The severity of chronic cerebrospinal venous
insufficiency in patients with multiple sclerosis is
related to altered cerebrospinal fluid dynamics
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Summary

Chronic cerebrospinal venous insufficiency (CCSVI) is
a vascular picture that shows a strong association with
multiple scierosis (MS). The aim of this study was to in-
vestigate the relationship between a Doppler cerebral
venous hemodynamic insufficiency severity score
(VHISS) and cerebrospinal fluid (CSF) flow dynamics in
16 patients presenting with CCSVI and relapsing-remit-
ting MS (CCSVI-MS) and in eight healthy controls (HCs).
The two groups (patients and controls) were evaluated
using validated echo-Doppler and advanced 3T-MRI
CSF flow measures. Compared with the HCs, the
CCSVI-MS patients showed a significantly lower net
CSF flow (p=0.027) which was highly associated with
the VHISS (r=0.8280, r’=0.6855; p=0.0001).

This study demonstrates that venous outflow distur-
bances in the form of CCSVI significantly impact on
CSF pathophysiology in patients with MS.
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Introduction

As selective venography studies have clearly shown (1-
5), chronic cerebrospinal venous insufficiency (CCSVI)
is characterized by multiple extracranial stenoses affect-
ing the internal jugular veins (lJVs) and the azygous
vein (AZ), leading to the opening of collaterals. A signif-
icant association between CCSVI and multiple sclerosis
(MS) has recently been demonstrated (1).

Combined transcranial and extracranial echo-color
Doppler (ECD) sonography can be used to detect ve-
nous hemodynamic (VH) parameters indicative of
CCSVI, a condition in which the physiological postural
and respiratory mechanisms of cerebral venous return
are completely upset. We previously reported that at
least two out of five VH criteria need to be fulfilled for
a diagnosis of CCSVI. The fulfilment of =2 criteria in
the same subject was never observed in controls, but
overlapped perfectly with the diagnosis of clinically
definite MS in cross-sectional studies (1,4). Further-
more, the application of advanced MRI techniques and
assessment of non-conventional MRl measures may
offer new pathophysiological and pathogenetic infor-
mation (6-8).

Hypothesizing that altered extracranial venous hemody-
namics may be associated with altered intracranial cere-
brospinal fluid (CSF) flow dynamics, we applied an ad-
vanced cine CSF imaging acquisition and analysis pro-
tocol to our study population.

Materials and methods

Sixteen consecutive relapsing-remitting (R-R) MS pa-
tients, diagnosed in accordance with the McDonald crite-
ria (9), eight from the Bellaria Hospital (Bologna, Italy)
and eight from the Jacobs Neurological Institute, Univer-
sity at Buffalo (NY, USA), as well as eight age- and sex-
matched healthy controls (HCs), four from ltaly and four
from NY, were enrolled in this study. The inclusion crite-
ria were: R-R disease course (10); Expanded Disability
Status Scale (EDSS) (11) score of between 0-5.5; age of
between 18 and 65 years; disease duration of between 5
and 10 years; being on a currently FDA-approved dis-
ease-modifying treatment; normal renal function (creati-
nine clearance level of >58); for the Italian patients and
controls, a willingness to travel to the USA.

The exclusion criteria were: an acute relapse and/or
steroid treatment within the 30 days preceding study en-
try, pre-existing medical conditions associated with brain
pathologies (e.g., neurodegenerative disorder, positive
history of alcohol abuse, trauma and other condition
identified through an MRI health questionnaire), abnor-
mal renal function.
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The study was conducted at the Jacobs Neurological
Institute and the Buffalo Neuroimaging Analysis Center
at Buffalo, NY, over a period of four days. All the inves-
tigators — the Italian team performed VH/Doppler as-
sessments and the Buffalo team clinical and MRI ex-
aminations — were fully blinded to the subjects’ clinical
and demographic characteristics and group (MS or
HCs). Clinical, VH, and MRI parameters were as-
sessed within the same day for each subject, in a
cross-sectional design.

All the patients underwent complete physical and neuro-
logical examinations, EDSS scoring, and Multiple Scle-
rosis Functional Composite (MSFC) (12,13) evaluations
followed by ECD and advanced MRI assessment.

