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ABSTRACT

BACKGROUND AND PURPOSE: Alterations of neck vessel cross-sectional area in multiple sclerosis have been reported. Our aim was to
investigate the evolution of the neck vessel cross-sectional area in patients with MS and healthy controls during 5 years.

MATERIALS AND METHODS: Sixty-nine patients with MS (44 relapsing-remitting MS, 25 progressive MS) and 22 age- and sex-matched
healthy controls were examined twice, 5 years apart, on a 3T MR imaging scanner using 2D neck MR angiography. Cross-sectional areas were
computed for the common carotid/internal carotid arteries, vertebral arteries, and internal jugular veins for all slices between the C3 and
C7 cervical levels. Longitudinal cross-sectional area differences at each cervical level and the whole-vessel course were tested within study
groups and between patients with MS with and without cardiovascular disease using mixed-model analysis and the related-samples
Wilcoxon singed rank test. The Benjamini-Hochberg procedure was performed to correct for multiple comparisons.

RESULTS: No significant cross-sectional area differences were seen between patients with MS and healthy controls at baseline or at
follow-up. During the follow-up, significant cross-sectional area decrease was found in patients with MS for the common carotid artery–
ICAs (C4: P � .048; C7: P � .005; whole vessel: P � .012), for vertebral arteries (C3: P � .028; C4: P � .028; C7: P � .028; whole vessel: P �

.012), and for the internal jugular veins (C3: P � .014; C4: P � .008; C5: P � .010; C6: P � .010; C7: P � .008; whole vessel: P � .002). Patients
with MS without cardiovascular disease had significantly greater change than patients with MS with cardiovascular disease for internal
jugular veins at all levels.

CONCLUSIONS: For 5 years, patients with MS showed significant cross-sectional area decrease of all major neck vessels, regardless of the
disease course and cardiovascular status.

ABBREVIATIONS: CCA � common carotid artery; CSA � cross-sectional area; CVD � cardiovascular disease; EDSS � Expanded Disability Status Scale; HC �
healthy controls; HCCVD � healthy controls with cardiovascular disease; HCnoCVD � healthy controls without no cardiovascular disease; IJV � internal jugular vein;
IQR � interquartile range; MSCVD � patients with MS with cardiovascular disease; MSnoCVD � patients with MS without cardiovascular disease; RRMS � relapsing-
remitting MS; PMS � progressive MS; VA � vertebral artery WV � whole vessel; MS � multiple sclerosis; ICA � internal carotid artery

Multiple sclerosis is a chronic immune-mediated inflamma-

tory disease of the central nervous system characterized by

demyelination and neurodegeneration. MS does not seem to be

triggered by a single specific factor, and there is mounting evi-

dence that genetic, environmental, and cardiovascular risk factors

play an important role in the development of the disease.1

Although still elusive, the involvement of the vascular compo-

nent in MS has been investigated across time from different points

of view.2-5 The disruption of the blood-brain barrier and the

perivenular topography of MS lesions are recognized as well-es-

tablished features of MS pathology.2 Furthermore, MS lesions
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have been observed to be most commonly located in watershed

areas of low arterial blood supply,3 while in vitro experiments

revealed that neural ischemia triggers tight junction disruption,

increasing endothelial permeability.4 Recently, alterations of neu-

rovascular coupling have also been reported in terms of impaired

cerebrovascular reactivity.5

In addition, the presence of vascular comorbidities, such as

hypertension, dyslipidemia, diabetes, and heart disease, has been

shown to be associated with more severe disability,6,7 increased

lesion burden,8 higher risk of relapse,9 greater brain atrophy,10,11

and increased risk of stroke and heart failure12 in patients with

MS.

The association of MS with systemic diseases affecting the car-

diovascular system suggests that vascular involvement in the pa-

thology may not be limited to only the neurovascular interface.

Because extracranial structural changes impact intracranial pres-

sure and hemodynamics,13 the investigation of the main routes of

brain blood supply and drainage might help to better understand

the involvement of the vascular component in MS.

