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9 Abstract

10 Background: The quantification of the flow returning from the head through the cervical veins and the collaterals
11 of the internal jugular vein (IJV), is becoming of prominent interest in clinical practice. We developed a novel model
12 to calculate the cerebral venous return, normalized to the arterial inflow, in the different segments of the IJV.

13 Methods: We assessed, by established Echo Colour Doppler (ECD) methodology, the head inflow (HBinF) defined
14 as the sum of common carotids and vertebral arteries, as well as the cerebral flow (CBF) defined as the sum of
15 internal carotid and vertebral arteries. We also assessed the head outflow (HBoutF) defined as the sum of the
16 measurements at the junction of the IJV and the vertebral veins. In addition, we also calculated the collateral flow
17 index (CFI) by estimating the flow which re-enters directly into the superior vena cava as the amount of blood
18 extrapolated by the difference between the HBinF and the HBoutF. We preliminarily tested the model by
19 comparing ten healthy controls (HC) with ten patients affected by chronic cerebral spinal venous insufficiency
20 (CCSVI), a condition characterized by some blockages in the IJV which are bypassed by collateral circulation.

21 Results: In HC the HBinF was 1040±125 ml/min, whereas the HBoutF was > 90% of the HBinF, leading to a final CFI
22 value of 1%. The last result shows that a very small amount of blood is drained by the collaterals. In upright we
23 confirmed a reduction of the outflow through the IJV which increased CFI to 9%. When we applied the model to
24 CCSVI, the HBinF was not significantly different from controls. In supine, the flow of CCSVI patients in the IJV junction
25 was significantly lower (p < 0.001) while the correspondent CFI value significantly increased (61%, p < 0.0002).

26 Conclusions: Our preliminary application of the novel model in the clinical setting suggests the pivotal role of the
27 collateral network in draining the blood into the superior vena cava under CCSVI condition.

28 Keywords: Chronic cerebro-spinal venous insufficiency, CCSVI, Internal jugular vein, IJV, Echo colour doppler, Model,

29
Ultrasound, Haemodynamics, Cerebral outflow

30 Background
31 There is general agreement in considering the internal
32 jugular veins (IJVs) as the major route of cerebral outflow
33 in the supine position, and the vertebral veins (VVs) as the
34 major route of brain drainage in upright [1-4]. In a recent
35 consensus, the IJV was subdivided into 3 segments: the
36 segment J3 or higher, which is anatomically located at the
37 carotid bifurcation and the mandibular angle; the middle
38 segment or J2, related to the ipsilateral thyroid lobe;

39finally, the lower end or J1, corresponding to the conflu-
40ence with the brachio-cephalic vein trunk [5].
41In a recent paper we have shown that the flow tends
42physiologically to grow in volume from J3 to J1, both in
43basal conditions and under standardized conditions of ac-
44tivation of the thoracic pump [6]. The main question to be
45answered is why the IJV flow is increased from the skull to
46the chest. Our hypothesis is to consider the possibility of
47blood re-entry from jugular collaterals into the main trunk
48(in the following we will use the term re-entry to indicate
49when a collateral channel is flow tributary of the major
50truncal pathway). Furthermore, the increase of IJV flow
51along the extra-cranial segment could be related to the re-
52entry volume through collateral vessels draining not only
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53 the blood of face and neck soft tissue, but also a rate com-
54 ing from the brain through extra-intra-cranial anasto-
55 mosis. In fact, there is a never assessed quota of the head
56 inflow that is conveyed into the IJV more caudally with re-
57 spect to the J3 position, through intra- and extra-cranial
58 anastomosis. We are aware of anatomical presence of
59 intra- and extra-cranial connection [7] but their physio-
60 logical contribution to brain circulation is completely un-
61 known. To this aim we have developed an haemodynamic
62 model which describes quantitatively the neck pathway of
63 the cerebral venous return, normalized with respect to the
64 arterial inflow. Flow parameters have been measured by
65 means of established echo-colour Doppler (ECD) method-
66 ology. Finally, in the second phase of the research, we have
67 performed preliminary measurements in normal subjects
68 and in patients affected by Chronic Cerebrospinal Venous
69 Insufficiency (CCSVI) [5].

