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ABSTRACT

Objective: Increased ventricles volume and brain hypoperfusion are both linked to
neurodegeneration. We hypothesised that patients with restricted jugular flow may reduce brain
ventricles volume by surgical restoration, which in turn ameliorate the pressure gradient so
favouring fluid re-absorption into the venous system. We also verified the effects of the
procedure on cerebral perfusion.

Methods: 56 patients (M28/F28 mean age 44£10) with Eco-Colour Doppler (ECD) screening

positive for chronic cerebrospinal venous insufficiency (CCSVI) in consequence of not mobile
jugular leaflets, were further studied by the means of a validated ECD protocol of flow
quantification, MRV and SPECT-CT. Fifteen patients were excluded because did not meet
inclusion and exclusion criteria. Of the remaining 41 patients, 27 patients (M14/F13 mean age 48

17) underwent to endophlebectomy and autologous vein patch angioplasty. Omohyoid muscle

section was performed when appropriate. The control group was constituted by 14 patients

matched for age and gender (M8/F6 mean age 43X 11), who were not treated. Comorbidity was

multiple sclerosis with not significant differences of relapsing remitting (RR) and secondary
progressive (SP) clinical course among groups. Main outcome measure was the cerebral
ventricles volume, blindly assessed at SPECT-CT. Secondary outcomes were brain perfusion in
the whole brain and in other 12 cerebral regions, and 18 months jugular patency.

Results: in the cohort of 41 cases, jugular and collateral flow, ventricles volume and brain
perfusion were significantly different from normal reference values. Moreover, in the control
group, both ECD and SPECT-CT did not show any significant changes at follow-up. To the

contrary, in the operated group, the collateral flow passed from 65% to 26% (p<0.0003), thanks
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to improved flow through the internal jugular vein. Correspondingly, ventricles volume

dramatically decreased in the treated group (from 33.5 * 13.6 cm? to 31.3% 13.1 cm?; p<

0.0106). The effect was much more evident in RR (p=0.0098) whereas in SP was not significant.
Finally, perfusion was found improved in the surgical group respect to controls, particularly in
the occipital and parietal regions of RR (p<0.0001; p=0.0168; respectively), but in the SP
subgroup did not. Eighteen months patency rate was 73%.

Conclusion: fixing the flow in the jugulars in patients with CCSVI might significantly reduce
brain ventricles volume and improve cerebral perfusion, and these changes are more evident in

patients with earlier stages of neurodegenerative disease.

INTRODUCTION

Chronic cerebrospinal venous insufficiency (CCSVI) is a condition characterized by restricted
venous outflow from the brain, mainly in consequence of not mobile/defective valve leaflets!-®
eventually coupled with muscular compression,”® striking the internal jugular (IJV) and/or
azygous veins. The more frequent cause are defective valves and intraluminal obstacles, which
can be documented with a combination of techniques (intra and extravascular ultrasounds,
catheter and MR venography). CCSVI intraluminal obstacles are classified among truncular
venous malformations.'?

Particularly, the venous flow through the IJV was assessed significantly slow, by the means of
different invasive and non-invasive techniques, whereas the blood volume flowing into the
collateral vessels was measured increased respect to healthy controls.!%-14

One of the main questions is the patho-physiological consequence in the brain of extracranial

venous pathology. Investigations along years in this field identified a significant impact of
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CCSVI on two main aspects, respectively cerebrospinal fluid (CSF) dynamics and brain
perfusion.

1) Several studies in case of jugular flow disturbances measured altered CSF dynamics,
in consequence of reduced absorption of the fluid into the dural veins, in turn connected with the
[JVs.1517 Such a finding was further confirmed in a case-control study where CCSVI patients
treated with venous percutaneous transluminal angioplasty (PTA) significantly improved CSF
flow and velocity respect to controls.'®

1) The second consequence of restricted brain outflow is the reduced cerebral
perfusion.'*?* However, no data are available to understand if perfusion can be improved by
vascular procedures on the [JVs.

Interestingly, either hypoperfusion of brain parenchyma or reduced CSF flow were also assessed
in controls with CCSVI not associated with neurodegenerative disorders, confirming the
pathophysiological role of extracranial venous abnormalities independently from concomitant

neurological diseases.!%?!

In the past we treated CCSVI with PTA with interesting results but with a dramatic rate of
CCSVlI recurrence, especially in case of long and not mobile valve leaflets, longitudinally
disposed, and/or of muscle compression.>”?2 On the other hand, stenting major veins is an off
label procedure, not recommended by FDA in consequence of the absence in the market of
approved devices.?? Alternatively, in cases not suitable for PTA, vascular surgeons may repair
the vein by the means of an open surgical procedure consisting in endo-phlebectomy with
removal of defective valves/muscular compression, complemented by patch angioplasty in

autologous vein.””
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In the present study we hypothesized to reduce cerebral ventricles volume and to improve brain
perfusion by the means of an open surgical procedure aimed to increase the brain outflow
through the jugular route. Single proton emission computed tomography (SPECT) combined
with three dimensional computed tomography (3D-CT) was used to blindly assess the results of

the procedure.