In the past 10 years, some studies have investigated internal

jugular vein (IJV) structure and hemodynamics in MS. However,

contrasting results were reported,14-16 and it was not possible to

unequivocally conclude that patients with MS have a higher prev-

alence of IJV abnormalities with respect to healthy individuals. A

recent large study shifted the focus of investigation from neck

veins to the main arterial pathways of brain supply, showing re-

duced cross-sectional area (CSA) of the internal carotid artery and

vertebral artery (VA) in patients with MS compared with healthy

controls (HC).17

No longitudinal studies of neck vessel CSA have been reported

in the literature so far. Thus, it is not clear whether altered neck

vessel CSA is a primary or secondary phenomenon in MS. There-

fore, the aim of this study was to investigate the evolution of ICA,

VA, and IJV CSAs during 5 years in a group of patients with MS

and HC. We also aimed to examine differences in neck vessel CSA

evolution between patients with relapsing-remitting MS (RRMS)

and progressive MS (PMS). Finally, we examined changes in the

CSA across time in relation to cardiovascular comorbidities.

MATERIALS AND METHODS
Study Design and Population
The subjects are part of an ongoing prospective, longitudinal

study of cardiovascular, environmental, and genetic risk factors in

MS.18 At baseline assessment, patients with MS and HC (an ap-

proximately 3:1 ratio) were originally enrolled at our center be-

tween 2009 and 2014.19 The inclusion criteria for this substudy of

cardiovascular, environmental, and genetic factors in MS were the

following: 1) being a patient with RRMS or PMS, according to

the criteria of Lublin and Reingold20 or a healthy control at base-

line examination; 2) 5-year follow-up from initial enrollment in

the cardiovascular, environmental, and genetic study; 3) having

neck MR imaging at baseline and follow-up using the same 3T

scanner and protocol; 4) 18 –75 years of age; and 5) a physical/

neurologic examination within 30 days from the standardized MR

imaging study protocol. Exclusion criteria were the following: 1)

the presence of a relapse and steroid treatment within the 30 days

preceding study entry; 2) pre-existing medical conditions known

to be associated with brain or neck pathology; or 3) pregnancy.

Demographic and clinical information was collected for all

participants. The body mass index was computed for each subject,

and smoking status was recorded. For patients with MS, disability

was quantified with the Expanded Disability Status Scale (EDSS)

by an experienced neurologist. Furthermore, both MS and HC

groups were split into 2 subgroups (ie, patients with MS with and

without cardiovascular disease [MSCVD and MSnoCVD], healthy

controls with and without cardiovascular disease [HCCVD and

HCnoCVD]). Subjects who presented with hypertension and/or

heart disease and/or hyperlipidemia and/or diabetes were classi-

fied as subjects with cardiovascular disease (CVD).

The study was approved by local institutional review board of

the University at Buffalo, and all participants provided written

informed consent.

MR Imaging Acquisition
All participants were scanned twice, 5 years apart, with a 3T Signa

Excite HD 12.0 TwinSpeed 8-channel scanner (GE Healthcare,

Milwaukee, Wisconsin), using an 8-channel head and neck coil

(HDNV; Medrad, Pittsburgh, Pennsylvania). No hardware and

software changes occurred during the follow-up. The MR imag-

ing examination consisted of a 2D neck time-of-flight MR angiog-

raphy, which is described in the On-line Appendix.

MR Imaging Analysis
Image quality control was performed by an experienced operator.

Segmentation of the left and right common carotid arteries–in-

ternal carotid arteries (CCA–ICAs), VAs, and IJVs was performed

semiautomatically for all slices between the C2–C3 and C7–T1

intervertebral spaces with the Jim 6.0 software package (http://

www.xinapse.com/home.php). Specifically, the vessel contour

was drawn by an operator on a single axial slice using the edge-

detection and contour-following algorithm and propagated on

the other slices with edge-seeking and 3D propagation modes.21

The operator was blinded to the group status and verified the

segmentation results, manually editing them, if necessary. Then,

neck vessel CSA was computed for each segmented slice, and

CSA-to-slice curves were resampled to obtain the same number of

measures (ie, samples) for all the subjects, as described previ-

ously.22 More details about segmentation and resampling meth-

odology are reported in the On-line Appendix.

