 3 � 4 mm3 [Calhoun et al., 2001] and
smoothing using a 3D 6-mm Gaussian kernel. Linear de-
trending and band-pass filtering between 0.01 and 0.08 Hz
were performed using the REST software (http://resting-
fmri.sourceforge.net/) to partially remove low-frequency
drift and high-frequency physiological noise.

After these preprocessing steps, RS FC was assessed
using an independent component analysis (ICA) using the
GIFT software [Calhoun et al., 2001], and following three
main steps: (i) data reduction, (ii) group ICA, and (iii) back
reconstruction. First, individual subjects’ data were reduced
to a lower dimensionality by using a two-stage principal
component analysis (one at an individual level and one at a
group level). Then, RS fMRI data from all subjects were
concatenated. The independent group components were
estimated using the Infomax approach [Bell and Sejnowski

1995) and were used to compute spatial maps and temporal
profiles of the individual subject components (back recon-
struction). The last stage was performed with the new opti-
mized GICA3 algorithm [Erhardt et al., 2011]. The number
of independent group components was 40, that is, the me-
dian number of ICs in our study group determined by the
minimum description length criterion [Calhoun et al., 2001].
The statistical reliability of the IC decomposition was tested
by using the ICASSO toolbox [Himberg et al., 2004], and by
running Infomax 10 times with different initial conditions
and bootstrapped data sets. Individual functional maps
from each ICA-determined network were converted to
Z-scores before entering group statistics, to obtain voxel val-
ues comparable across subjects.

Visual inspection of the spatial patterns, and a frequency
analysis of the spectra of the estimated ICs allowed us to
remove components clearly related to artifacts. A system-
atic process was also applied to inspect and select the
components of interest from the remaining ones. To iden-
tify ICs with potential functional relevance, a frequency
analysis of the IC time courses was first performed to
detect those with a high (50% or greater) spectral power at
a low frequency (between 0.01 and 0.05 Hz) (19 compo-
nents excluded). Then, RSNs of interest were selected
based on results from group ICA using spatial correlation
against a set of network templates defined a priori. The
default mode network (DMN) was identified through a
voxel-wise correlation with the DMN template supplied in
GIFT [Franco et al., 2009]. The remaining network templates
were generated using the Wake Forest University (WFU)
Pickatlas [Maldjian et al., 2003] on the basis of the Brodmann
areas and cluster peaks reported in the literature (for the sali-
ence network [SN] [Seeley et al., 2007]; for the fronto-parietal
working memory networks [WMN], lateralized to the left
and right hemisphere [Damoiseaux et al., 2006]; for the exec-
utive, sensorimotor, primary visual, secondary visual and
auditory networks [Smith et al., 2009]). The 11 ICs having a
squared correlation coefficient (R2, as implemented in GIFT

TABLE I. Main demographic, clinical, and structural magnetic resonance imaging characteristics of HC and patients

with PN

HC APN HPN P

Number of subjects 18 13 12 —
Men/Women 7/11 6/7 7/5 0.31
Mean age [years] (range) 47.1 (20–73) 49.4 (21–77) 46.6 (35–75) 0.84
Median disease duration [years] (range) — 5.5 (1–22) 12.2 (0.2–35)a 0.08
Clinical manifestations: sensory/motor/sensorimotor — 4/4/5 1/1/10 —
Axonal/demyelinating/mixedb — 4/9/0 3/7/2 —
Median TNSc (range) — 8 (3-10) 10 (4-15) 0.06
Mean T2 LV [ml] (SD) — 2.1 (5.9) 0.6 (0.9) 0.06
Mean intracranial volume [ml] (SD) 1408 (179) 1436 (152) 1444 (104) 0.79
Mean corpus callosum area [mm2] (SD) 869 (143) 683 (153) 774 (120) 0.01

APN, acquired peripheral neuropathy; HPN, hereditary peripheral neuropathy; TNSc, clinical total neuropathy score; LV, lesion vol-
ume; SD, standard deviation.
aFrom symptoms onset.
bBased on electrophysiological and/or pathological examination.
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software) greater than or equal to 0.20 with each of these tem-
plates were selected. The remaining 10 components, repre-
senting a mixture of RSNs and artifacts, had a low R2 with all
templates mentioned earlier, and were discarded in order to
reduce the likelihood of spurious results.

