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A B S T R A C T

Objectives: To assess whether there is mid-term reorganization in brain networks connectivity after Carotid
Endarterectomy (CEA) using resting state functional connectivity Magnetic Resonance (fc-rsMR), with a special
focus on the Default Mode Network (DMN).
Materials and methods: In this prospective exploratory study, 14 asymptomatic consecutive patients (10 males
and 4 females, mean age 73.5) with unilateral, significant ICA stenosis eligible for CEA according to European
Society for Vascular Surgery guidelines were prospectively recruited. The week before CEA procedure, each
patient underwent both neurocognitive and rs-fcMR evaluations on the same day; the neurocognitive test
consisted on a Mini Mental State Examination (MMSE). The same neurocognitive test and rs-fcMR examination
were repeated on follow-up between 3–6 months after CEA. MMSE scores were compared using paired T-Student
Test. Rs-fcMR Region Of Interest (ROI-to-ROI) and Seed-to-voxel group analysis were conducted using the CONN
toolbox v18 and the SPM 12 software.
Results: Patients showed improvements in MMSE scores from before to after CEA (p-value= 0.0001). ROI-to-
ROI analysis revealed several statistically significant connectivity changes following CEA, both in terms of po-
sitive and negative correlations; Seed-to-Voxel focusing on DMN revealed increased connectivity between medial
prefrontal cortex (mPFC) and three different clusters of voxels.
Conclusions: CEA procedure is associated with an improvement in neurocognitive performance (according to
MMSE testing) and reorganization of functional connectivity, including the DMN. These results represent a
starting point in order to design further studies for a better understanding of the reorganization of brain net-
works following CEA, and to investigate the potential role of CEA as a therapeutic procedure for cognitive
impairments in selected patients with critical ICA stenosis.

1. Introduction

Stroke is one of the leading causes of morbidity and mortality
worldwide. In the first years of the 21st century, the age-standardized
incidence of stroke in Europe was between 95–290 cases / 100,000
people per year, and it is estimated that by 2025 approximately 1.5
million people will suffer of stroke every year [1]. Large vessel ather-
osclerosis is an important risk factor for stroke and Transient Ischaemic

Attack (TIA), in particular extracranial internal carotid artery athero-
sclerosis [2]. The recent European Society of Cardiology (ESC) guide-
lines on peripheral artery disease [3] report that 10–15% of all strokes
are caused by thromboembolism from 50 to 99% stenosis of internal
carotid arteries (ICA). According to these guidelines, ICA stenosis
treatment is required to reduce risk of stroke/TIA, and the treatments of
choice are Carotid Endarterectomy (CEA) and Carotid Artery Stenting
(CAS), which should be considered for asymptomatic patients with
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60–99% stenosis and symptomatic patients with 50–99% stenosis.
Plaque composition must be taken in count, even if its role still not
standardized [4].

CEA is an open surgery technique, CAS is an endovascular tech-
nique, and both of them have their own advantages and disadvantages
[3]. A recent meta-analysis by Sardar P et al. [5] showed that CEA and
CAS showed similar rates of periprocedural death, stroke, myocardial
infarction and non-periprocedural ipsilateral stroke, but the risk of
long-term of overall stroke was lower in patients who underwent on
CEA as compared to those who underwent CAS, even if CEA was as-
sociated with higher risk of facial nerve palsy and periprocedural
myocardial infarction when compared to CAS.

It is also known that both asymptomatic and symptomatic carotid
stenosis are associated with cognitive impairment, with chronic cere-
bral hypoperfusion and silent infarctions being the main responsible
factors [6]. Different studies using various neurocognitive tests in-
vestigated the effects of CEA and/or CAS [7–12] and suggest that these
procedures are associated with an improvement in cognitive perfor-
mance in the short- and long-term (between 3 months and 3 years
depending on the study).