70 Methods
71 First phase of the study
72 Total of eleven healthy volunteers were screened for
73 CCSVI absence by means of established ECD criteria [5].
74 One out of eleven screened subjects presented with >2
75 ECD criteria positive for CCSVI and, consequently, was
76 excluded from the healthy controls. Ten out of eleven en-
77 tered the study (age ranging from 23 to 42 y.o., male:fe-
78 male ratio 3:2). This prospective study was in accordance
79 with Ethical Standards of the Committee on Human
80 Experimentation of the University of Ferrara. All the study
81 participants were non-invasively investigated by means of
82 ultrasonic scanning with an ECD machine (ESAOTE My-
83 Lab 70, Genoa, Italy) at the same condition of room
84 temperature (23° Celsius) and with all participants off of
85 drugs influencing the venous tone. Measurements were all
86 performed in the morning hours following recommenda-
87 tion to drink 500 ml after the wake, in order to have com-
88 parable conditions of hydration [5].

89 Protocol of ECD measurement
90 Subject positioning and condition of measurement
91 Each experiment was performed with the subject placed
92 on a tilting chair in both supine and upright positions
93 while breathing normally, by starting the examination in
94 supine position. After changing position, an adaptation
95 period of at least 2 minutes was allowed before any fur-
96 ther measurement.
97 The examiner carefully observed the inclination of the
98 patient’s neck and provided appropriate neck support to
99 avoid neck flexion, hyperextension or rotation to the left
100 or right, which could potentially compress the neck
101 veins and consequently affect measurements.
102 We used a thick layer of ultrasonic gel as well as
103 recommended maneuvers in order to reduce excessive

104pressure on the patient’s neck that may change the shape
105and size of the IJV [5].

106Evaluation of Doppler venous haemodynamics
107Total inflow and outflow volume per unit of time,
108namely the flow Q, was measured in both supine and sit-
109ting position for each volunteer.
110Inflow has been measured at common carotid artery
111(CCA) just below the bifurcation, and at the proximal
112segment of both internal carotid (ICA), and external ca-
113rotid (ECA) artery.
114The vertebral artery (VA) was evaluated at V2 level for
115reproducibility reasons [5]. In addition, outflow was
116measured in sequence at J2, J3, J1 level of the IJVs and
117at C4-C5 level of the VVs [5].
118Two different approaches were used to calculate in-
119flow and outflow, depending on the different shapes of
120the cervical arteries and veins. The investigated arteries
121have almost circular cross sectional area (CSA), so the
122CSA in this case was calculated using the diameter mea-
123sured in longitudinal aspect of the B-mode imaging.
124Therefore, the Doppler sample volume was placed in the
125artery with the sample aperture corresponding to the
126lumen, in order to perform flow measurements by
127means of uniform insonation techniques [8-10].
128On the contrary, since the IJV exhibits an elliptical
129shape, the CSA and major axis were assessed in the
130transversal aspect of the B-mode imaging by manually
131tracking the boundaries of the lumen.
132The mean velocity of the blood in the veins has been
133calculated in accordance with the assumed profile tech-
134nique, namely by sampling such velocity at the point
135where its value is highest. To do this, a smaller sample
136volume of 0.5 mm has been adopted for three reasons:
1371) the small sample volume assures that the Doppler
138angle is constant over the whole sample volume, 2) the
139use of constant sample volume simplifies very much the
140on-line work of the Doppler operator and thus assuring
141a more accurate measurement 3) the use of small sample
142volume minimizes the vessel wall artifacts [8-12].
143In the segment J1 of the IJVs, when we observed either
144an absent or a turbulent flow, we calculated the velocity
145profile by finely sampling in five different positions from
146wall to wall.
147For both arteries and veins, the duration of the ac-
148quired Doppler spectrum was 4 seconds. For the arteries
149we considered three cardiac cycles while for the veins
150one respiratory cycle.