Analysis of Intrinsic Brain Connectivity Among

RSNs (FNC Analysis)

The ICA algorithm assumes that the signal time courses
of brain areas belonging to the same IC are synchronous
[Calhoun et al., 2004]. Indeed, although RS components
are spatially independent, significant temporal correlations
exist between them. We explored such temporal associa-
tions by analysing the time series of the RSNs of interest
using the FNC toolbox (http://mialab.mrn.org), and com-
puting a constrained maximal lagged bivariate correlation
between component time courses, as previously described
[Jafri et al., 2008]. The maximum possible lag between
time courses was set at 6 s. The time courses from all ICs
of interest and for all subjects were interpolated, using the
low-pass temporal interpolation implemented in Matlab
(The MathWorks, Natick, MA) and resampled to 250 ms
bins to enable the detection of sub-TR hemodynamic delay
differences between subjects [Calhoun et al., 2000; Jafri
et al., 2008]. Subsequently, the maximal lagged correlation
was examined among all pair-wise combinations between
components. In other words, we examined the correlation
between two IC time courses, A and B, when B is
circularly shifted from -6 to þ6 s around A. The maximal
correlation value and the corresponding lag were saved
for each of the analyzed time course pairs.

Structural MRI Analysis

Hyperintense brain lesions on dual-echo scans were
identified by two experienced observers, and lesion vol-
umes (LV) were measured using a local thresholding
segmentation technique (Jim 5.0, Xinapse Systems,
www.xinapse.com). On 3D FFE images, intracranial vol-
umes (ICV) were calculated using the Structural Imaging
Evaluation of Normalized Atrophy (SIENAx) software
[Smith et al., 2002]. For each subject, the area of the corpus
calloum (CC) was also measured on the midsagittal slice
of the 3D T1-weighted images using a local thresholding
segmentation technique (Jim 5.0, Xinapse System, www.xi-
napse.com). Areas were expressed in mm2.

Voxel-based morphometry (VBM) [Good et al., 2001] was
performed using SPM8 and the Diffeomorphic Anatomical
Registration using Exponentiated Lie algebra (DARTEL)
registration method, as described elsewhere [Ashburner,
2007]. Briefly, after segmentation of 3D FFE images into
GM, white matter (WM) and cerebrospinal fluid (CSF), GM
maps were normalized to the GM population-specific tem-
plate generated from the complete image set using DARTEL
[Ashburner, 2007]. Spatially normalized images were then

modulated by the Jacobian determinants derived from the
spatial normalization to ensure preservation of the overall
amount of GM tissue, and smoothed with a 8-mm full-
width at half maximum kernel.

Statistical Analysis

An ANOVA was used to assess between-group differen-
ces in structural MRI measures using the SPSS software
package. SPM8 and ANCOVA models were used to assess
significant between-group voxel-wise differences in GM
volume, including age, sex, and ICV as nuisance variables.
The within-group spatial extent of FC for each RSN with
potential functional relevance was assessed using SPM8
and a one-sample t-test. Between-group comparisons of RS
FC in each network were performed using ANCOVA mod-
els corrected for regional GM volume using the Biological
Parametric Mapping (BPM) toolbox [Casanova et al., 2007].
The analysis was then repeated by including age as con-
founding covariate. For these analyses, GM and RSN maps
were registered to the MNI space and resampled to an iso-
tropic voxel size (2 � 2 � 2 mm3) and image dimensions
(to 91 � 109 � 91 voxels) across functional and structural
data. To exclude misclassified pixels from the statistical
analysis, GM probability maps were thresholded at 0.2.
Correlations of RS FC of each network with clinical and
structural MRI variables were performed using BPM and
multiple regression models, corrected for regional GM vol-
ume. For all the analyses run with SPM, results were
assessed at a threshold of P < 0.05 corrected for multiple
comparisons (family-wise error [FWE]). Results were also
tested at P < 0.001 (uncorrected for multiple comparisons)
and a cluster extent of k ¼ 10 voxels. Correlations and lag
values obtained for each subject with the FNC toolbox
were averaged for the three groups for descriptive pur-
poses. A Shapiro�Wilk test was used to assess the normal-
ity of the distribution of the correlation coefficients
obtained from each single subject. Since the assumption of
normality was confirmed for our data, parametric tests
were used to perform statistical analysis of FNC. One-sam-
ple t-tests were used to define significant within-group cor-
relations for controls and patients with PN, separately.
Between-group differences of FNC were then assessed
using ANOVA models, both at an uncorrected and at a
false discovery rate (FDR) threshold, as implemented in
the FNC toolbox [Jafri et al., 2008).