Resting-state functional connectivity Magnetic Resonance (rs-fcMR)
is an MR technique used to study the brain function in humans. It relies
on blood-oxygen level-dependent (BOLD) signal differences generated
by spontaneous neuronal activity during resting state [13]. Some re-
searchers already applied this technique to study functional con-
nectivity in patients with asymptomatic ICA stenosis [14–17], and to
assess the effects of CAS and aggressive medical therapy [18,19]. In
particular, Lin C-J et al. [14] demonstrated that patients with asymp-
tomatic unilateral ICA stenosis (≥ 70%) showed reduced connectivity
in different brain networks including the Default Mode Network
(DMN), a well-known and defined brain network activated in the
resting state, when a person is not focusing on the outside world but just
resting [20,21]). Another study showed that DMN showed increased
connectivity following CAS [18].

In this exploratory study, we investigated the mid-term effects of
CEA both on cognitive function using a neuropsychological test and
resting state functional connectivity changes, focusing in particular on
the connectivity of DMN.

2. Materials and methods

The study was designed as a prospective pilot study; according to its
exploratory intent, its intent was to recruit at least 12 consecutive pa-
tients, according to Joulious SA [22]. The ethical committee approved
the study. All the patients gave their written informed consent before
enrollment. Fourteen consecutive asymptomatic patients, 10 males and
4 females (age between 65 and 82 years; mean age: 73.5 years; mean
age for male group: 74.4 years; mean age for female group: 71.25 years)
were recruited between January 2017 and December 2017 at the Uni-
versity Hospital of Cagliari (Italy) (Table 1). All the patients had a
unilateral ICA stenosis with surgical indication for CEA according to the
guidelines of the European Society for Vascular Surgery [23]. Exclusion
criteria were as follows: a) patients who were not right-hand dominant;
b) severe systemic inherited or acquired diseases in medical history (in
particular history of severe psychiatric/neurological conditions and/or
major stroke), except cognitive dysfunction; c) contraindications to MR
examinations; d) presence of functional disability (values ≥2 according
to modified Rankin scale [24]); e) patients with significant pathology
revealed during MR examination.

All the patients undeerwent the Italian version of Mini Mental State
Examination (MMSE) corrected according to age and schooling [25,26]
in the week prior to the CEA. On the same day, a non-contrast rs-fcMR
scan was performed using a 1.5 T (peak amplitude 33m T/m, slew rate
160m T/m/ms) Philips “Achieva dStream” scanner (Philips, Best,
Netherland), with a 32 channels head coil.

The dedicated MR scan protocol included three sequences: a) a 3D

Fluid Attenuated Inversion Recovery (FLAIR), TE= 292.283ms,
TR=4800ms, Inversion Time=1660ms, flip angle 90°, slice thick-
ness= 1mm); b) a structural 3D T1-weighted Turbo Field Echo (TFE)
(TE=3.43ms, TR=7.5ms, flip angle= 8°, slice thickness= 1mm,
spacing between slices= 1mm); c) a resting state functional T2
weighted Echo-Planar Imaging (EPI) sequence (TE= 50ms;
TR=3000ms; flip angle= 90°; slice thickness= 5mm; matrix:
80× 80; volumes acquired: 326). Patients were accurately instructed
by a radiologist to follow technologist’s instructions during MR ex-
amination, and the recommendation of not thinking neither sleeping
was given to them by the radiologist before the beginning of the resting
state EPI sequence.

The presence of significant pathology such as acute lacunar and/or
territorial infarction, chronic territorial infarction or other incidental
findings like intra- or extra-axial neoplastic lesions, inflammatory or
infective diseases, was ruled out in all patients. On the contrary, the
presence of hyperintense lesions on FLAIR sequences suggestive for
leukoaraiosis and/or chronic lacunar infarctions was not considered an
exclusion criterion because they are common findings in patients with
significant ICA stenosis and they are often clinically asymptomatic [27].
All the scans were interpreted negative for the presence of significant
pathology, and no subjects were excluded from the analysis.

None of the patients suffered any procedural or peri-procedural
complications after CEA, and the clinical course was uneventful. A
follow-up MMSE and MR scan using the same protocol were performed
on the same day between 3 and 6 months after surgical procedure
(mean follow-up time: 4.2 months); the MRI examinations did not re-
veal any morphological change of brain structures (for example is-
chemic infarction) when compared to the baseline MRI. Both the
baseline and follow-up MR examinations were analyzed by two neuro-
radiologists (MP and PG, 5 and 4 years of radiological experience, re-
spectively).