For each MRA image, CSA measures of the left and right cor-

responding vessels were summed at each sample to derive total

CCA–ICA, VA, and IJV CSA values. Change in CSA (�CSA) dur-

ing the 5 years was computed for all total CSA values by subtract-

ing the total CSA at baseline from the corresponding total CSA at

follow-up.

Statistical Analysis
All statistical analyses were performed with SPSS (Version 24;

IBM, Armonk, New York). Demographic and clinical differences

between groups and subgroups were assessed at baseline with the

Fisher exact test, Student t test, and Mann-Whitney U test, as

appropriate. The normality of data was assessed with the Shapiro-
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Wilk test, and CSA and �CSA data distributions were trans-

formed if needed.

Group median and interquartile range (IQR) were computed

for total CSA at baseline, total CSA at follow-up, and �CSA at

each cervical level and for the whole-vessel (WV) course.

We tested these group comparisons: HC versus MS, RRMS

versus PMS, MSCVD versus MSnoCVD, and HCCVD versus

HCnoCVD. Baseline-to-follow-up CSA differences between groups

were assessed with linear mixed-model analysis. Group differ-

ences at the same time point and baseline-to-follow-up differ-

ences within each group were tested on the WV with mixed-

model analysis. At each cervical level, group differences were

assessed for CSA at baseline, for CSA at follow-up, and for �CSA,

either with the Mann-Whitney U test for matched groups or with

linear mixed-model analysis, correcting for the demographic or

clinical nonmatching factors. To evaluate differences between

baseline and follow-up CSA within each group at each cervical

level, we used the related-samples Wilcoxon singed rank test. The

Benjamini-Hochberg procedure was performed to correct for

multiple comparisons.

More details about mixed-model analysis are reported in the

On-line Appendix. P values � .05 were considered significant.

RESULTS
Demographic and Clinical Characteristics
In total, 69 consecutive patients with MS (44 with RRMS and 25

with PMS, consisting of 23 with secondary-progressive and 2 with

primary-progressive MS) and 22 age- and sex-matched HC were

included in the study (Table 1). No significant differences in body

mass index, prevalence of any CVD, and smoking status were

observed between the MS and HC groups. There were significant

differences between the RRMS and PMS subgroups regarding age

(P � .001), EDSS (P � .001), disease duration (P � .001), and the

prevalence of hypertension (P � .023). Fifty-five (79.7%) of 69

patients were on disease-modifying therapy (29 on interferon �,

18 on glatiramer acetate, and 8 on natalizumab). Demographic

and clinical information related to MSCVD, MSnoCVD, HCCVD,

and HCnoCVD subgroups are summarized in On-line Table 1.

Assessment of CSA in MS and HC Groups
All the acquired scans were classified as good-quality images. On-

line Fig 1 shows an example of the segmented regions of interest

(ROIs). Total CCA–ICA, VA, and IJV median CSA values at base-

line and follow-up for the MS and HC groups and respective

group-comparison results are reported in Table 2. The CSA-to-

samples curves at baseline and at follow-up are shown for HC and

patients with MS in Fig 1.

No significant differences were observed between MS and HC

subjects in total CSA at baseline or at follow-up for any of the con-

sidered neck vessels. Furthermore, baseline-to-follow-up compari-

son between patients with MS and HC did not yield any significant

differences.

In the MS group, significantly smaller total CSA at follow-up with

respect to baseline was found for CCA–ICAs (C4: P � .048; C7: P �

.005; WV: P � .012), for VAs (C3: P � .028; C4: P � .028; C7: P �

.028; WV: P � .012), and for IJVs (C3: P � .014; C4: P � .008; C5:

P � .010; C6: P � .010; C7: P � .008; WV: P � .002). No significant

group differences were observed for CSA at baseline and follow-up or

baseline to follow-up for any of the neck vessels or the cervical level in

patients with MS with and without disease-modifying therapy.