RESULTS

Structural MRI

The main brain structural MRI findings from healthy
controls and patients with PN are reported in Table I.
Nonspecific hyperintense T2 lesions were identified in 7
patients with APN and 6 patients with HPN. CC area dif-
fered significantly between study groups and was
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significantly decreased in patients with APN versus
healthy controls (P ¼ 0.008). ICV and regional GM vol-
umes (evaluated using VBM) did not differ between study
groups. T2 LV was significantly correlated with age (P ¼
0.009, r ¼ 0.69) in APN, but not in patients with HPN. In
patients with APN, T2 LV was also significantly correlated
with CC area (P ¼ 0.04, r ¼ �0.58).

Intrinsic Brain FC in RSNs (FC Analysis)

The analysis of RS fMRI detected 11 spatial maps of
potentially relevant RS networks, including those related
to sensorimotor areas (sensorimotor I and II, R2 with the
template of the sensorimotor network ¼ 0.36 and 0.21,
respectively), primary and secondary visual cortical areas
(R2 with the templates of the primary and secondary vis-
ual networks ¼ 0.47 and 0.35, respectively), and primary
and secondary auditory areas (R2 with the template of the
auditory network ¼ 0.63). We also detected two compo-
nents related to the DMN (R2 with the template of the
DMN ¼ 0.51 and 0.39, respectively), one related to the ex-
ecutive control network (ECN) (R2 with the template of
the ECN ¼ 0.51), one related to the SN (R2 with the
template of the SN ¼ 0.26), and two related to the WMNs
(R2 with the templates of the left and right WMN ¼ 0.29
and 0.28, respectively) (Fig. 1). All these components were
stable across multiple runs of IC decomposition (stability
index assessed by ICASSO ranged from 0.94 to 0.98).

The results of between-group comparisons of RS FC in
all RSNs with potential functional relevance among study
groups are shown in Table II, and in Figures 2 and 3.
Compared with controls, patients with APN showed
several clusters of decreased FC in the majority of the
RSNs, including the sensorimotor (right precentral gyrus),
secondary visual (right fusiform gyrus), auditory (right
superior temporal pole), SN (right inferior frontal gyrus
[IFG]), and left WMN (posterior cingulate cortex [PCC]).
Compared with controls, HPN patients showed a
decreased FC of the right postcentral gyrus of the sensori-
motor I, right fusiform gyrus of the secondary visual, and
right IFG of the SN.

Both groups of patients also showed several clusters of
increased FC compared to controls, including the right
precuneus (sensorimotor I), left calcarine cortex (primary
visual), left middle temporal gyrus (MTG) (auditory), pre-
cuneus/PCC (DMN), dorsolateral (DL) prefrontal cortex
(PFC) (ECN), and several frontal regions (left WMN). In
addition, compared to controls, patients with HPN also
experienced an increased FC of the left insula (SN).

Compared to HPN, APN also had a decreased FC of the
right precentral gyrus (sensorimotor I), left inferior occipi-
tal gyrus (secondary visual), and DLPFC (ECN), as well as
an increased FC of the left precuneus/PCC (DMN).

The results of between-group comparisons of RS FC did
not change when including age as a confounding covariate
(data not shown).

Intrinsic Brain Connectivity Among RS Networks

(FNC Analysis)

Results of FNC analysis are shown in Figure 4 and
Table III, which report significant correlations among RS
networks in healthy controls and patients with PN, sepa-
rately, as well as significant differences of correlations
between groups. An increased FNC was found in both
patients with APN and patients with HPN versus healthy
controls, whereas the opposite was never observed.

Compared to healthy controls, patients with APN
showed a higher inter-network connectivity between the
sensorimotor I and the secondary visual RSN. Compared
to both healthy controls and patients with APN, patients
with HPN showed an increased FNC of the sensorimotor
II with the auditory and the SN. Finally, compared to
healthy controls, patients with HPN also experienced an
increased FNC of the sensorimotor I with the sensorimotor
II and auditory networks, as well as between the primary
visual and auditory networks.