Protocol approval and patient consent

The study data were obtained under a protocol ap-
proved by the Human Subjects Institutional Review
Board of the University at Buffalo. Written informed con-
sent was obtained from all the subjects.

ECD study of cerebral venous return

Cerebral venous return was examined using the My Lab
30 Vinco ECD system (Esaote-Biosound, Genoa, ltaly),
equipped with 2.5 and 7.5-10 MHz transducers, with the
subject positioned on a tilt bed as previously described
(1,4,14,15). We looked, in particular, for the following
five VH criteria (VH 1-5) indicative of the presence of
CCSVI (1,4):

VH1. Reflux in the IJVs and/or in the vertebral veins
(VVs), with the subject assessed in both the sitting and
the supine position. In accordance with a study that
proposed cut-off values to allow differentiation be-
tween physiological flow and reflux, reflux was defined
as a reversal of the physiological direction of the flow
lasting >0.88 seconds (18), although in our study flow
was assessed during a short period of apnea following a
normal exhalation, and never in a forced condition like
the Valsalva maneuver. Positive findings suggest the
presence of stenoses in the [JVs and/or in the AZ, re-
spectively.

VH2. Reflux in the deep cerebral veins (DCVs), which in-
clude the Galen vein, the internal cerebral vein, the Ro-
senthal vein, and the veins draining the subcortical gray
matter (GM) into the DCVs. Positive findings indicate
propagation of extracranial reflux into parenchymal veins.
VH3. B-mode imaging evidence of stenoses in the IJVs,
due to the presence of annuli, webs, septa, or mal-
formed valves (Fig.1).

VH4. Absence of Doppler signal in the 1JVs and/or in the
V/Vs, even after forced inspiration (Fig.1), in both sitting
and supine positions, or in only one of the two positions
but with detection of reflux in the other position. Blocked
outflow is related to stenosis located distally to the point
of assessment.

VH5. Negative difference in the cross-sectional area
(CSA) of the IJVs (-ACSA), obtained by subtracting the
CSA measured in the supine from that obtained in the
sitting position. In human physiology, the IJVs are the
predominant outflow pathway in the supine position
leading to a positive value of ACSA (14,17).
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Venous hemodynamic insufficiency severity score
(VHISS)

For each of the five VH criteria a “VHISS contribution
score” was assigned using the scheme described below.
These scores, combined, gave an overall severity
measure, the VHISS.

As regards criterion VH1, there are eight venous seg-
ments that can potentially exhibit reflux in the two pos-
tures and one point was assigned for each one at which
reflux was found to be present. Consequently, VH1 had
a VHISS contribution score that could range from a min-
imum of 0 to a maximum of eight.

Criterion VH2 was assigned a VHISS contribution score
of 1 if reflux was present in the DCVs in only one pos-
ture, and of 2 if it was present in both postures. The
VHISS contribution score for this criterion was addition-
ally weighted with a factor of 2 if reflux toward the sub-
cortical GM could be detected. This was based on a pre-
vious report in which we found the latter to be signifi-
cantly associated with greater disability (19). Conse-
quently, the VHISS contribution score for VH2 could
range from a minimum of 0 to a maximum of four.

The VHISS contribution score for VH3 ranged from 0 to
2, depending on whether B-mode anomalies disturbing
outflow were present in none, one or both of the [JVs,
respectively. VH3 was assigned a contribution score of
0 if either VH1 or VH4 were positive for the presence, in
either posture, of reflux or obstruction in the IJV of inter-
est (Fig.1).

The scoring scheme for the contribution of VH4 to the
VHISS was the same as that for VH1, the difference be-
ing that only blocks were considered (Fig.1). No points
were assigned for segments and postures in which re-
flux had previously been detected under VH1.

The VH5 criterion had an overall VHISS contribution
score of between 0 and 4, calculated by assigning 0 to 2
points for each IJV. A -ACSA value was assigned a score

Figure 1 - Septum and flow block in an internal jugular vein on
echo-color Doppler

Cervical ECD, left side transverse access, supine posture.
CC=common carotid artery; THY=thyroid gland; IJV=internal
jugular vein. The arrow in the IJV indicates a septum (criterion
VHB3) that cannot be crossed by the flow, despite maximum in-
spiration (no color in the lumen).