MATERIALS AND METHODS
Patients population

From a cohort of 56 patients (M28/F28 mean age 44+10) with Eco-Colour Doppler (ECD) with

positive screening for CCSVI?* entered the study approved by the Azienda Ospedaliera
Universitaria di Ferrara Ethical Committee, and all signed an informed consent.

Inclusion criteria were:

o Age 18-65 year old

o Anatomical presence of truncular venous malformation in at least one 1JV (long, not
mobile leaflets in defective valves and/or intraluminal defects like septum, membrane, etc.’

. Restricted brain outflow through the IJV measured so agreed respectively by the

means of ECD quantification protocol'?

and MRV morphological and flow evaluation
protocol.!2

o Diffuse hypoperfusion of brain parenchyma measured by the means of SPECT-CT

o Willing to participate to the study

Exclusion criteria were:

° Contraindications to SPECT-CT
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° Contraindications to MRV

° Pregnancy

. 1JV malformation not agreed between ECD quantification protocol and MRV.

. Cases suitable for PTA (short and parallel not mobile leaflets, segmental hypoplasia,
flaps, etc).

o Normal brain perfusion

J Presence at cerebral MRI of intracranial vascular malformations

o Significant comorbidities in the cardiovascular, respiratory, digestive, hepatic and

renal systems.
o Absence of any neurological symptom and/or associated neurological diseases

o Symptoms mainly confined to the spinal cord.

ECD flow quantification assessment

Patients were studied at baseline by the means of a validated ECD protocol of flow
quantification, aimed in measuring the cerebral outflow through the main pathways, IJVs and
vertebral veins (VVs), respect to the individual arterial inflow.!* Patients were investigated in
supine posture, using the recommendations regarding position, room temperature, hydration
status previously approved in a consensus.?* We assessed the presence of intraluminal
obstacles/defective valves by the means of a combination of B and M-mode analysis (Fig. 1).2*
Quantification of flow was achieved by an established ECD methodology, which permits to
respectively assess the head inflow (HBinF) (sum of common carotids and vertebral arteries
flow) as well as the cerebral inflow (CBF) (sum of internal carotid and vertebral arteries flow).

We also assessed the head outflow (HBoutF) defined as the sum of the flow rate measurements
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at the jugular-subclavian junction and the VVs. In addition, we also calculated the collateral flow
index (CFI) by estimating the flow which re-enters directly into the superior vena cava as the

amount of blood extrapolated by the difference between the HBinF and the HBoutF."?

Magnetic resonance venography (MRYV)
All subjects were examined on a GE 1.5T scanner. A multi-channel head and neck (HDNV) coil
was used to acquire the following sequences: an unenhanced 2D-Time of Flight (TOF) and
enhanced 3D-Time Resolved Imaging of Contrast KineticS (TRICKS), as previously
described.?>?” The parameters used for TOF were: TR/TE 17/4.3 msec (repetition/echo time),
flip angle of 70 degrees, 1.5 mm slice thickness, field of view (FOV)=220mm, acquisition matrix
320/192, phase FOV 75%, for an in-plane resolution (IPR) of 0.7mm x 1.1mm and acquisition in
axial scan plane. The parameters used for TRICKS were: TR/TE 4.2/1.6 msec, flip angle of 30
degrees, 2 mm slice thickness, FOV=340mm, acquisition matrix 320/192, phase FOV 75%, IPR
= 1.1mm x 1.8mm and acquisition in coronal scan plane. Intravenous gadolinium contrast
(Omniscan®, GE Healthcare, Princeton NJ) was injected at a rate of 2ml/s using a pressure
injector followed by a 20ml saline flush. The total volume of contrast was 20ml. After
acquisition of a 12 second mask (pre-contrast phase), the scanning of subsequent phases began
simultaneously with the intravenous injection. The scan protocol consisted of 18 phases of
acquisition, each of a 5 second duration.

The flow morphology, indicative of anatomical stenoses, of [JVs was assessed on axial
source TOF images, as well as on axial reconstructed TRICKS images, as previously described
(Fig. 2).2” The 1JV flow was evaluated on an ordinal scale ranging from absent (no visible flow)

to ellipsoidal (patent lumen) and defined in 5 qualitative flow categories: absent, pinpoint,
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flattened, crescentic and ellipsoidal. Only absent or pinpoint flow of the IJVs was considered to
be abnormal, while the flow of the VVs was classified as absent/present
In addition, it has been recently described an aspect related to external compression,

named as pencil tip sign, as a further positive criterion.’

SPECT-CT protocol

Cerebral perfusion evaluation

Regional cerebral blood flow (rCBF) SPECT scanning was performed 30 to 60 min following
administration of 99mTc-exametazime (HMPAO, Ceretec, GE Pharma, Milwaukee, WI, USA).
While lying supine with eyes closed in a dimly lit, quiet room, each subject received an
intravenous injection of 740-925 MBq of 99mTc-HMPAO. Brain SPECT was performed with a
dual-head SPECT-CT camera (Symbia Intevo, Siemens Healthcare, Erlangen, Germany)
equipped with low-energy and high-resolution parallel-hole collimators. The head of each patient
was held with fixation strips attached to a specially constructed carbon fibre head holder, which
allowed the camera detector to rotate very close to the head. The data were collected into a 128 x
128 matrix, through 360° rotation at steps of 3.75° for 30 s per view (total of 96 projection).
Filtered backprojection using a Butterworth and Ramp filter was used for SPECT image
reconstruction.