RS FC Correlation Analysis

Correlations between RSN abnormalities and clinical
and conventional MRI findings in the two groups of
patients are summarized in Table IV. In APN, significant
correlations were found between:

• disease duration and increased RS FC of the ECN, L
WMN, and DMN;

• TNSc score and decreased RS FC of the sensorimotor
network II, secondary visual RSN, as well as increased
RS FC of the DMNs;

• CC area and decreased RS FC of the sensorimotor I
network as well as with increased RS left WMN.

In patients with HPN, significant correlations were
found between:

• disease duration and increased RS FC of the sensori-
motor network I, ECN and DMN, as well as with
decreased RS FC of the secondary visual RSN.

DISCUSSION

By applying a whole-brain, unbiased analysis to investi-
gate abnormalities of RSN FC and FNC in patients with
PN, we sought to explore brain function following periph-
eral nervous system damage and whether age at onset of
the clinical manifestations has an influence on it. Previous
studies focused their analysis on the sensorimotor network
and applied active stimulations. One of the main strengths
of this study is the use of RS brain fMRI, which allowed
us to avoid confounding effects associated to the use of
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active fMRI paradigms, which are biased by between-sub-
ject differences in task performance.

Overall, we found that, in patients with PN, RS FC pat-
terns are characterized by: (a) the concomitant presence of
areas of increased and decreased FC in comparison to
healthy controls; and (b) an extent beyond the sensorimo-
tor network and the involvement of other sensory and
cognitive networks. Some of these findings differ between
patients with HPN and those with APN and are related to
disease duration, suggesting that they might reflect an
adaptive mechanism, which takes time to occur.

Using ICA, we identified 11 potentially relevant RSNs
both in healthy controls and in patients with PN. As

expected from previous task studies (e.g., active and pas-
sive index finger movements) [Reddy et al., 2001, 2002],
both groups of patients showed significant RS FC abnor-
malities of the sensorimotor network, characterized by a
decreased FC of the right precentral gyrus (which was
more pronounced in patients with APN), and an increased
RS FC of the precuneus. The notion that in patients with
PN, the nondominant (right) primary sensorimotor cortex
might harbor more severe abnormalities than the domi-
nant (left), probably reflecting long distance connectivity
changes, is in line with the results of previous studies in
this condition [Reddy et al., 2001, 2002] and complex re-
gional pain syndromes [Maihofner et al., 2007]. These

Figure 1.

Spatial maps, combined across groups, of potentially functionally-

relevant RSNs from the cohort of healthy subjects and patients

with PN (t contrasts thresholded for positive values; ANCOVA

models, P < 0.05 family-wise error corrected for multiple com-

parisons): (A, B) sensorimotor networks; (C) primary visual

network; (D) secondary visual network; (E) auditory network;

(F, G) default mode network; (H) executive control network;

(I) salience network; (J) right fronto-parietal working memory

network; and (K) left fronto-parietal working memory network.

Images are in neurological convention.
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studies found a decreased lateralization index in patients
when contrasted to healthy controls. It is worth noting a
previous suggestion that a modification of right motor cor-
tex recruitment might have a potentially adaptive role in
patients with PN [Reddy et al., 2001, 2002]. However, the
correlation we found between decreased FC of this region
and the severity of clinical impairment goes against such a
hypothesis. The precuneus, which showed an increased
FC in both patient groups, has cortico-cortical connections
with several areas of the frontal lobe, which are thought to
play a pivotal role in the visual guidance of hand move-
ments (see [Cavanna and Trimble, 2006] for a review of
the precuneus functions). Other reciprocal cortical connec-
tions, which contribute to the integration of auditory,
somatosensory and visual information, involve parieto-
occipital visual areas and the temporo-parietal-occipital
cortex [Cavanna and Trimble, 2006].

The first important finding of our study is the demon-
stration that RS FC abnormalities in patients with PN in

comparison to healthy controls are not limited to the sen-
sorimotor network, but also involve the visual and audi-
tory networks. Notably, for both these networks, patients
with PN not only showed a decreased, but also an
increased RS FC compared to healthy controls. In addition,
the analysis of FNC showed an increased coherence of
function between the sensorimotor and these two net-
works in patients with PN versus controls, which was
more pronounced in patients with HPN. This suggests
that an abnormal function of the sensorimotor network
(secondary to the peripheral damage) might modulate its
connectivity with other sensory modalities. Clearly, one of
the main issues with such a finding is whether this
phenomenon reflects an adaptive and potentially compen-
satory mechanism in these patients, or, conversely, a more
global CNS dysfunction. The notion that damage to a sen-
sory modality can be associated with an extensive rewiring
of cortico-cortical connections between the affected system
and other large-scale sensory networks has been studied