This example of blocked flow corresponds to VH4. Thus we as-
signed, for both findings, a single VHISS contribution score of 1
due to the mutually exclusive nature of VH3 and VH4.
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of 2, whereas a ACSA value <7 mm?, corresponding to
the 25" percentile of ACSA distribution in healthy controls
(5), was assigned a score of one. ACSA >7 mm? was as-
signed a score of 0.

The overall VHISS score was defined as a weighted
sum of the scores contributed by each individual VH cri-
terion. The formula for VHISS calculations was:
VHISS=VHISS; + VHISS, + VHISS; + VHISS, + VHISS;.
The subscripts in this formula indicate the subscores for
the five VH criteria. The VHISS score is an ordinal
measure of the overall extent and number of VH flow
pattern anomalies, with a higher value of VHISS indicat-
ing a greater severity of these anomalies. The minimum
possible VHISS value was 0 and the maximum 16. The
maximum is limited by the mutually exclusive nature of
VH1, VH3 and VH4 (Fig.1).

MRI assessment

Image acquisition. All the subjects were examined on a
3T GE Signa Excite HD 12.0 Twin Speed 8-channel
scanner (General Electric, GE, Milwaukee, WI), with a
maximum slew rate of 150T/m/s and a maximum gradi-
ent amplitude in each orthogonal plane of 50mT/m
(zoom mode). Table | details the MRI acquisition param-
eters. A cine, phase-contrast velocity-encoded (Vgpe =
20cm/s) gradient echo scan with peripheral cardiac gat-
ing was collected to measure the CSF flow in the
Sylvius aqueduct; 32 phases, corresponding approxi-
mately to a full cardiac cycle (systole and diastole),
were collected on one 4 mm-thick slice positioned per-
pendicular to the Sylvius aqueduct, with in-plane reso-
lution 0.39x0.039 mm?. A sagittal T2 scan was taken pri-
or to the axial cine sequence, to facilitate visualization
of the aqueduct and positioning (Fig. 2). Although aliasing

Table | - MRI acquisition parameters on a GE 3T scanner.
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Figure 2 - Cerebrospinal fluid flow measurement in the Sylvius
aqueduct.

Assessment in a HC (left) and MS patient (right), A-B. Sagittal
T2 scans showing positioning for the MRI cine acquisition.
Slices were perpendicular to the aqueduct (arrows), C-D. CSF
velocity distribution within the aqueduct region of interest, for
the 32 phases, calculated using the GE ReportCard software.
Positive (or retrograde) flow is toward the 3" ventricle and neg-
ative (or anterograde) flow toward the 4" ventricle. Normal CSF
flow in the aqueduct is negative during systole and positive dur-
ing diastole.

Series description PD/T2 SE T1 3D HIRES FLAIR Sag T2wI Ax CinePC
T1WA1 Veg=20cm/s
AT (min:s) 5:08 6:11 9:18 6:49 1:10 4:22
Matrix 256x256 256x256 256x256 256x256 512x256 256x256
FOV (cm) 25.6 25.6 25.6 25.6 24 10
Phase FOV 0.75 0.75 0.75 1 1
TE (ms) 9/98 16 2.8 120 105 8
TR (ms) 5300 600 5.9 8500 5000 40
TI (ms) - - 900 2100 - -

ETL 14 1 24 24 1
Slices/Locations 64 64 184 64 14 1
Thickness (mm) 2 3 4

Gap 0 0 0 0 1 0

Averages 1 1 1 1 1
Flip Angle (degrees) 90 90 10 90 90 20
Bandwidth (Hz/px) 195 163 244 163 122 122

Abbreviations: AT=acquisition time;FOV=field of view; TE=echo time; TR=repetition time; Tl=inversion time; ETL=echo train length; PD=proton
density; T2WI=T2-weighted image; SE= spin echo; FLAIR=fluid-attenuated inversion recovery; HIRES T1WI= high-resolution T1-weighted im-
age; Sag T2WI=Sagittal T2-weighted image; Ax CinePC=axial cine phase-contrast acquisition.
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was present in the cine images (because a 10 cm field
of view was used), this did not affect the analysis which
was confined to the aqueduct region. Given that circadi-
an rhythm can influence CSF flow (20), HCs and MS pa-
tients were matched for the time of the day when the scan
was obtained. A spin echo T1-weighted image was ac-
quired 5 min following an injection with a single dose in-
travenous bolus of 0.1 mMol/kg gadolinium (Gd)-DTPA.