HC showed significantly smaller total CSA at follow-up com-

pared with baseline for only CCA–ICAs at the C7 level (P � .03).

Assessment of CSA in RRMS and PMS
Neck vessel total CSA measures of RRMS and PMS and respective

group comparison results are summarized in On-line Table 2.

The CSA to sample curves at baseline and at follow-up are shown

for RRMS and PMS in On-line Fig 2.

No significant CSA differences were found between RRMS

and PMS groups at baseline or at follow-up. Furthermore, no

significant baseline-to-follow-up differences between RRMS and

PMS were observed.

Within the RRMS group, a significantly smaller CSA at fol-

low-up with respect to baseline was observed for CCA–ICAs (C7:

P � .035), for VAs (WV: P � .030), and for IJVs (WV: P � .032).

The PMS group showed significantly reduced CSA at fol-

low-up with respect to baseline for CCA–ICAs (WV: P � .036)

and for IJVs (C4: P � .040; C5: P � .040; C6: P � .040; C7: P �

.040; WV: P � .021).

Assessment of the CSA Association with CVD in MS
and HC Groups
No significant CSA differences between MSCVD and MSnoCVD

were found at baseline (On-line Table 3). However, the CSA de-

Table 1: Demographic and clinical characteristics of HC and MS groups

HC (n = 22) MS (n = 69)
RRMS

(n = 44)
PMS

(n = 25)
HC vs MS
(P Value)

RRMS vs PMS
(P Value)

Female (No.) (%) 18 (81.8) 48 (69.6) 28 (63.6) 20 (80.0) .411a .184a

Age (yr), (median) (range) 48.0 (17.7–73.3) 50.3 (18.8–68.29) 45.6 (18.8–68.3) 58.3 (33.1–66.9) .240b �.001c,d

BMI (median) (range) 25.1 (18.1–44.9) 27.3 (19.0–44.9) 26.4 (19.0–44.9) 28.97 (22.5–43.1) .104c .128c

Disease duration (yr) (median) (range) NA 13 (0–37) 9.5 (0–35) 20.0 (1–37) NA .001c,d

EDSS (median) (range) NA 2.5 (0–8) 1.5 (0.0–6.5) 6.0 (1.5–8.0) NA �.001c,d

Hypertension (No.) (%) 4 (18.2) 8 (11.6) 2 (4.5) 6 (24.0) .474a .023a,d

Heart diseases (No.) (%) 1 (4.5) 4 (5.8) 3 (6.8) 1 (4.0) 1.000a 1.000a

Hyperlipidemia (No.) (%) 4 (18.2) 13 (18.8) 8 (18.2) 5 (20.0) 1.000a 1.000a

Diabetes (No.) (%) 1 (4.5) 2 (2.9) 1 (2.3) 1 (4.0) .569a 1.000a

Smoking status (No.) (%) 5 (22.7) 32 (46.4) 22 (50.0) 10 (40.0) .080a .461a

Note:—BMI indicates body mass index; NA, not applicable.
a– c The Fisher exact test (a), independent-samples Student t test (b), and independent-samples Mann-Whitney U test (c) were used to evaluate differences between MS and HC
groups and between RRMS and PMS, as appropriate.
d P values � .05 were considered significant.
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creased with time, and �CSA was significantly larger in MSnoCVD

with respect to MSCVD for IJVs (C3: P � .018; C4: P � .018; C5:

P � .010; C6: P � .015; C7: P � .018; WV: P � .003). The CSA-

to-samples curves at baseline and follow-up are shown for both

subgroups in Fig 2. No significant group differences were ob-

served for CSA at baseline and follow-up or baseline to follow-up

Table 2: Group medians and IQRs of neck vessel total cross-sectional area at baseline, and follow-up in HC (n � 22) and MS (n � 69) groups

Vessel/Cervical
Level

HC BL CSA
(mm2)

(Median)
(IQR)

MS BL CSA
(mm2)

(Median)
(IQR)

BL CSA
MS vs HC
(P Value)

HC FU CSA
(mm2)