TABLE II. Differences between HC, patients with APN and HPN in resting state functional connectivity of all

networks with potential functional relevance

Comparison RS network Brain region BA MNI space coordinates t values k

HC versus APN Sensorimotor I R precentral 6 48, �10, 48 4.1a 17
Sensorimotor II R precentral 4 60, �2, 42 3.97 20

Secondary visual RSN R fusiform gyrus 19 42, �62, -18 4.4a 26
Auditory RSN R superior temporal pole 38 38, 8, -24 5.0a 31

SN R IFG 45 55, 22, 12 4.0a 36
L WMN L PCC 23 �4, �36, 38 3.90 23

HC versus HPN Sensorimotor I R postcentral 2 20, �44, 62 3.30 25
Secondary visual RSN R fusiform gyrus 37 36, �58, �10 4.0a 10

SN R IFG 47 40, 22, �10 3.20 13
APN versus HC Sensorimotor I R precuneus 5 10, �50, 48 3.50 16

Primary visual RSN L calcarine cortex 17 �4, �70, 14 3.80 24
Auditory network L MTG 21 �56, 2, �10 3.8a 12

DMN L precuneus/PCC 23 �10, �62, 32 4.4a 15
DMN II L precuneus/PCC 23 �12, �56, 20 3.7a 18

R precuneus/PCC 23 14, �54, 28 3.20 19
ECN L DLPFC 46 �38, 42, 24 4.3a 23

L WMN L SFG 9 �22, 38, 46 3.20 15
HPN versus HC Sensorimotor I R precuneus 5 6, �46, 56 3.20 21

Primary visual RSN L calcarine cortex 17 �2, �88, 4 3.20 32
Auditory RSN L MTG 21 �60, 2, �10 3.60 10

DMN II L precuneus/PCC 32 �8, �58, 32 3.4a 68
ECN R DLPFC 46 42, 52, 10 3.7a 12
SN L insula 13 �42, 2, �2 4.1a 14

L WMN L DLPFC 46 �38, 32, 34 3.70 22
APN versus HPN DMN L precuneus/PCC 7 �6, �76, 46 4.4a 49
HPN versus APN Sensorimotor II R precentral gyrus 4 50, �10, 44 3.70 12

Secondary visual RSN L inferior occipital gyrus 18 �16, �100, �8 4.1a 13
ECN R DLPFC 46 30, 50, 18 3.7a 12

ANCOVA model adjusted for regional grey matter volume, P < 0.001 uncorrected, cluster extent k¼10 voxels.
L, left; R, right; MNI, Montreal Neurological Institute; DMN, default mode network; ECN, executive control network; SN, salience net-
work; WMN, working memory network; BA, Brodmann area; ITG, inferior temporal gyrus; MTG, middle temporal gyrus; PCC, poste-
rior cingulate cortex; DLPFC, dorsolateral prefrontal cortex; IFG, inferior frontal gyrus.
aP < 0.05, FWE corrected at a cluster level.
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extensively in blind and deaf subjects [Merabet and Pasc-
ual-Leone, 2010]. Indeed, multisensory integration is
thought to provide the redundancy of cues that enhances
perceptual accuracy and accounts for compensatory behav-
iors that may follow the loss of sensory modalities [Mera-
bet and Pascual-Leone, 2010]. In Braille readers blind from
the birth, it has been reported that there is visual cortex
activation following somatosensory stimulation of the fin-
gers during Braille reading [Sadato et al., 1996], an expan-
sion of the cortical finger representation [Pascual-Leone
and Torres, 1993], and a signal alteration in the auditory

cortex consistent with a more efficient processing [Stevens
and Weaver, 2009]. Similar findings have been described
in deaf people, who showed an activation of auditory cort-
ical areas during tactile, language and visual processing
tasks [Merabet and Pascual-Leone, 2010]. In our previous
study of patients with hereditary optic neuropathy [Rocca
et al., 2011], we found concomitant abnormalities of RS
FC, with regions of increased as well as regions of
decreased FC, at the level of the visual and auditory net-
works, suggesting an interplay between these two net-
works even in the absence of stimulation. Notably, these

Figure 2.