MRI analysis

The MRI analysts were blinded to the patients’ clinical,
ECD, and MRI characteristics.

Cerebrospinal fluid flow data were processed using the
GE ReportCard (version 3.6) software (General Electric,
GE, Milwaukee, WI, USA. Measurements for maximum
anterograde (toward 4" ventricle) and retrograde (to-
ward 3“ ventricle) CSF flow velocity were highly repro-
ducible (intra- and inter-rater variations of less than 1%).
However, to ensure consistency and higher accuracy in
quantifying the anterograde, retrograde and net CSF
flow rates, a semi-automated minimum area contour
change (MACC) program was used to delineate the
aqueduct in each of the 32 phases (21) (Fig. 2). The cal-
culated outline was fitted to an ellipse and the minor ra-
dius was considered to be the radius of the aqueduct.
Using the peak velocities calculated with the Report-
Card software and considering that CSF flow through
the aqueduct is laminar (22), the flow rate for each pha-
se was determined. The positive and negative flow rates
(mm? per heart beat) were determined by integrating the
phases with positive and negative velocities, respeciive-
ly. The net flow rate was calculated as the integral of the
flow over the 32 phases.

Statistical analysis

Parameters are expressed as median values (with in-
terquartile range). Differences between MS patients and
HCs were assessed using Student’s t test, or the Mann-
Whitney test, as appropriate. The relationship between
VHISS and CSF flow was assessed using Spearman
rank correlation and linear multiple regression analyses.
A p value <0.05 was considered significant with two-
tailed tests used for all analyses.

Results

The differences in demographic, clinical, ECD and MRI
characteristics between the study groups, with the rela-
tive levels of significance, are shown in Table Il. All MS
patients were on disease-modifying therapy (seven
were on subcutaneous interferon-beta 1a, two on intra-
muscular interferon-beta 1a, four on natalizumab and
three on glatiramer acetate).

VH and VHISS parameters in MS patients versus controls

The number of VH criteria fulfilled (median; interquartile
range) was significantly greater in the MS group than
the control group (4.0; 1.8 vs 0; p<0.001, Mann-Whitney
test). All 16 MS patients had CCSVI as defined by the
fulfilment of two or more VH criteria; none of the controls
had CCSVI. These differences were significant
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(p<0.001, Fisher’s exact test). These results showed
that this study sample, like the MS patients that we pre-
viously reported, had increased CCSVI frequency (1,5).
Accordingly, VHISS was significantly higher in the
CCSVI-MS patients than in the controls (Table II).

VHISS is associated with reduced net CSF flow in the
aqueduct of Sylvius

Normal CSF flow in the aqueduct is negative during sys-
tole and positive during diastole. Positive (or retrograde)
flow is directed toward the 3 ventricle and negative (or
anterograde) flow toward the 4" ventricle; the difference
between the anterograde and retrograde flow makes it
possible to determine the net CSF flow. As shown in
Table 1, the MS patients, compared with the controls,
showed a lower net CSF flow (p=0.027) and a reduced
3rd ventricle volume (p=0.02). The reduction of net CSF
flow in MS patients was in turn strongly associated with
VHISS: Spearman rank correlation coefficient (corrected
for ties) was 0.8229, 95% confidence interval (Cl):
0.5248-0.9412, p=0.0002. Figure 3 shows the corre-
sponding linear regression analysis with 95% CI be-
tween the VHISS value and lower net CSF flow in
CCSVI-MS patients (r=0.8280, r*=0.6855; p=0.0001).
No correlation between clinical or other MRI parameters
and VHISS was demonstrated.

CSF net flow mm?beat

5 6 7 8 9 10 " 12 13 14
VHISS

Figure 3 - Association between venous hemodynamic insuffi-
ciency severity score (VHISS) and net cerebrospinal fluid flow.
Linear regression analysis (straight line) with 95% CI (dotted
lines) between VHISS and net CSF flow in CCSVI-MS patients
(r=0.83, r'’=0.69 p<0.0001).