2.1. MMSE scores analysis

The normal distribution of the Pre-CEA and Post-CEA MMSE scores
was tested using the Kolmogorov-Smirnov Z test, with the statistically
significance threshold set at a p-value<0.2. The Pre-CEA and Post-CEA
MMSE scores were then compared using paired samples t-tests, and a p-
value threshold<0.05 was considered for statistically significance. All
p-values were calculated using a two-tailed significance level. Both the
Kolmogorov-Smirnov Z tests and the paired samples t-test were per-
formed with the SPSS 24 statistical package (SPSS Inc, Chicago, IL).

2.2. Rs-fcMR analysis

The connectivity analysis was performed with the CONN-fMRI fc

Table 1
Demographic data of the study population.

Patients Age at the
moment of
recruitment

Sex Side
treated

MMSE*
score before
CEA

MMSE*
score after
CEA

Patient 1 72 Male Left 27.7 27.7
Patient 2 65 Male Right 18.9 22.9
Patient 3 76 Female Left 24.3 25
Patient 4 76 Female Right 26 26
Patient 5 75 Male Left 22 28
Patient 6 72 Female Left 12.7 23.7
Patient 7 77 Male Right 24 26
Patient 8 80 Male Right 22.4 28.4
Patient 9 81 Male Right 18.4 27.4
Patient 10 70 Male Left 20.4 23.4
Patient 11 82 Male Left 14.4 20.4
Patient 12 76 Male Right 22.3 24.7
Patient 13 61 Female Right 20 23.7
Patient 14 66 Male Left 16 20.4
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toolbox v18a [28] in conjunction with SPM 12 (Wellcome Department
of Imaging Neuroscience, London, UK; http://www.fil.ion.ucl.ac.uk/
spm/). The CONN toolbox is able to perform seed-based correlation
analysis according to the low-frequency, temporal fluctuations of BOLD
signals. All the structural and functional sequences (14 pre-CEA and 14
post-CEA) were preprocessed using the CONN’s default pipeline for
volume-based analysis following these steps:

1 Functional realignment and unwarping (subject motion estimation
and correction);

2 Functional center to (0,0,0) coordinates (translation);
3 Functional slice-timing correction ;
4 Functional outlier detection using intermediate settings, i.e. 97th

percentile in normative sample in functional outlier detection
system with Global-signal z-value threshold=5 and Subject-motion
mm threshold= 0.9

5 Functional direct segmentation (simultaneous grey matter / white
matter / cerebrospinal fluid) and normalization to Montreal
Neurological Institute (MNI) adopting default Tissue Probability
Maps with target resolution= 2mm;

6 Structural center to (0,0,0) coordinates (translation);
7 Structural segmentation (simultaneous grey matter / white matter /
cerebrospinal fluid) and normalization to MNI space adopting de-
fault Tissue Probability Maps with target resolution= 2mm;

8 Functional smoothing (8mm full width half maximum Gaussian
kernel filter).

Similarly to Rongfeng et al. [29], the first 10 volumes of functional
sequences were excluded from analysis so that magnetization could
reach steady state and patients could adapt to the MR scanner noise.
Further, similarly to Fallon et al. [30] a motion artefact threshold
(translation>3mm, rotation>1°) was applied as exclusion criteria to
motion parameters derived from realignment, but no patients displayed
gross movements and therefore no patients were excluded from the
analysis. BOLD signals from ventricular system and cerebral white
matter were removed exploiting the principal component analysis of
multivariate BOLD signal within each of these masks [28].

Subsequently, BOLD data underwent a denoising process applying a
band-pass filter (0.008 to 0.09 Hz) in order to reduce both noise effects
and low frequency drift.