For each patient the second study was performed after administration of the same dose (5%, in
similar conditions and acquiring images at the same time after tracer injection in comparison to
first examination in order to optimize the reproducibility of the technique. 2

Each perfusion brain SPECT study was quantified and compared to an age- and gender-matched

normal database using NeuroGamTM Software package (Siemens Medical Solutions, Segami
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Corporation, Columbia, MD, USA). This software applies an anatomical coregistration by blocks
of data defined in the Talairach space. 2°-** Each study was reoriented according to the three-
dimensional volume of the brain defining a line that fits the inferior pole of the occipital lobe and
the inferior edge of the frontal lobe. Raw data were corrected for lateral deviations and defined
the vertical anterior commissure line and the posterior commissure line. With this information,
the Talairach technique rendered the brain volume into a normalized volume (according to the
mean cerebellum rCBF value) allowing a voxel by voxel comparison of the HMPAO uptake in
the brain cortex with a normal database of subjects also corrected volumetrically. For the
semiquantitative analysis a predefined anatomical area template was used in order to define with
high reproducibility the exact localization of areas of hypoperfusion. Perfusion was investigated
for total brain, for whole cortex of both hemispheres and for frontal, temporal, parietal, occipital
and cerebellar lobes bilaterally, for a total of 13 regions.

Perfusion values of cerebral areas for each patient are expressed by means of standard deviation
from the values of the normal database (age and gender adjusted). Abnormal areas were defined
as those with decreased uptake (below 2 standard deviations of the normal mean uptake per area
>50% pixels). For comparisons we used the mean values of perfusion for each cortical area
under study.

Image analysis was performed by an experienced nuclear medicine physician who was blind to

the results of both clinical data and other instrumental testing.

CT measurements of ventricular volumes
At the end of each scintigraphic acquisition, patients were maintained in the same position and

underwent a non contrast axial CT scan examination of the brain exploiting the multislice-CT
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system integrated in the hybrid tomograph Symbia Intevo. The selected exposure factors were
130 kv and 30 mA, the slice thickness was 1.0 mm, the gantry rotation time was 0.8 s and the
matrix was 512x512.

The so obtained volumetric data were transferred to a workstation with commercially available
3D reconstruction software (Syngo, Siemens AG, Berlin and Miinchen, Germany) for further
processing.>!-3? Transverse slices were reconstructed with a section width of 1.0 mm. Images
were processed from the obtained source data by using a volume-rendering technique algorithm,
imposing a tight window including CSF mean density (from -20 to +20 H.U.). From the 3D
reconstructed images of all CSF spaces, ventricular cavities were subsequently extrapolated
erasing the other CSF structures through the use of regions of interest drawn manually on the
volume-rendered image, obtaining for each study the value of total ventricular volumes

expressed in millilitres (Fig. 3).

Surgical procedure

The surgical procedure included a monolateral or bilateral supra-clavicular transversal incision
of about S5cm. The 1JV was isolated at the junction with the subclavian vein. The latter was
tangentially clamped following systemic injection of heparin. An endo-phlebectomy was
subsequently performed with complete removal of the jugular valve/septum, followed by a patch
angioplasty in autologous great saphenous vein. Omohyoid muscle section was performed if the

pre-operative finding of extrinsic compression was confirmed in the surgical theatre.5”

End points and Follow-up
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Primary outcome measure was ventricles volume. Secondary outcome measures were brain
perfusion, and 18 months patency rate.

ECD evaluation was performed at patient discharge from the Hospital, and at 15, 30 days,
respectively. Subsequently, evaluation was done every 3 months. SPECT-CT was repeated at 30

days postoperatively. The same was done for controls.

Statistical analysis

Data are expressed as mean and SD. Differences in demographics, SPECT perfusion between
operated group and control group, as well as between pre and post operative IJV flow and
ventricles volume were analysed by Student T-Test or Mann Whitney as appropriate. Differences
in IJV morphology, and in improved perfusion at follow up in operated patients and controls was
compared by means of two-tailed Fisher Exact Test with determination of OR and 95% CI. Level
of significance was p<0.05.

RESULTS

Patients population

From the initial cohort of 56 patients, 15 patients were excluded based on the inclusion/exclusion
criteria listed above. Forty-one patients fulfilled the criteria and entered the study (M22/F19

mean age 48%7 yo). Twenty-seven patients constituted the surgical group, whereas 14 patients

the control one. Both underwent to ECD and SPECT-CT follow up. In table I the patient
population demographics are given, including proportion of relapsing remitting and secondary

progressive MS patients.

ECD flow quantification assessment
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The CCSVI group showed HBinF and CBF similar to that reported in literature. Outflow
analysis confirmed a restricted venous flow in the IJVs respect to references values and an
increased collateralization.!® Presence of IJV valve at M-mode, number of defective not mobile
valves, external compression and segmental hypoplasia in the 2 groups are given in table I.
Postoperatively the HBoutF was significantly increased and CFI was found significantly reduced
in the treated group, whereas not significant differences were measured in the control group.
Particularly, CFI passed from 65% to 26% (p<0.0003). Detailed flow values and CFI among

different group are shown in table II.