(Median)
(IQR)

MS FU CSA
(mm2)

(Median)
(IQR)

FU CSA
MS vs HC
(P Value)

HC CSA BL
vs FU (P Value)

MS CSA
BL vs FU
(P Value)

BL-to-FU MS vs
HC CSA
(P Value)

CCA–ICAs
C3 67.5 (28.1) 54.5 (28.3) .298a 75.6 (30.7) 57.6 (32.9) .248a .223c .993c .699e

C4 73.4 (19.9) 79.3 (28.2) .298a 73.2 (12.9) 77.5 (27.3) .535a .57c .048c,g .365e

C5 69.7 (14.7) 75.7 (20.9) .298a 67.0 (7.9) 70.9 (23.5) .248a .168c .361c .365e

C6 66.7 (10.8) 71.5 (16.7) .318a 66.5 (9.7) 67.8 (19.4) .474a .223c .222c .603e

C7 69.1 (8.9) 69.7 (19.8) .795a 66.3 (7.9) 66.5 (20.3) .474a .030c,g .005c,g .36e

WV 68.8 (16.4) 71.8 (26.2) .605b 68.1 (15.8) 69.0 (26.7) .632b .206d .012d,g .967f

VAs
C3 31.9 (6.5) 31.7 (6.9) .597a 28.7 (11.5) 30.3 (7.2) .718a .070c .028c,g .921e

C4 30.1 (8.5) 30.0 (5.9) .597a 28.8 (10.8) 29.7 (6.5) .779a .288c .028c,g .921e

C5 29.1 (8.0) 29.4 (6.0) .597a 29.4 (10.6) 29.4 (6.3) .948a .570c .051c .921e

C6 28.4 (7.6) 29.7 (6.9) .588a 27.6 (8.4) 28.9 (7.0) .718a .570c .051c .921e

C7 28.4 (9.2) 29.2 (8.1) .588a 27.0 (8.0) 28.6 (8.0) .718a .570c .028c,g .92e

WV 29.7 (7.9) 30.5 (7.5) .406b 28.5 (9.8) 29.6 (7.9) .377b .119d .012d,g .866f

IJVs
C3 100.8 (59.9) 105.3 (59.7) .956a 94.8 (52.9) 90.6 (60.8) .970a .444c .014c,g .987e

C4 111.4 (44.8) 121.8 (67.9) .956a 107.6 (63.9) 102.8 (74.0) .970a .444c .008c,g .987e

C5 117.1 (86.7) 122.4 (59.8) .956a 103.9 (89.3) 107.9 (71.6) .970a .444c .010c,g .987e

C6 116.7 (124.2) 118.7 (91.6) .956a 86.7 (120.0) 101.4 (86.9) .970a .444c .010c,g .987e

C7 116.9 (174.2) 126.3 (95.4) .956a 109.4 (111.6) 113.2 (90.7) .970a .935c .008c,g .987e

WV 111.9 (87.0) 119.5 (73.5) .790b 99.3 (76.1) 103.8 (76.4) .913b .424d .002d,g .680f

Note:—BL indicates baseline; FU, follow-up.
a–f Group medians and IQR of neck vessel total CSA at baseline and follow-up are reported for HC and MS at each cervical level and for the WV course. To evaluate CSA
differences between HC and MS groups at baseline and at follow-up, an independent-samples Mann-Whitney U test (a) was used at each cervical level, while linear mixed
models were used for the WV (b). To evaluate differences between baseline and follow-up within each group, the Wilcoxon signed-rank test (c) was used at each cervical level,
while linear mixed models were used for the WV (d). To perform baseline-to-follow-up CSA comparison between groups, linear mixed models were used at each cervical level
(e) and for the WV (f). The Benjamini-Hochberg procedure was performed to correct for multiple comparisons.
g An � level of .05 was considered significant.

FIG 1. Total CSA of CCA–ICAs, VAs, and IJVs at baseline (blue) and at follow-up (red) for HC (left) and patients with MS (right). The median CSA values
(lines) and the respective IQR (bars) are represented for all the samples along the C3-to-C7 cervical levels. BL indicates baseline; FU, follow-up.
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for any of the neck vessels or cervical levels in patients with MS

with (n � 32) and without (n � 37) smoking status.