Two different rs-fcMR analyses were then performed: a) Regions of
Interest to Region of Interest (ROI-to-ROI) and b) Seed-to-Voxel ana-
lysis. For both the Seed-to-Voxel and ROI-to-ROI analyses, individual
correlation maps throughout the whole brain were generated extracting
the mean resting-state BOLD time course from each single seed (in
terms of ROI) and calculating the correlation coefficients with the BOLD
time-course of each voxel (Seed-to-Voxel) or other seeds (ROI-to-ROI).
These correlations were obtained by applying the General Linear Model
(GLM) and bivariate correlation analysis weighted for Haemodynamic
Response Function (HRF): higher Z-scores indicate positive correlations
between ROIs, (i.e. increased functional connectivity reflected by in-
creased BOLD signal time series synchronization), whereas lower Z-
scores indicate negative correlations (i.e. decreased connectivity and
decreased synchronicity between or between different ROIs or ROIs and
voxels). Fisher’s transformation was then applied to all Z-scores derived
from bivariate correlations, and correlation coefficients were converted
into standard scores. These maps were obtained in the first-level ana-
lysis of the CONN’s pipeline adopting CONN’s default atlas for the de-
finition of ROIs: cortical and subcortical ROIs referred to the Harvard-
Oxford atlas [31–34]; cerebellar ROIs according to the Automated
Anatomical Labeling (AAL) atlas [35]; DMN seed ROIs consisted of
10mm diameter spheres and were defined similarly to Fallon N et al.
[30] according to a meta-analysis of DMN functional MR studies by
Laird et al. [36]: precuneus (pC), posterior cingulate cortex (PCC),
ventral anterior cingulate cortex (vACC), medial prefrontal cortex
(mPFC), left middle frontal gyrus (L.MFG), bilateral inferior parietal

lobule (R/L.IPL) and bilateral middle temporal gyrus (R/L.MTG)
(Table 2).

In the second level analysis of the Conn’s pipeline (group analysis),
the differences of connectivity between pre-CEA and post-CEA group
connectivity were measured applying paired T-tests. For the ROI-to-ROI
analysis, p-FDR was set< 0.05 to determine significant correlations
between the components of the DMN and the rest of the brain. Similarly
to previous studies [30,37–39], for the Seed-to-Voxel analysis, voxel-
wise statistics throughout the entire brain was performed for every seed
ROI of the DMN choosing p-uncorrected value< 0.001 before applying
a False Discovery Rate correction to p-value (p-FDR < 0.05).

3. Results

3.1. MMSE scores analysis

The Kolmogorov-Smirnov Z tests confirmed the normal distribution
of both the Pre-CEA and Post-CEA MMSE scores (Pre-CEA MMSE scores’
p-value=0.120, Post-CEA MMSE scores’ p-value=0.124) (Table 3
and Fig. 1a and b). The comparison of the pre- and post-CEA MMSE
scores showed a statistically significant improvement of the cognitive
performance after CEA (p=0.001) (Table 4 and Fig. 1c).

3.2. Rs-fcMR analysis

In ROI-to-ROI analysis, when all the cortical, subcortical and cere-
bellar ROIs of the default CONN’s atlas (but not those of DMN’s com-
ponents) were considered together, 29 statistical significant con-
nectivity changes throughout the brain were found (27 positive and 2
negative correlations) (Table 5 and Fig. 2). When DMN’s ROI’s were
inserted in the analysis, mPFC showed statistically significant increased
synchronicity after CEA in the right Cerebellum Crus 1 and in both the
right and left Cerebellum Crus 2 (Table 6 and Fig. 3); no other DMN
seeds showed statistically significant connectivity changes.

The Seed-to-Voxel analysis revealed that patients after CEA showed
different significant connectivity changes between DMN seed mPFC,
with three different clusters of cortical regions, named A, B and C
(Table 7 and Fig. 4). In cluster A (size of contiguous voxels= 192; p-
FDR=0.0006876), mPFC showed increased connectivity with the

Table 2
MNI (x,y,z) co-ordinates of seed ROIs for DMN [30].

Regions of DMN MNI coordinates (mm)

x y z

Precuneus (pC) −4 −58 44
Posterior cingulate cortex (PCC) −4 −52 22
Ventral anterior cingulate cortex (vACC) 2 32 −8
Medial prefrontal cortex (mPFC) −2 50 18
Left middle frontal gyrus (L.MFG) −26 16 44
Right middle temporal gyrus (R.MTG) 46 −66 16
Left middle temporal gyrus (L.MTG) −42 −66 18
Right inferior parietal lobule (R.IPL) 52 −28 24
Left inferior parietal lobule (L.IPL) −56 −36 28

Table 3
Kolmogorov-Smirnov tests confirmed the normal distribution of both Pre-CEA
and Post-CEA MMSE scores (df= degree of freedom).