Between-group differences (P < 0.001, uncorrected for illustra-

tive purposes only) in the spatial patterns of RS FC among

patients with PN and healthy controls. (A) sensorimotor net-

works; (B) visual and auditory networks; (C) default mode net-

work; (D) salience network; (E) executive control and left

working memory networks. Brain regions and MNI coordinates

of peaks of each detected cluster are also reported. Orange-

codes: clusters of increased RS FC in patients with APN versus

controls; red-codes: clusters of increased RS FC in patients with

HPN versus controls; light blue-codes: clusters of decreased RS

FC in patients with APN versus controls; and green-codes: clus-

ters of decreased RS FC in patients with HPN versus controls.

Clusters deriving from homologous networks (e.g., sensorimo-

tor network I and II) are represented using the same colors.

Images are in neurologic convention. L, left; R, right; MTG, mid-

dle temporal gyrus; IFG, inferior frontal gyrus; SFG, superior

frontal gyrus; DLPFC, dorsolateral prefrontal cortex; PCC, pos-

terior cingulate cortex.
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Figure 3.

Bar plots showing average Z-scores and standard deviations of

each significant cluster of between-group difference shown in

Figure 2. (A) sensorimotor networks; (B) visual and auditory

networks; (C) default mode network; (D) salience network; (E)

executive control and left working memory networks. Orange

bars represent clusters of increased RS FC in patients with APN

versus controls; red bars represent clusters of increased RS FC

in patients with HPN versus controls; light blue bars represent

clusters of decreased RS FC in patients with APN versus con-

trols; and green bars represent clusters of decreased RS FC in

patients with HPN versus controls. L, left; R, right; MTG, middle

temporal gyrus; IFG, inferior frontal gyrus; SFG, superior frontal

gyrus; DLPFC, dorsolateral prefrontal cortex; PCC, posterior

cingulate cortex.



abnormalities of function were associated, for the major-
ity of the areas, with abnormalities of structure within
the visual and auditory cortices. A recent single-case
study showed extensively increased structural connec-
tions between the auditory and secondary somatosen-
sory cortex in the lesioned hemisphere of a patient with
acquired auditory-tactile synesthesia [Ro et al., 2012].

Consistent with findings in sensory deprivation condi-
tions [Merabet and Pascual-Leone, 2010] showing that the
brain is more receptive to change during an early period,
we found that abnormalities of RS FC and FNC were
prominent in patients with HPN versus those with APN.
Such an enhanced plasticity might explain the slower pro-
gression of overt clinical deficits in the former group.

The second important result of our analysis is that RS
FC modifications in both APN and HPN also extended to
several cognition-related networks, comprising the DMN,
ECN, SN, and left WMN. Also in this case, compared to
controls, patients mostly had an increased RS FC of sev-
eral critical nodes of the networks, such as the precuneus/
PCC, DLPFC, and SFG. All these high-order areas are
thought to act as sources of the modulatory signals that
influence more posterior sensory areas [Macaluso and
Driver, 2001]. The correlations we found between the
increased RS FC of these regions and disease duration in
both groups of patients, as well as with better clinical per-
formance (as quantified by the TNSc) in patients with
APN suggest that modifications of connections of ‘‘critical’’

Figure 4.

Diagram showing RSNs with a significantly different pair-wise

connectivity among healthy controls, patients with APN and

HPN, as assessed using functional network connectivity (FNC)

analysis (P < 0.05, false discovery rate corrected). Dotted

arrows indicate increased network connectivity in patients with

APN versus controls; continuous arrows indicate increased net-

work connectivity in patients with HPN versus controls, bold

arrows refer to connections that are increased in HPN not only

versus controls, but also versus patients with APN. L, left; R,

right; WMN, working memory network; SN, salience network;

ECN, executive control network; DMN, default mode network.
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regions might reflect an adaptive mechanism, which takes
time to occur and may help to limit the clinical manifesta-
tions of peripheral nervous system damage. At present,
the effect of PN on cognition-related networks has not
been studied; however, preliminary data support the
notion that an altered peripheral sensation might result in
deficits in interpreting another person’s action [Bosbach
et al., 2005]. The analysis of FNC did not detect any modi-
fication of connectivity between the sensory and the cogni-

tive RSNs, apart from an increased connectivity between
the sensorimotor and the SN in patients with HPN versus
the other study groups. The SN, which includes the
fronto-insular circuit and the anterior cingulate cortex, is
supposed to contribute to the integration of highly proc-
essed sensory stimuli with visceral and autonomic infor-
mation to guide subjects’ behavior [Seeley et al., 2007].
Clearly, the major issue here is whether changes of inter-
network connectivity are compensatory or rather reflect a