Both CSA at baseline and �CSA were not significantly differ-

ent between HCCVD and HCnoCVD (On-line Table 4).

DISCUSSION
To the best of our knowledge, this is the first longitudinal study

assessing CCA–ICA, VA, and IJV CSA evolution across time in

patients with MS. The main finding of this study is that a reduc-

tion of all major neck vessel CSA was observed during 5 years in

patients with MS. A smaller CSA at follow-up was seen indepen-

dent of disease phenotype and vascular comorbidity, while only

sporadic changes were found for HC during the same time

observation.

Most interesting, the CSA of both neck arteries for brain sup-

ply and veins for extracranial drainage was found to be affected at

several cervical levels in patients with MS during the follow-up. A

significant CSA decrease with time was also found in HC but only

at the C7 cervical level for CCA–ICAs. Given the small sample size

of HC, this isolated difference should be interpreted with caution.

Despite the emerging effects of the role of cardiovascular co-

morbidities in contributing to MS disease severity,7,8,10-12 there is

scarce evidence of the involvement of neck arterial structural

changes. A recent study showed lower CCA–ICA and VA CSA in

a group of 193 patients with MS compared with 193 HC.17 Fur-

thermore, significantly higher carotid intima-media thickness

was observed in MS without CVD with respect to HC, suggesting

that patients with MS have a predisposition to atherosclerosis.24

Both MS and atherosclerosis are associated with an increase of

plasma level of interleukin-6, tumor necrosis factor �, monocyte

chemoattractant protein-1, soluble intercellular adhesion mole-

cule-1, vascular cell adhesion molecule 1, and endothelial micro-

particles.25-29 In addition, the progression and severity of both

diseases are known to be associated with lipoproteins and choles-

terol metabolism.7,30,31 All this evidence and our results showing

a consistent decrease of CCA–ICA and VA CSA with time in the

MS group suggest that the 2 pathologies may share some mecha-

nisms that cause or increase the inflammatory reaction.

The reduction of ICA and VA CSA may also be associated with

hypoperfusion of normal-appearing brain tissue, which has been

previously observed in MS.32,33 Although the clinical correlations

between MS and perfusion alterations have not been strongly es-

tablished,34 some studies showed an association between reduced

gray matter cerebral blood flow, cognitive impairment,32 and fa-

tigue,35 while 1 study showed an inverse correlation between

periventricular normal-appearing white matter CBF and EDSS.33

Because hypoperfusion was also observed in the absence of GM

atrophy in early RRMS,32 it may not only be an epiphenomenon

in MS. Longitudinal combined studies of neck vessel CSA, brain

perfusion, and GM volume could help to clarify the link existing

among these different types of alterations.

In this work, a significant and consistent reduction of CSA

with time in MS was also observed for IJVs. This result must be

interpreted against a background of conflicting findings. Some

previous cross-sectional studies have shown a greater prevalence

of morphologic and hemodynamic alterations of extracranial ve-

nous drainage pathways in patients with MS with respect to

HC.14,16 On the other hand, some other studies reported an ab-

sence of significant differences between patients with MS and HC

FIG 2. Total CSA of CCA–ICAs, VAs, and IJVs at baseline (blue) and at follow-up (red) for patients with MS without CVD (left) and for patients
with MS with CVD (right). The median CSA values (lines) and the respective IQR (bars) are represented for all the samples along the C3-to-C7
cervical levels. BL indicates baseline; FU, follow-up.
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regarding IJV CSA and flow rates.15,36 Our results at baseline are

in line with the latter group of findings. However, the IJV CSA

changes that we observed longitudinally in this study in patients

with MS may suggest a potential link between IJV CSA and the

disease course. The clinical relevance of these observations re-

mains elusive. Recently, extracranial venous angioplasty has been

reported to be largely ineffective at impacting the course of MS37;

therefore, caution should be used when drawing final conclu-

sions. The investigation of fluid dynamics of the brain, including

the recently discovered sinus-associated lymphatic vessels and the

glymphatic pathways, may shed more light on the relation be-

tween vascular and immune/inflammatory factors in MS.38 By

interpreting the obtained IJV CSA reduction together with the

CSA decrease of neck arteries with time in MS, one could also

explain a decrease in IJV CSA because of a potential flow reduc-

tion in CCA–ICA and VA pathways.