CT volumetry of the cerebral ventricles

Preoperatively there was not significant differences in ventricular volumes between the treated
group and the control population.

The postoperative ventricular volume was significantly reduced with respect to preoperative

values (from 33.5 = 13.6 cm® to 31.3% 13.1 cm?; p< 0.0106. The effect was mainly significant in
patients with RR (from 27.2 £ 12.6 cm? to 24.6 £10.7 cm?;p=0.0098) whereas it was not in SP
group (from 39.3 = 12.1 cm? to 37.5 £12.4 cm?; p=0.1834). To the contrary in the controls we

did not assess any significant change in the follow up (from 26.1 £ 14.1 to 26.7%£13.9,

p=0.16998) (Fig. 4).

SPECT perfusion of the brain
In table III and in figure 5 the perfusion values of the 41 subjects respect to the Atlas of

normality are given, showing a significant and diffuse hypoperfusion of the whole brain, as well
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as in the other 12 segmented areas. The phenomenon was particularly pronounced in the
occipital region.

By comparing in table IV the surgical group with the control group, perfusion appears improved
in the former, reaching the level of significance respect to control population in left and right
occipital regions (Fig. 6). Again the effect is more dramatic in the RR subgroup with increased
level of significance either in the occipital and in parietal regions. To the contrary, again in the
SP population the surgical procedure did not achieve any significant improvement of cerebral

perfusion.

Surgical Outcomes

We performed 40 surgical procedures on the [JVs, 15 were performed bilaterally; omohyoid
muscular section was performed in 20 cases, confirming the high prevalence of the extrinsic
compression in CCSVI. The Hospital stay was on average 5.0£1.5 days out of one case who
reported a thoracic duct injury. This complication was managed in hospital for additional 2
weeks. There was no mortality but a considerable complication rate was registered and given in
details in table 5.

On the other hand, the patency rate was quite satisfactory 73% at 18 months (Figure 7)

DISCUSSION
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CSF is formed through ultrafiltration in the capillary of the lateral ventricles of the brain. CSF is
absorbed into the intracranial venous system through a physical mechanism driven by a gradient
of pressure. It is required a gradient at least of 5 mmHg to allow passage of the fluid from sub-
arachnoid spaces to the sinusal veins. Moreover, the rate of CSF clearance was calculated be
0.1031mL/min/mmHg.3* A correct balance between ultra-filtration of CSF and its clearance from
the CSF space into the dural veins, is clearly dependent on efficient venous drainage.*33
Recent computational studies mimicking the presence of a not mobile and closed valve in the
1JV,¢ or a restricted jugular flow in consequence of any kind of mechanism stenosing the vein,*
calculated a consequent increased pressure in the dural veins. Particularly, in the dural sinuses,
when both 1JVs are obstructed, it has been calculated a rise in pressure up to 13 mmHg.* This
calculation tells us why jugular surgery, by reducing the venous pressure,” in turn acts favorably
on the CSF absorption into the venous system.'® Impaired CSF circulation in presence of jugular
flow abnormalities is a finding described in several neurodegenerative diseases like Alzheimer,’’
multiple sclerosis,!”!8 Parkinson,*® and Meniere disease,*® where in all seems to increase lesions
in the white matter and/or the predisposition to the associated neurological disorder.

Our findings support that jugular valve obstacle is a contributing factor to the enlargement of 3rd
and lateral ventricle volumes that we measured (Fig. 4), very frequently observed in MS patients.
It is usually considered an indirect index of brain atrophy.**#! Ventricular volume correlates with
clinical disability and neuropsychological assessment in MS patients.*’ In a cohort of patients
with early MS, third ventricular enlargement was a powerful predictor of motor deficits and

cognitive impairment.*!' In the present study, in MS patients with concomitant CCSVI this

parameter was improved by surgical repair of the IJVs. However, by subsetting our population
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respectively in RR and SP cases, the positive effect was registered only in the former,
characterized by a shorter duration of the disease with less severe clinical consequences (Fig.4).
As far as the secondary outcome measures are concerned, in our patient cohort we assessed at
bottom line, as expected, a significant reduction in perfusion, a well known vascular aspect in
MS and in other neurodegenerative disorders.!2!4> Moreover, it has been recently shown how
perfusion of the brain is also correlated to the jugular flow.2° To the best of our knowledge this is
the first study demonstrating improved brain perfusion following flow restoration in the cerebral
draining veins. In MS any treatment addressed to improve cerebral perfusion should be taken
into consideration because:

1) Plaques formation is preceded by low perfusion.*3

1) The reparative process is more efficient in brain areas with adequate perfusion. It has
been demonstrated in patients with better SPECT perfusion an improved chance to re-
myelination and to brain tissue reparative process.**

A trend in decreased plaques formation following venous PTA was demonstrated in a case
control study, confirming the need of investigating rate of plaques formation in properly
designed randomized study.*’

Open surgery in this particular moment demonstrated to be a valid alternative to off label
stenting, because the registered 18 months patency rate is certainly better respect to that reported
in PTA studies.??> However, of course, the morbidity was quite increased. Particularly, blood
and lymph collection was the more common complication. This required always a treatment
because in upright the hydrostatic pressure of the IJV is negative, and fluid collection may

contribute to significant compression, potentially affecting the patency rate. Treatment can be an

echo-guided puncture or a redo surgery. In our series when we omitted treatment due to a clinical
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evaluation of possible spontaneous absorption, the result was the subsequent occlusion of the
vein.