Test of Normality - Kolmogorov-Smirnova

Statistic df P-value

Pre-CEA MMSE scores 0.120 14 0.200
Post-CEA MMSE scores 0.124 14 0.200

*This is a lower bound of the true significance.
a Lilliefors Significance Correction.
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Precuneus (cortical region derived from the Harvard-Oxford atlas
[31–34], but not with the DMN seeds [30,36]); in cluster B (size of
contiguous voxels= 112; p-FDR=0.048661), mPFC showed increased
connectivity with the with the right Cerebellum Crus 1, with both the
right and left Cerebellum Crus 2, and with the Vermis 7, similarly to
what observed in ROI-to-ROI analysis; in cluster C (size of contiguous
voxels= 104; p-FDR=0.048661) mPFC showed increased con-
nectivity with the right middle and superior frontal gyri. Also in this
case, no other DMN seeds showed statistically significant connectivity
changes.

4. Discussion

In our study, we found that patients who underwent CEA showed
improvements in MMSE scores and rreorganization of their cerebral
circuits as defined by rs-fcMR. Improvements in MMSE scores are in
agreement with a trend well demonstrated in the literature [7–12]. The
concept underlying this study is that intracerebral blood flow dynamic
changes following CEA result in changes in resting state functional
connectivity that may lead to improvement in the neurocognitive per-
formance.

Fig. 1. Kolmogorov-Smirnov and Student T-tests for the evaluation of paired MMSE scores. a) Normal Q-Q plot of Pre-CEA MMSE scores; b) Normal Q-Q plot of Post-
CEA MMSE scores; c) results of Student T-tests for paired values.
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Table 4
Student T-tests for paired values showing improvement of MMSE scores after CEA (p-value=0.0001), with a Pre-CEA mean average score of 20.67 and Post-CEA
mean average score of 24.83 (N=number of samples; Std deviation= Standard deviation; Std Error mean= Standard error of the mean; t= t-value; df= degree of
freedom).

Paired Samples Statistics

Mean N Std deviation Std Error mean

Post-CEA MMSE 20.67 14 4.32 1.15
Post-CEA MMSE scores 24.83 14 2.60 0.69

Paired Samples Correlations

N Correlation P-value

Post-CEA MMSE and Post-CEA MMSE
scores

14 0.665 0.09

Paired Samples Test Pre-CEA and Post-CEA MMSE scores

Mean Std. deviation Std. Error mean 95% Confidence Interval of the Difference t df p-value (2-tailed)

Lower Upper

Post-CEA MMSE and Post-CEA MMSE scores −4.15 3.23 0.86 −6.02 −2.28 −4.80 13 0.0001

Table 5
Positive and negative correlations derived from ROI-to-ROI analysis (aPaHC=anterior division of parahippocampal cortex;
aSMG=anterior division of supramarginal gyrus; CO= central opercular cortex; PreCG=precentral Gyrus; PP= planum polare;
PO=parietal operculum cortex; FP=Frontal pole; Ver= vermis; AC=anterior division of cingulate gyrus; PC=posterior di-
vision of cingulate gyrus; IC= insular cortex; TP= temporal pole; PaCiG= paracingulate gyrus; MidFG=middle frontal gyrus;
pPaHC=posterior division of parahippocampal gyrus; pMTG=posterior division of middle temporal gyrus; sLOC= superior
division of lateral occipital cortex; HG = Heschl’s gyrus; Caudate=Caudate; Putamen=Putamen; Amygdala=Amygdala;
r= right; l= left).