TABLE III. Within-group correlation coefficients (R) among RSNs with potential functional relevance in HC and

patients with APN and HPN assessed with FNC analysis

RSN pair: correlation

HC Pa APN Pa HPN Pa
APN vs. HC HPN vs. HC HPN vs. APN

Between And Pb Pb Pb

Sensorimotor I Sensorimotor II 0.33 0.008 0.53 <0.001 0.57 <0.001 — 0.02 —
Primary visual network — — 0.33 0.01 0.34 <0.001 — — —

Secondary visual network 0.25 0.02 0.48 <0.001 — — 0.04 — —
Auditory network 0.26 0.05 0.51 <0.001 0.59 <0.001 — 0.01 —

SN 0.27 0.003 0.30 0.006 0.42 <0.001 — — —
L WMN — — �0.21 0.02 �0.27 <0.001 — — —

Sensorimotor II Primary visual network — — — — 0.24 0.01 — — —
Secondary visual network 0.27 0.004 0.44 <0.001 0.30 0.01 — — —

Auditory network 0.35 0.003 0.43 0.003 0.64 <0.001 — 0.005 0.05

ECN — — — — 0.22 0.04 — — —
SN 0.30 <0.001 0.31 0.01 0.52 <0.001 0.92 <0.001 0.03

R WMN �0.19 0.001 — — �0.07 — — — —
L WMN �0.30 <0.001 �0.32 0.003 �0.31 0.001 — — —

Primary visual
network

Secondary visual network 0.32 0.001 0.45 0.01 0.32 0.01 — — —
Auditory network — — — — 0.32 <0.001 — 0.005 —

DMN 0.32 <0.001 — — 0.39 <0.001 — — —
DMN II 0.16 0.01 — — — — — — —

ECN — — 0.19 0.03 — — — — —
Secondary visual

network
Auditory network 0.22 0.04 0.47 <0.001 0.38 <0.001 — — —

DMN — — 0.23 0.01 0.22 0.01 — — —
L WMN — — �0.16 0.02 — — — — —

ECN 0.26 0.001 0.27 0.03 0.38 <0.001 — — —
SN 0.52 <0.001 0.55 <0.001 0.62 <0.001 — — —

R WMN �0.17 0.01 — — — — — — —
L WMN �0.24 0.001 �0.26 0.005 �0.36 <0.001 — — —

DMN DMN II 0.50 <0.001 0.48 <0.001 0.50 <0.001 — — —
SN �0.30 <0.001 �0.23 0.01 �0.25 0.02 — — —

R WMN — — 0.13 0.03 — — — — —
L WMN 0.34 <0.001 0.24 0.004 0.26 0.01 — — —

DMN II SN �0.19 0.01 — — �0.30 <0.001 — — —
R WMN 0.25 <0.001 0.20 0.05 0.26 0.01 — — —
LWMN 0.24 0.001 — — 0.31 0.003 — — —

ECN SN 0.37 <0.001 0.37 0.001 0.53 <0.001 — — —
R WMN 0.27 <0.001 — — 0.27 0.009 — — —
L WMN �0.36 <0.001 �0.37 <0.001 �0.42 <0.001 — — —

R WMN L WMN 0.16 0.01 0.31 <0.001 — — — — —

L, left; R, right; DMN, default mode network; SN, salience network; ECN, executive control network; WMN, working memory network.
‘‘—’’ denotes not-significant correlations, or not-significant between-group difference. Significant between-group differences in FNC are
highlighted in bold. Note that, since coefficients are symmetrical (i.e., given two RSNs A and B, correlation between A and B is the
same as that between B and A), they were reported only once.
aOne-sample t-test.
bANOVA (significant P values are surviving false discovery rate correction for multiple comparisons).
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maladaptive mechanism. Although only longitudinal stud-
ies would allow this point to be clarified, the results of a
recent study in patients with synesthesia, which showed
hyperconnectivity between sensory and cognitive networks
in these patients, suggest that there may be a maladaptive
process associated with specific clinical deficits [Dovern
et al., 2012].