Collectively, our findings demonstrate that CCSVI has a significant impact on brain patho-
physiology, and particularly on the balance of intracranial fluids. Our study demonstrates that
this effect can be achieved limitedly to early cases, whereas it is not expected the same affects in
patients with progressive clinical course and longer duration of the disease. The same was
observed by the assessment of cerebral perfusion.

Someone may argue that a potential limitation of the study is to consider the ventricular cavity
volumes as the expression of the whole CSF volume. Our CT calculation does not take into
account, for structural complexity reasons, the subarachnoid spaces. However, since they are
structures extensively communicating with each other, there is no reason to believe that a
volumetric reduction in brain ventricles is not associated with a decrease in the overall amount of
CSF. In particular, as shown by the images B and E in figure 3, it is possible to visually
appreciate, between before and after surgery, a significant reduction of the subarachnoid spaces
component (in light purple) that goes hand in hand with the lowering in size of ventricular

cavities (in purple).

In conclusion, when the extracranial venous drainage is hampered, our study shows an
overlooked mechanistic component in the pathophysiology driven the enlargement of cerebral
ventricles, as well as a role of the flow among the factors influencing brain perfusion. When
venous surgery is applied in early stages may improve both aspects, common to several

neurodegenerative disorders.
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We hope our study could provide stimulation for the development of dedicated devices for a safe
and effective endovascular treatment of intraluminal obstacle and/or extrinsic jugular

compression
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Neuroradiology IRCCS Mondino and University of Pavia, Italy, for the preoperative MRV

studies.

REFERENCES

1) Zivadinov R, Bastianello S, Dake MD, Ferral H, Haacke EM, Haskal ZJ, et al.
Recommendations for multimodal noninvasive and invasive screening for detection of
extracranial venous abnormalities indicative of chronic cerebrospinal venous insufficiency: a
position statement of the International Society for Neurovascular Disease. J Vasc Interv Radiol.
2014;25:1785-94.

2) Zamboni P, Galeotti R, Menegatti E, Malagoni AM, Gianesini S, Bartolomei I, et al. A
prospective open-label study of endovascular treatment of chronic cerebrospinal venous
insufficiency. J Vasc Surg. 2009;50:1348-58.

3) Zamboni P, Galeotti R, Menegatti E, Malagoni AM, Tacconi G, Dall'Ara S, et al. Chronic
cerebrospinal venous insufficiency in patients with multiple sclerosis. J Neurol Neurosurg

Psychiatry. 2009;80:392-9.



10

11

12

13

14

15

16

17

18

19

20

21

22

19

4) Traboulsee AL, Knox KB, Machan L, Zhao Y, Yee I, Rauscher A, et al. Prevalence of
extracranial venous narrowing on catheter venography in people with multiple sclerosis, their
siblings, and unrelated healthy controls: a blinded, case-control study. Lancet. 2014;383:138-45.
5) Karmon Y, Zivadinov R, Weinstock-Guttman B, Marr K, Valnarov V, Dolic K, et al.
Comparison of intravascular ultrasound with conventional venography for detection of
extracranial venous abnormalities indicative of chronic cerebrospinal venous insufficiency. J
Vasc Interv Radiol. 2013;24:1487-98.

6) Zamboni P, Tisato V, Menegatti E, Mascoli F, Gianesini S, Salvi F, et al. Ultrastructure of
internal jugular vein defective valves. Phlebology. 2014. pii: 0268355514541980. [Epub ahead
of print]

7) Gianesini S, Menegatti E, Mascoli F, Salvi F, Bastianello S, Zamboni P. The omohyoid
muscle entrapment of the internal jugular vein. A still unclear pathogenetic mechanism.
Phlebology. 2014;29:632-5.

8) Radak Dj, Tanaskovic S, Antonic Z, Kolar J, Aleksic N, Ilijevski N. Compressive
syndrome of internal jugular veins in multiple sclerosis: does it matter? Phlebology. 2014;29:98-
104.

9) Lee BB, Baumgartner I, Berlien P, Bianchini G, Burrows P, Gloviczki P, Huang Y,
Laredo J, et al. Diagnosis and Treatment of Venous Malformations. Consensus Document of the
International Union of Phlebology (IUP): updated 2013. Int Angiol. 2015;34:97-149.

10)  Veroux P, Giaquinta A, Perricone D, Lupo L, Gentile F, Virgilio C, et al. Internal jugular
veins out flow in patients with multiple sclerosis: a catheter venography study. J Vasc Interv

Radiol.2013;24:1790-7.



10

11

12

13

14

15

16

17

18

19

20

21

22

20

11) Mancini M, Lanzillo R, Liuzzi R, Di Donato O, Ragucci M, Monti S et al. Internal jugular
vein blood flow in multiple sclerosis patients and matched controls. PLoS One. 2014;
27:9:€92730.