Positive correlations

Analysis Unit Statistic p-unc p-FDR

aPaHC r -aSMG r T(13)= 5.59 0.0001 0.0066
aPaHC r -CO r T(13)= 5.50 0.0001 0.0066
PreCG l -PP l T(13)= 5.71 0.0001 0.0094
PP l -PreCG l T(13)= 5.71 0.0001 0.0094
aSMG r -aPaHC r T(13)= 5.59 0.0001 0.0115
aPaHC r -PO r T(13) = 4.94 0.0003 0.0118
CO r -aPaHC r T(13)= 5.50 0.0001 0.0133
FP l -Ver6 T(13)= 5.32 0.0001 0.0183
Ver6 -FP l T(13)= 5.32 0.0001 0.0183
PC -AC T(13)= 5.28 0.0001 0.0194
AC -PC T(13)= 5.28 0.0001 0.0194
Putamen l-IC r T(13)= 5.24 0.0002 0.0210
IC r -Putamen l T(13)= 5.24 0.0002 0.0210
TP r -Ver8 T(13)= 5.08 0.0002 0.0275
Ver8 -TP r T(13)= 5.08 0.0002 0.0275
PC -PaCiG r T(13) = 4.53 0.0006 0.0293
PC -FP r T(13) = 4.44 0.0007 0.0293
PO r -aPaHC r T(13) = 4.94 0.0003 0.0341
PO r -aPaHC l T(13) = 4.37 0.0008 0.0341
PO r -TP r T(13) = 4.35 0.0008 0.0341
PaCiG r -PC T(13) = 4.53 0.0006 0.0372
PaCiG r - MidFG r T(13) = 4.53 0.0006 0.0372
pPaHC r -pMTG r T(13) = 4.91 0.0003 0.0374
pMTG r -pPaHC r T(13) = 4.91 0.0003 0.0374
Amygdala r-Caudate r T(13) = -4.91 0.0003 0.0375
aPaHC r -sLOC r T(13) = 4.08 0.0013 0.0420
aPaHC r -PO l T(13) = 3.97 0.0016 0.0420

Negative correlations

Analysis Unit Statistic p-unc p-FDR

Caudate r - Amygdala r T(13) = -4.91 0.0003 0.0375
Caudate r - HG r T(13) = -4.50 0.0006 0.0391
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In 2010, Schaaf et al. [37] studied the effects of CEA on functional
MR, demonstrating that BOLD signal changes immediately after CEA
reflect ameliorated cerebrovascular reactivity, but they did not focus on
brain network changes on rs-fcMR. To our knowledge, this is the first rs-

fcMR study performed in patients who underwent CEA procedure:
differences in resting state functional connectivity were found after
CEA, similarly to the differences observed in a different study after CAS
[19]. The ROI-to-ROI analysis revealed statistically significant changes

Fig. 2. CEA procedure is associated with a reorganization of brain networks in terms of both multiple positive and negative correlations, as evidenced in this
“connectome ring”.

Table 6
mPFC positive correlations as revealed in ROI-to-ROI analysis (p-unc=uncorrected p-value; p-FDR=False Discovery
Rate corrected p-value).

Seed Statistic p-unc p-FDR

Seed mPFC F(3) (11)= 11.68
Intensity= 13.88
Size = 3

0.0010 0.0010

Connections Statistic p-unc p-FDR

mPFC-Cereb2 r T(13) = 4.91 0.0003 0.0300
mPFC-Cereb2 l T(13) = 4.51 0.0003 0.0300
mPFC-Cereb1 r T(13) = 4.46 0.0006 0.0300
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in brain connectivity changes following CEA, and It is reasonable to
envision that the increase in cerebral blood flow following CEA can lead
to a reorganization of the cerebral circuits in the mid-term. In addition,
based on the results of MMSE test, this reorganization may be related to
the observed cognitive improvement.

DMN is one of the most studied cerebral network, and recent re-
searches demonstrate it being involved in cognition [20,21], in parti-
cular self-generated thoughts [38]. For example, a study by Konishi
et al. [39] suggests that DMN could be implied in higher order thoughts
(such as imagining the future or considering the perspective of another
person) because it allows cognition to be shaped by information from
stored representations. Another study by Smith V et al. [40] suggested
that the DMN could encode a scene, episode or context by integrating
spatial, self-referential, and temporal information. According also to the
findings of Lin et al. [14,18], we hypothesized that DMN could be in-
volved in the reorganization of brain networks following CEA, partly
explaining the cognitive improvements observed in these patients.
Seed-to-Voxel analysis focused on DMN seeds evidenced a greater
connectivity of mPFC with other cerebral and cerebellar regions: in
particular three clusters (named A, B and C) showed increased con-
nectivity with mPFC.