Another intriguing finding of this study is the observa-
tion of an abnormal RS FC of the precuneus/PCC that
was found across several RSNs (the sensorimotor, DMN
and WMN) in patients with PN versus healthy controls.
Consistent with its role as a multimodal association area,
this area is among the brain regions with the highest FC at
rest and during different types of active task [Mesulam,
1998]. In addition, a diffusion spectrum imaging study has
shown that, together with other regions of the posterior
medial and parietal cortex, it forms a structural core of the
human brain, which may have an important role in inte-
grating information across functionally segregated brain
regions, and shaping large-scale brain dynamics [Hag-
mann et al., 2008]. Therefore, a modification of FC
strengths of the precuneus/PCC with several modules of
the frontal and temporal lobes might help to explain our
network analysis findings. It is important to note that our
analysis of correlations showed that this was the only area
whose activity had a potentially adaptive role in limiting
the clinical consequences of peripheral nervous system
damage, as suggested by the correlation with TNSc
severity.

We also quantified structural brain damage in our
patients by estimating the amount of brain WM hyperin-
tensities and CC area. Consistent with previous reports in
patients with Charcot-Marie-Tooth disease [Brockmann
et al., 2008; Panas et al., 1998] and CIDP, we found aspe-
cific WM lesions in a relatively large proportion of our

patients. In patients with CIDP, a pattern of lesion appear-
ance and distribution similar to that detected in patients
with multiple sclerosis is well documented [Mendell et al.,
1987; Zephir et al., 2008]. However, none of our patients
had such a pattern and we think that the observed abnor-
malities in our patients are likely due to aging (as also
suggested by the correlation found between age and T2
LV in patients with APN). Unexpectedly, we found a sig-
nificant CC atrophy in patients with APN versus healthy
controls. Data on CNS atrophy in these patients are scant.
A previous study [Laura et al., 2005] described atrophy of
the cervical cord in 10 patients with CIDP versus matched
healthy controls, while atrophy of the whole brain, or of
selected brain regions/structures, has never been investi-
gated. The correlation found between the CC area and
brain T2 LV supports secondary degeneration as a poten-
tial factor explaining CC atrophy. Further investigations
are nonetheless required to confirm these results. Impor-
tantly, in patients with APN, CC atrophy was related to
decreased RS FC of the right precentral gyrus of the senso-
rimotor network and increased RS FC of the left SGF of
the WMN. This suggests that structural damage to the CC
might affect inter-hemispheric connectivity of the sensori-
motor network in these patients, and modulate rewiring of
other networks that may play a compensatory role.

Clearly, this study has some limitations. First, is the rela-
tively small sample sizes and the heterogeneous clinical
characteristics of the subjects enrolled, which probably
prevented us from obtaining significant correlations at a
corrected statistical threshold. In addition, this did not
allow us to address the influence of disease etiology (e.g.,
axonal vs. demyelinating) on our findings. Second, it was
a cross-sectional study, and therefore provided us with
only a snapshot of the processes at work in our patients,
and did not allow to assess whether these processes are

TABLE IV. Correlations (P < 0.001) between measures of functional connectivity of RSNs with potential functional

relevance with clinical and structural MRI findings in patients with APN and HPN

Acquired peripheral neuropathy Hereditary peripheral neuropathy

RS network Regions r RS network Regions r

Disease duration ECN L DLPFC 0.89 ECN R DLPFC 0.87
DMN L precuneus 0.89 DMN L precuneus 0.89

L WMN L SFG 0.92 — — —
— — — Sensorimotor I Right precuneus 0.90
— — — Secondary visual Right fusiform �0.84

TNSc Sensorimotor II R precentral gyrus �0.90 — — —
Secondary visual R fusiform �0.71 — — —

DMN L precuneus 0.89 — — —
DMN II R precuneus 0.82 — — —

CC area Sensorimotor I R precentral gyrus 0.86 — — —
L WMN L SFG �0.74 — — —

DMN, default mode network; ECN, executive control network; WMN, working memory network; L, left; R, right; IFG, inferior frontal
gyrus; DLPFC, dorsolateral prefrontal cortex; SFG, superior frontal gyrus; TNSc, clinical total neuropathy score; CC, corpus callosum.

r Rocca et al. r

r 524 r



dynamic over time. Finally, to address our working
hypotheses, we used a purely data-driven approach to
connectivity analysis. This provided a way of selecting
future models more empirically, in studies for testing spe-
cific hypotheses, using regions-of-interest or seed based
approaches (e.g., by selecting the precuneus to study FC of
the whole brain or of a subset of brain areas of interest).
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