12)  Zamboni P, Menegatti E, Conforti P, Shepherd S, Tessari M, Beggs C. Assessment of
cerebral venous return by a novel plethysmography method. J Vasc Surg. 2012;56:677-85.¢l.
13) Zamboni P, Sisini F, Menegatti E, Taibi A, Malagoni AM, Morovic S, et al. An
ultrasound model to calculate the brain blood outflow through collateral vessels: a pilot study.
BMC Neurol. 2013;11;13:81.

14)  Thibault P, Lewis W, Niblett S. Objective duplex ultrasound evaluation of the extracranial
circulation in multiple sclerosis patients undergoing venoplasty of internal jugular vein stenoses:
a pilot study. Phlebology. 2015;30:98-104.

15)  Lagana MM, Chaudhary A, Balagurunathan A, Utriainen D, Kokeny P, Feng W, et al.
Cerebrospinal Fluid Flow Dynamics in Multiple Sclerosis Patients through Phase Contrast
Magnetic Resonance Imaging. Curr Neurovasc Res. 2014;11:349-58.

16) Beggs CB, Magnano C, Shepherd SJ, Marr K, Valnarov V, Hojnacki D, et al. Aqueductal
cerebrospinal fluid pulsatility in healthy individuals is affected by impaired cerebral venous
outflow. J Magn Reson Imaging. 2014;40:1215-22.

17)  Zamboni P, Menegatti E, Weinstock-Guttman B, Schirda C, Cox JL, Malagoni AM, et al.
The severity of chronic cerebrospinal venous insufficiency in patients with multiple sclerosis is
related to altered cerebrospinal fluid dynamics. Funct Neurol. 2009; 24:133-8.

18)  Zivadinov R, Magnano C, Galeotti R, Schirda C, Menegatti E, Weinstock-Guttman B, et

al. Changes of cine cerebrospinal fluid dynamics in patients with multiple sclerosis treated with



10

11

12

13

14

15

16

17

18

19

20

21

22

23

21

percutaneous transluminal angioplasty: a case-control study. J Vasc Interv Radiol. 2013;24:829-
38.

19)  Zamboni P, Menegatti E, Weinstock-Guttman B, Dwyer MG, Schirda CV, Malagoni AM,
et al. Hypoperfusion of brain parenchyma is associated with the severity of chronic cerebrospinal
venous insufficiency in patients with multiple sclerosis: a cross-sectional preliminary report.
BMC Med. 2011;9:22.

20) Utriainen D, Trifan G, Sethi S, Elias S, Hewett J, Feng W, et al. Magnetic resonance
imaging signatures of vascular pathology in multiple sclerosis. Neurol Res. 2012;34:780-92.

21) Garaci FG, Marziali S, Meschini A, Fornari M, Rossi S, Melis M, et al. Brain
hemodynamic changes associated with chronic cerebrospinal venous insufficiency are not
specific to multiple sclerosis and do not increase its severity. Radiology. 2012;265:233-9.

22)  Siddiqui AH, Zivadinov R, Benedict RH, Karmon Y, Yu J, Hartney ML, et al. Prospective
randomized trial of venous angioplasty in MS (PREMiSe). Neurology. 2014 29;83:441-9.

23)  http://www.fda.gov/NewsEvents/Newsroom/PressAnnouncements/ucm303538.htm

24)  Zamboni P, Morovic S, Menegatti E, Viselner G, Nicolaides AN. Screening for chronic
cerebrospinal venous insufficiency (CCSVI) using ultrasound--recommendations for a protocol.
Int Angiol. 2011;30:571-97.

25) Dolic K, Marr K, Valnarov V, Dwyer MG, Carl E, Hagemeier J, et al: Sensitivity and
specificity for screening of chronic cerebrospinal venous insufficiency using a multimodal non-
invasive imaging approach in patients with multiple sclerosis. Funct Neurol 2011, 26:205-214.
26) Dolic K, Marr K, Valnarov V, Dwyer MG, Carl E, Karmon Y, et al: Intra- and
extraluminal structural and functional venous anomalies in multiple sclerosis, as evidenced by 2

noninvasive imaging techniques. Am J Neuroradiol 2012; 33:16-23.



10

11

12

13

14

15

16

17

18

19

20

21

22

27)  Zivadinov R, Lopez-Soriano A, Weinstock-Guttman B, Schirda CV, Magnano CR, Dolic
K, et al: Use of MR venography for characterization of the extracranial venous system in patients
with multiple sclerosis and healthy control subjects. Radiology 2011, 258:562-570.

28) Jonsson C, Pagani M, Johansson L, Thurfjell L, Jacobsson H, Larsson SA.
Reproducibility and repeatability of 9Tem-HMPAO rCBF SPET in normal subjects at rest
using brain atlas matching. Nucl/ Med Commun. 2000;21:9-18.

29) Paschali A, Messinis L, Kargiotis O, Lakiotis V, Kefalopoulou Z, Constantoyannis C, et
al. SPECT neuroimaging and neuropsychological functions in different stages of Parkinson's
disease. Eur J Nucl Med Mol Imaging. 2010;37:1128-40.

30) Santra A, Sinha GK, Neogi R, Thukral RK. (99m)Tc-hexamethyl propyleneamine oxime
brain perfusion single photon emission computed tomography in characterization of dementia: an
initial experience in Indian clinical practice. World J Nucl Med. 2014;13:120-7.