151Off-line assessment of Doppler haemodynamics
152We carefully acquired images and traces as above de-
153scribed, trying to improve as much as we could the reliabil-
154ity of the Doppler assessment and of the variables
155determined by the operator (Angle, PRF, etc.). In particular,
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156 the actual Doppler angle has been always carefully
157 checked off-line and the contour of the jugular cross sec-
158 tion has been determined by observing the movement of
159 the vessel wall during the respiratory cycle.
160 Actual measurements were carried out by EM while
161 during the acquisition EM and FS agreed on the Doppler
162 technique regarding angle, position of the SV, etc. Since
163 measurements of both inflow and outflow took a long
164 time, calculation of the haemodynamic parameters was
165 performed off-line by using the stored images, in order
166 to shorten the examination time and to avoid possible
167 physiological changes.
168 The flow Q was calculated as Q =TAV ×CSA, where
169 TAV is the time average velocity of the blood when con-
170 sidering one respiratory cycle for the veins and three car-
171 diac cycles for the arteries. TAV was calculated as

172 TAV ¼ TAVp � 1
η , where TAVp corresponds to the aver-

173 age velocity measured on the peak of the trace and η is
174 the velocity factor [13] calculated following Vergara [14]
175 and using the Womersley number [15].

176 Refinement of Doppler haemodynamics assessment
177 Off-line calculation permitted also to improve the accuracy
178 of the derived parameters. Post-processing allowed us to
179 record the minimum and maximum CSA during respira-
180 tory cycle by manual tracing. After that, the venous flow Q
181 was determined by calculating the mean value of the CSA.
182 A second parameter needing accurate post-processing
183 verification is the angle of the Doppler beam for the ves-
184 sels under measurement (Doppler angle). Such param-
185 eter and the uncertainty of the operator in placing it
186 usually affect the TAV assessment. In our off-line pro-
187 cessing we managed to estimate the uncertainty of TAV
188 measurements as described in [16]:

δTAV ¼ TAV � cos θð Þ
cos θ þ εð Þ−1
� �

ð1Þ

189 where θ is the incident angle of the Doppler beam, and ε
190 is the uncertainty of the operator. The uncertainty of the
191 flow is given by: δQ = δTAV × CSA.

192 Parameters of head and brain circulation
193 All the measurements for the above mentioned arteries
194 and veins have been taken on both right and left sides.
195 In particular, the carotids have been measured in the
196 CCA segment, in the ICA segment and in the ECA seg-
197 ment. In order to minimize the experimental error we
198 assume that the total head blood inflow (HBinF) is:

HBinF ¼ CCAsþ ICAsþ ECAsð Þ
2

þ VAs ð2Þ

199 whereas the cerebral blood flow (CBF) was roughly as-
200 sumed to be the sum of ICAs and VAs contribution and

201then calculated as the sum of ICAs and VAs flows [17].
202The cerebral venous outflow (CVO) was calculated as
203the sum of the flow measured at level J3 of the IJVs and
204the flow measured in the VVs. The total head blood out-
205flow (HBoutF) was calculated as the flow of both left
206and right IJVs at J1 plus the VVs flows.

207Model of neck veins
208In order to analyze the results we propose a haemo-
209dynamic model (Figure F11) which includes the neck path-
210ways of the cerebral venous return.
211As shown in Figure 1a the red tubes represent the in-
212flow vessels (CCAs, ICAs, ECAs and VAs) while the blue
213ones represent the outflow vessels (VVs e IJVs). The CCA
214is divided in ICA and ECA. VAs and ICAs enter the brain
215compartment (Brain-C) and then the flow is normally
216drained by IJVs, VVs and collateral veins which are repre-
217sented in the model by blue coloured tubes. The ECAs
218enter the facial and neck compartment (FN-C) and then
219are mainly drained by the collateral veins of the face and
220neck.
221Vessel drawn with a continuous line are those evaluated
222by ECD in this study (CCAs, ICAs, ECAs, IJVs e VVs)
223while the ones with a dotted line are collateral veins which
224have been inserted in our model to account for the varia-
225tions of the jugular flow.
226In Figure 1b, flow directions are represented by a con-
227tinuous arrow: QJ3, QJ2 and QJ1 are the measured flows
228in J3, J2 and J1 respectively, while Qvv is the measured
229flow in VV. Figure 1b also shows the collateral flows by
230means of a dotted arrow.
231From top to bottom we now describe in detail the col-
232lateral flows of Figure 1b.
233QC-D (Collateral-Distal) is the brain outflow which
234goes directly into the collateral network:

QC−D ¼ CBF−CVO ð3Þ
235QFN, is the flow coming from the facial-neck compart-
236ment and going again into the collateral network:

QFN ¼ HBinF−CBF ð4Þ
237Q23 is the collateral flow entering the IJV between J2
238and J3:

Q23 ¼ QJ2−QJ3 ð5Þ

239The above definition also applies to Q12:

Q12 ¼ QJ1−QJ2 ð6Þ

240For both Q23 and Q12, we define a positive flow when
241it has a direction from a collateral towards the jugular.
242QC-P (Collateral Proximal) is the collateral outflow
243which goes directly into the caval system:
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QC−P ¼ HBinF−HBoutF ð7Þ
244 Finally, all the flows defined above satisfy the continu-
245 ity equation:

QC−D þ QFNð Þ− Q23 þ Q12 þ QC−Pð Þ ¼ 0 ð8Þ

246 Calculated indexes
247 The above measured haemodynamic parameters also
248 allow to extrapolate four indexesa:

249 1. Delta Cerebral Venous Outflow (DCVO), defined as:

DCVO ¼
 
QJ1s þ QVVs

HBinF

���
Supine

−
QJ1s þ QVVs

HBinF

���
Upright

!

�100
ð9Þ

250 This index represents the normalized outflow
251 difference between the supine and the upright
252 position, as measured at the J1 level.
253

254 2. Distal Jugular and Vertebral Draining Index
255 (DJVDI), defined as:

DJVDI ¼ CVO
HBinF

� 100 ð10Þ

256This index represents the percentage of the blood
257entering in the head that is drained directly from the
258IJVs at level J3 and from the VVs.
259

2603. Collateral Flow Index (CFI), defined as:

CFI ¼ QC−P

HBinF
� 100 ð11Þ

261This index represents the percentage of the blood
262entering in the head that is drained from collateral
263vessel instead to be drained from the IJVs or from
264the VVs.
265

2664. Cerebral Collateral Draining Index (CCDI), defined
as:

CCDI ¼ QC−D

CBF
� 100 ð12Þ

267This index represents the percentage of the blood
268entering the brain that is drained from collateral
269vessels instead to be drained from the IJVs or from
270the VVs. The suffix ′s′ in VVs, J1s and J3s indicates
271that both left and right flow are considered.

272Phase two of the study
273We tested our model on a second population repre-
274sented by ten patients (age ranging from 37 to 45 y.o.,

Figure 1 Model of the neck pathway concerning the cerebral venous return. a) Red tubes represent inflow arteries vessels while blue tubes
represent outflow venous vessels. The dashed line are used to represents the collateral venous network. b) Representation of the flow in the
vessel of right network of the neck. The direction of the arrows indicate the physiological direction of the flow.
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275 male:female ratio 5:5) affected by CCSVI. Such patients
276 have been screened by the same ECD criteria among
277 those affected by multiple sclerosis. All the selected pa-
278 tients showed a positivity of criterion 3, (i.e. presence of
279 documented intra-luminal obstacles such as septa, mem-
280 branes, webs, etc.) [5].

281 Statistical analysis
282 Data are expressed as mean ± sd. The haemodynamic
283 parameters were analyzed either separately in the differ-
284 ent jugular sides, or as a whole. Differences among the
285 parameters assessed in both healthy volunteers and in
286 CCSVI patients were tested by means of Wilcoxon-
287 Mann–Whitney U-test; p value < 0.05 was considered
288 significant.

289 Informed consent
290 The entire cohort of investigate subjects was informed
291 about the methods and purpose of the experimental pro-
292 cedure and agreed to participate by signing an informed
293 consent form. This study was in accordance with the
294 Ethical Standards of the Committee on Human Experi-
295 mentation of the University of Ferrara.

296 Results
297 First phase of the study
298 Arterial inflow
299 The control subjects were successfully investigated. Cal-
300 culated HBinF was 956 ± 105 ml/min, subdivided in 843
301 ± 200 ml/min in the CCAs, 462 ± 90 ml/min in the ICs,
302 255 ± 59 ml/min in the ECAs and 176 ± 72 ml/min in
303 the VAs. Such values are similar to what was previously
304 reported [17].