Cardiovascular risk factors and CVD are well-known to ad-

versely affect the course of MS.1 Specifically, smoking was re-

ported to be associated with increased BBB disruption, higher

lesion volumes, greater brain atrophy,23 and more rapid conver-

sion from RRMS to a PMS disease course.39 Obesity was shown to

be linked with increased MS risk and higher disability.40 Also

diabetes, hypertension, dyslipidemia, and ischemic heart disease

are associated with worse disability and a more severe disease

course,6,7 increased lesion burden, and more advanced brain at-

rophy.10,11 Nevertheless, in the present study, greater change of

IJV CSA at all cervical levels was observed for MSnoCVD compared

with MSCVD. The limited sample size and the group inhomoge-

neity may have prevented us from highlighting CVD as an exac-

erbating factor for neck vessel CSA decrease. However, because

CSA changes were also found in MSnoCVD, neck vessel CSA reduc-

tion with time in MS might not be necessarily driven by CVD

only. Investigating the effect of CVD and other potential MS-

related factors on CCA–ICA, VA, and IJV CSA in a larger cohort

of subjects is warranted to make clearer speculations.

The relatively small sample size, especially of the HC group, is

the main limit of this study, and it must be considered when

interpreting our findings. Indeed, the comparison of neck vessel

CSA between patients with MS and HC at baseline did not lead to

any significant results, while a much larger recent study has re-

ported a significantly lower CCA–ICA and VA CSA in patients

with MS with respect to HC.17 Furthermore, no significant CSA

differences were found between MS and HC subjects at follow-up

as well as in baseline-to-follow-up comparisons, probably due to

the discrepancies in sample size between patients with MS and HC

groups. Nevertheless, the extensive longitudinal CSA change that

we observed in the MS group for all the neck vessels indirectly

corroborates the previous findings of neck vessel CSA alterations

in MS.14,16

Other limitations are that TOF MR imaging signal depends on

flow velocity and that by measuring CSA on TOF MRA axial

slices, vessels are assumed to be perpendicular to the axial plane.

Slow flow and the presence of blood refluxes might produce in-

accurate CSA estimation; however, as opposed to contrast-en-

hanced MRA, TOF MR imaging has the advantage of imaging

neck vessels in a noninvasive way.41 Furthermore, the assumption

of the perpendicularity of the vessels to the axial plane was made

for all vessels within the considered cervical levels; nevertheless, in

future studies, CSA measures could be improved by considering

the angle between the vessel longitudinal axis and the z-axis. De-

spite these limitations, the reliability and repeatability of the ac-

quisition and segmentation methods used in this study were as-

sessed and confirmed previously.22

To the best of our knowledge, this is the first longitudinal

study assessing CCA–ICA, VA, and IJV CSA evolution with time

in MS. The dependence of neck vessel CSA measures on many

factors such as positioning, hydration, body mass index, and res-

piration have probably discouraged longitudinal evaluations so

far. However, recent reports demonstrated the repeatability of

neck vessel semiautomatic segmentation on TOF MRA im-

ages,21,22 making longitudinal studies feasible.

Future studies, involving larger groups of subjects and the ac-

quisition of more data such as intima-media thickness measures,

perfusion MR imaging, and GM volume should be performed to

better understand these preliminary findings.

CONCLUSIONS
Patients with MS showed a decrease of CCA–ICA, VA, and IJV

CSA during 5 years, regardless of the disease phenotype. Because

neck vessel CSA evolution with time was found to be altered in MS

even in the absence of CVD, CSA reduction might also be influ-

enced by MS-related factors.
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