31) D’Souza, Medora D. Morphometric study of the ventricular System of brain computerized
tomography. J. Anat. Soc. India, 2007;56:19-24.

32) Gameraddin M, Alsayed A, Ali A, Al-Raddadi M. Morphometric Analysis of the Brain
Ventricles in Normal Subjects Using Computerized Tomography. Open Journal of Radiology,
2015; 5:13-19.

33) Cutler RW, Page L, Galicich J, Watters GV. Formation and absorption of cerebrospinal
fluid in man. Brain. 1968;91:707-20.

34)  Schaller B. Physiology of cerebral venous blood flow: from experimental data in animals

to normal function in humans. Brain Res Rev. 2004; 46:243-260



10

11

12

13

14

15

16

17

18

19

20

21

22

23

23

35) Gadda G, Taibi A, Sisini F, Gambaccini M, Zamboni P, Ursino M. A new hemodynamic
model for the study of cerebral venous outflow. Am J Physiol Heart Circ Physiol. 2015.
1;308:H217-31.

36) Toro EF, Muller LO, Cristini M, Menegatti E, Zamboni P. Impact of Jugular Vein Valve
Function on Cerebral Venous Haemodynamics. Curr Neurovasc Res. 2015 Aug 7. [Epub ahead
of print].

37) Chung CP, Beggs C, Wang PN, Bergsland N, Shepherd S, Cheng CY, et al. Jugular
venous reflux and white matter abnormalities in Alzheimer's disease: a pilot study. J Alzheimers
Dis. 2014;39:601-9.

38) LiuM, XuH, Wang Y, Zhong Y, Xia S, Utriainen D, et al. Patterns of chronic venous
insufficiency in the dural sinuses and extracranial draining veins and their relationship with
white matter hyperintensities for patients with Parkinson's disease. J Vasc Surg. 2015;61:1511-
20.el

39) Di Berardino F, Alpini DC, Bavera PM, Cecconi P, Farabola M, Mattei V, et al. Chronic
cerebrospinal venous insufficiency in Meniere disease. Phlebology. 2015;3:274-9.

40) Berg D, Miurer M,Warmuth-Metz M, Rieckmann P, Becker G (2000) The correlation
between ventricular diameter measured by transcranial sonography and clinical disability and
cognitive dysfunction in patients with multiple sclerosis. Arch Neurol. 57: 1289—1292

41)  Muller M, Esser R, Kotter K, Voss J, Muller A, Stellmes P. Third ventricular enlargement
in early stages of multiple sclerosis is a predictor of motor and neuropsychological deficits: a
cross-sectional study. BMJ Open. 2013;3:e003582.

42)  D'haeseleer M, Cambron M, Vanopdenbosch L, De Keyser J. Vascular aspects of multiple

sclerosis. Lancet Neurol. 2011 Jul;10(7):657-66. doi: 10.1016/S1474-4422(11)70105-3.



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

43)  Wauerfel J, Bellmann-Strobl J, Brunecker P, Aktas O, McFarland H, Villringer A, et al.
Changes in cerebral perfusion precede plaque formation in multiple sclerosis: a longitudinal
perfusion MRI study. Brain. 2004;127:111-9.

44)  Holland CM, Charil A, Csapo I, Liptak Z, Ichise M, Khoury SJ, et al. The relationship
between normal cerebral perfusion patterns and white matter lesion distribution in 1,249 patients
with multiple sclerosis. J Neuroimaging. 2012;22:129-36.

45) Zamboni P, Galeotti R, Weinstock-Guttman B, Kennedy C, Salvi F, Zivadinov R. Venous
angioplasty in patients with multiple sclerosis: results of a pilot study. Eur J Vasc Endovasc

Surg. 2012;43:116-22.



10

11

12

13

Skin and Soft

RN .
1HISSUE oo

Junction
Lumen (L)

Deep Tissue _

e
’l

Fig 1. A, B-mode image showing the different layers; the arrowhead indicates the monocusp
jugular valve. B, The M-mode analysis demonstrates the immobility of the monocusp in any
postural and respiratory condition. The arrow indicates how the cusp is a fixed intraluminal
obstacle. In the deep tissue, the electrocardiography trace is depicted. It shows the absence of

valve opening in any phase of the cardiac cycle.
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Fig 2. Magnetic resonance venography (MRV) of the extracranial venous system. The arrow
shows a stenotic left internal jugular vein (IJV) in consequence of omohyoid muscle
compression, compensated by an enlarged external jugular vein. The pencil tip sign is readily

apparent.
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Fig 3. In the top and bottom are displayed images, respectively, related to presurgical and
postsurgical computed tomography (CT) acquisition. A and D, Lateral scout view of the skull
showing the interval of three-dimensional CT reconstruction. B and E, Middle cerebral CT slice
that highlights ventricles (in purple) and subarachnoid spaces (in light purple). C and F, Three-
dimensional rendering reconstruction of the ventricular cavities. The significant reduction in size
of the ventricular spaces between the study performed before surgery (C) and the one acquired at

1 month from endophlebectomy (F) is apparent.
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Table I. Demographics and clinical characteristics of the two cohorts