Cluster A, the biggest one, consists mainly of voxels from the pre-
cuneus, another DMN network region. Looking carefully at our results,
one could argue that mPFC showed increased connectivity with the
precuneus ROI derived from the CONN’s default Harvard-Oxford atlas
[31–34] but not with that defined by Laird et al. [36]. This incon-
gruence reflects an ongoing debate about the exact definition of
theDMN network ROIs, and it is reasonable to think that there is a real
incremented connectivity between those two areas of DMN despite this
incongruence.

Cluster B consists mainly of voxel from the cerebellum, in particular
Crus I and II, and these results were also confirmed in the ROI-to-ROI
analysis. These results are aligned with the evidence that there is a
cerebro-cerebellar connection between mPFC and cerebellar region
Crus I and II [41].

Cluster C, the smallest one, consisted mainly of voxels within the
right middle and superior frontal gyri. These areas are considered part
of the mPFC, and one possible explanation could be that the same areas
within the mPFC may become hyperconnected.

As mentioned in the introduction, previous studies showed that
patients with asymptomatic ICA stenosis demonstrate reduced con-
nectivity in different brain networks including the Default Mode

Fig. 3. ROI-to-ROI image showing positive correlations between medial pre-
frontal cortex (mPFC) and right cerebellar crus I (Cereb 1 r) and right (Cereb
2 r) and left (Cereb 2 l) cerebellar crus 2.
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Network (DMN) [14,17]. To the best of our knowledge, no study in-
vestigated the effects of CEA on brain networks using rs-fcMR, and our
results can be only compared to those obtained in patients who un-
derwent CAS. It is interesting to observe that a previous study by Lin
et al. [18] revealed that mPFC showed increased connectivity with
posterior prefrontal cortex following CAS combined with aggressive
medical therapy. Even if the design of these studies differ from one
another, it is reasonable to hypothesize a pivotal role for the DMN, and
in particular the mPFC, in the reorganization of the cerebral circuits
after ICA revascularization, independently from the technique adopted
(CEA or CAS). The mPFC is involved in cognitive control [42], and
increased connectivity of this region with other brain’s areas could
explain the improved MMSE scores observed in our study. According to
the important number of brain connections identified in the ROI-to-ROI
analysis, the reorganization may affect not only the cognitive sphere,
but also other human brain functions such as memory, behaviour and
motion.

We ackowledge three major limitations to our analysis. The first one
is the small number of patients invluded in this study: the study was
designed as exploratory, because of the lack of any previous long-
itudinal study investigating the effects of CEA on rs-fcMR. The first goal
was to assess whether there was any brain connectivity changes after
CEA. The second limitation is the absence of comparison with healthy
controls, but previous studies [14–17] already demonstrated different
connectivity patterns between patients with severe asymptomatic car-
otid stenosis and healthy controls on rs-fcMR. The third limitation re-
lates to the lack of an integrated and more specific neuropsychological
analysis: we justify this choice on the basis that previous studies already
demonstrated improvements in neurocognitive performances following
CEA [7–12], and since the research was designed as exploratory, we
used MMSE as a surrogate test for the evaluation of neurocognitive
performance.

5. Conclusions

Our exploratory study showed the presence of the mid-term

reorganization of several functional connectivity networks following
CEA, some of them involving DMN (in particular mPFC), and this re-
oagnization may explain the neurocognitive improvements seen after
the surgical intervention. Our pilot study should be considered a
starting point for further studies using wider populations and different
neurocognitive and psychological tests in order to better understand the
correlation between brain network changes and neurocognitive effects
following CEA. It could represent a starting point to redefine the role of
CEA not only as a procedure for the prevention of stroke, but also for
the therapy for neurocognitive impairment in patients with critical ICA
stenosis.
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