Discussion

The hemodynamic alterations in CCSVI observed in
this study consisted of a higher frequency of venous
segments exhibiting reflux, flow block, B-mode imaging
evidence of extracranial venous stenoses, and re-
duced compliance in the IJVs, leading to increased
VHISS. Our study showed a strong correlation be-
tween VHISS and lower net CSF flow (Fig. 3). Cere-
brospinal fluid is formed primarily in the lateral ventri-
cles and mainly flows through the ventricular system,

Functional Neurology 2009; 24(3): 133-138
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Table Il - Demographic, clinical, echo-color Doppler and MR characteristics of patients with chronic cerebrospinal venous in-
sufficiency and multiple sclerosis (CCSVI-MS) and of healthy controls.

CCSVI-MS Healthy controls p value
n=16 n=8
Median Median
(interquartile range) (interquartile range)

Age, years 35 (6) 32 (6.5) n.s.
Sex, M/F 6/10 2/6 n.s.
Disease duration, years 8 (3.5) - -
EDSS 2.5 (1.25) - -
MSFC 2.25 (1.07) 2.95 (0.61) 0.01
Number of fulfilled VH criteria 4 (1.5) 0 (0) 0.0001
VHISS 9 (4) 0(1) 0.0001
CSF positive flow (mm?/beat) 37.13 (32.22) 19.30 (17.79) n.s
CSF negative flow (mm?®/beat) -31.90 (37.37) -32.82 (18.88) n.s
CSF net average flow (mm#/beat) -0.35 (10.45) -12.21 (7.59) 0.027
T1-LV (mm?) 1123.98 (2283.94) - -
T2-LV (mm?) 4852.85 (4425.19) 426.01 (803.97) 0.0001
NBV (mmd) 1615921.00 (127308.85) 1719794.00 (71247.05) 0.009
NGMV (mm?) 936122.79 (114747.53) 1011902.05 (101110.52) 0.03
NWMV (mm?®) 678115.12 (75733.10) 692765.98 (32065.21) n.s.
Third ventricle volume (mm?) 1348 (680) 861 (330) 0.02

Abbreviations: EDSS=Expanded Disability Status Scale; MSFC=Multiple Sclerosis Functional Composite score; VH=venous
hemodynamics; VHISS=venous hemodynamiic insufficiency severity score; CSF=cerebrospinal fluid; T1-LV=volume of lesions
in T1; T2-LV= volume of lesions in T2, NBV=whole brain volume; NGMV=gray matter volume; NWMV=white matter volume

over the cerebral hemispheres, and through the arach-
noid villi into the superior sagittal sinus. Normal CSF
circulation, in which there is a correct balance between
ultrafiltration of CSF (from the veins of the lateral ven-
tricles) and its clearance from the CSF space into the
venous system at the level of the dural sinuses, de-
pends on efficient venous drainage (16,24-26). Im-
paired CSF dynamics may be a factor contributing to
the increases in 3¢ ventricle and lateral ventricle vol-
umes that we measured (Table Il), and that are ob-
served very frequently in MS patients.

Our findings, demonstrating that CCSVI has a signifi-
cant impact on brain pathophysiology, and particularly
on the balance of intracranial fluids, could provide stim-
ulation for the development, in the future, of mathemati-
cal models currently lacking (probably because the de-
scription of CCSVI is so recent). A model is needed in
which increased resistance of venous outflow is partial-
ly corrected by the development of collateral circulations
(2,19). Speculatively, the imbalance in CSF filtration-re-
absorption processes might be related to increased
transmural pressure in the condition of CCSVI (1,5,23,
24). CSF flow assessment is a novel MRI tool, and it

Functional Neurology 2009; 24(3): 133-138

would probably be a useful parameter to measure dur-
ing the follow up of patients submitted to endovascular
procedures to correct extracranial venous stenoses in
CCS8VI (5). It can be hypothesized that improved VHISS
would correspond to coherent changes in CSF flow dy-
namics.

Our pilot study has several limitations. Its main short-
coming is the small sample size. Another limitation is the
lack of MRI data on cerebral veins. In advanced MR as-
sessments, susceptibility-weighted imaging may be an
ideal approach for “extracting” the venous tree of the
brain and calculating the cerebral venous volume (6,7).
However, the results obtained in this exploratory study
are certainly encouraging and provide a basis for further
investigations, both cross-sectional and longitudinal.
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