Surgical group (n % 27) Control group (n % 14) P

Age, years 48 +7
Gender 14 M, 13 F
MS clinical class 13 RR 14 SP

RR disease duration, years 10 + 4

SP disease duration, years 13 =4
M-mode valve presence  40/54 (74%)
Defective valves 40/54 (74%)
Compression 20/27 (74%)
Jugular hypoplasia 2/27 (7%)

44 =11
8M,6F

8 RR 6 SP
9+3

14 +1
22/28 (78%)
22/28 (78%)
6/14 (42%)
0/14 (0%)

47
74
74
.55
.29
.79
.79
15
.54

|MS, Multiple sclerosis; RR, relapsing remitting; SP, secondary progressive.
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Table II. Flow values and collateral flow index (CFI) among different groups

Surgical group, Surgical group, Control group, Control group,

preoperative (n % 27) postoperative (n % 27) P preoperative (n % 14) postoperative (n % 14)

HBinF,. 970 + 220a 920 + 150 .35 900 + 150 900 + 80
mL/min
CBF,

. 610 +180a 600 + 110 .97 530 =100 53070
mL/min
HBoutF, 320 +200. 740 + 280 <.0008 580 + 240 520 + 170,
mL/min
CFI 70 + 20a 30 +20 <.0003 40 =30 40 + 20a

29

jav}

.87

.61

.37
.60

CBF, Cerebral blood inflow; HBinF, head blood inflow; HBoutF, head blood outflow.

The boldface P values indicate that both postoperative HBoutF and CFI were significant improved in the surgical group.

aNo statistical differences in preoperative inflow and outflow values between surgical and control groups (P % .16; P %4 .09; P %4 .07; P % .11).
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Fig 4. Four pairs of histograms comparing preoperative (PRE OP) and postoperative (POST OP)
values of ventricular volume in the treated group, which was significantly reduced. By stratifying
the relapsing remitting (RR) patients, the reduction was even much more significant (second
pair). To the contrary, in the secondary progressive (SP) subset, the difference was not
significant (third pair). Finally, the fluctuation of ventricular volume in the control population did

not change significantly. F-up, Follow-up; PTS, patients.
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Table III. The preoperative perfusion values in controls, in whole population of patients, and in
relapsing remitting (RR) and secondary progressive (SP) subgroups

Controls
Entire brain 1.6 +1.2
Cortex -1.6 1.3
Frontal -1.8+1.5
Temporal -21+£1.5
Parietal -12+1.2
Occipital -0.7 £1.2
Cerebellum -1.4+0.8

All patients
-1.9+£0.8
-1.8+1.0
-2.0+09
2211
-1.6 £ 0.8
-1.2+0.9
-1.2+0.8

P
.29
.29
.18
.56
12

<.03
.58

RR group
-1.9 £ 0.7
-1.7£1.0
-1.9£0.9
-21+1.0
-1.6 £ 0.7
-1.2£0.7
-1.2 £0.7

P

42
46
47
.89
.19
.05
.05

SP group
-1.9+0.9
-19+1.0
-21+1.0
2311
-1.7 £1.0
-1.0+1.0
-1.1+0.8

P

.38
.19
17
43
17
.30
40

Data are given in units with respect to the atlas of normality. P is referred to controls. The boldface P value indicates a significantly better occipital
perfusion in controls.
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Fig 5. Brain perfusion values in the entire brain and in the 12 evaluated areas with respect to the
atlas of normality in all patients, controls, and relapsing remitting (RR) and secondary
progressive (SP) patients. Cortex, frontal, temporal, parietal, occipital, and cerebellar regions
display the sum of the left and right perfusion. All the groups were below normal perfusion (0

line).
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Table IV. Postoperative perfusion values in controls, in whole population of patients, and in
relapsing remitting (RR) and secondary progressive (SP) subgroups

Controls All patients P RR group P SP group P
Entire brain 04+18 0.6 £2.0 .94 1.4 +2.0 47 -01+1.8 .60
Cortex 01+18 0.5+2.2 .63 1.1+21 17 -01+21 .70
Frontal 0.6 +1.9 0323 .54 0922 .83 -0.2£22 .23
Temporal 0.5%24 0.6 £2.5 44 1.3+25 .81 -0.1+2.2 13
Parietal -0.2+21 09+24 11 1.7+21 <.02 0.1x24 .61
Occipital -0.8+2.1 1.3+21 <.0003 22%20 <.0001 0.5+19 .05
Cerebellum 0.6 +2.4 0.8+2.3 49 1.2+£23 .35 0.4 +23 .75

P is referred to controls. The boldface P values indicate a postoperative significantly improved perfusion respectively in the parietal and occipital regions
of the RR group and in the occipital area of whole operated patients.
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Fig 6. Postoperative perfusion values measured in the entire brain and in the 12 evaluated areas.

The green line refers to the relapsing remitting (RR) group of patients, who significantly

improved perfusion with respect to controls (red line), with significant changes in both the

occipital and parietal lobes. To the contrary, the secondary progressive (SP) group of patients

(violet line) did not significantly improve. The blue line indicates the postoperative improvement

of the whole surgical population.
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Table V. Complication rate

Complication type No. (%)

Hematoma 4/27 (15)
Thoracic duct injury 1/27 (4)
Bleeding 1/27 (4)

Cranial nerve injury | 1/27 (4)
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