305 Venous outflow indexes
306 The calculated DCVO, DJDVI, CFI and CCDI indexes
307 values are reported in TableT1 1 with their standard devi-
308 ation and their meaning are discussed throughout the
309 following text.

310 Venous outflow in supine posture
311 In TableT2 2 we report CSA, major axis, TAV, and Q re-
312 spectively for right and left IJV, measured in supine; they
313 increase from J3 to J1, and in J2 these values correspond
314 to what was previously reported [18]. TAV increases sig-
315 nificantly from J2 to J1, leading of course to increased Q
316 values. The Q measured in left and right J2 plus VVs is
317 about 11% less than the value reported by Doepp et al.
318 [4]. However, this is coherent with a 14% higher CBF
319 measured by the same authors in their normal subjects.
320 In our sample, the rate of HBinF drained by the IJVs is
321 37% in J3, 55% in J2 and more than 90% in J1, respect-
322 ively, and thus suggesting a re-entry of significant blood
323 volume along the jugular vein through the collaterals.

324It is worth noting that more than 90% of HBinF is
325drained by the IJVs in upright posture. Although there is
326evidence in the literature that VVs are the main draining
327route in this position, our finding refers to measure-
328ments in J1, a segment not previously investigated. Since
329this is a preliminary study that refers to a small sample
330size, it is important to investigate the current finding so
331as to determine the exact role of the gravitational gradi-
332ent [1,2] in the distribution changes of venous outflow
333from the brain.
334In addition, our model permits to derive the volume of
335blood flowing into the collaterals of normal subjects,
336through the methodology reported above. As shown in
337Table 2, this is a consistent amount of blood never mea-
338sured before: up to 350 ml/min for the collaterals enter-
339ing between J2 and J3 and more than 500 ml/min for
340the collaterals entering between J1 and J2. However, the
341mean measured CFI was 1 ± 3%, clearly indicating that a
342very little fraction of blood flowing along the collaterals
343of normal subject bypasses the IJV and re-enters directly
344into the caval system.
345The index DJDVI and CCDI were respectively 45 ±
34617% and 33 ± 24%. The DJDVI reveals that for healthy
347controls in upright position, 45% of the mean HBinf is
348drained both by the IJVs at the J3 level and the VVs.
349Concerning the CCDI index, we found that about 33%
350of the CBF is drained through the collaterals. However,
351since the CFI is only 1%, this blood always flow into the
352jugulars.

353Venous outflow in upright posture
354In Table 2 we report CSA, major axis, TAV, and Q re-
355spectively for left and right IJV as measured in upright;
356TAV increases from J3 to J1, whereas CSA and major
357axis are apparently constant.
358In our sample the rate of HBinF drained by the IJVs is
35926% in J3, 33% in J2 and more than 90% in J1 and thus
360suggesting, also in upright, a re-entry of significant volume

t1:1Table 1 Mean value (v) and standard deviation (sd) for
t1:2Delta Cerebral Venous Outflow (DCDVI), Distal Jugular
t1:3and Vertebral Draining Index (DJVDI), Collateral FLow
t1:4Index (CFI) and Cerebral Collateral Draining Index (CCDI)

t1:5DCVO DJDVI CFI CCDI

t1:6Supine Controls v 5 45 1 33

t1:7sd 10 17 3 24

t1:8Patients v −42 33 61 53

t1:9sd 82 17 27 23

t1:10Upright Controls v 41 9 39

t1:11sd 10 19 16

t1:12Patients v 41 33 40

t1:13sd 24 31 31
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361 of blood along the jugular vein through the collaterals. As
362 previously reported [3], we measured a significant reduc-
363 tion of the sum of the jugular and vertebral outflow in J2
364 when comparing the sitting with the supine position
365 (mean 448 ml/min vs 600 ml/min).

366Finally, the index DJDVI and CCDI were respectively
36741 ± 10% and 39 ± 16%, while DCVO value was 5 ± 10%.
368In this case the DJDVI reveals that for healthy controls
369in upright position, 41% of the mean HBinf is drained
370both by the IJVs at the J3 level and the VVs. Concerning

t2:1 Table 2 Mean values (v) and standard deviation (sd) for cross sectional area (CSA), Major axis, TAV and flow (Q) in
t2:2 Jugular and Vertebral veins

t2:3 CSA [cm2] Major axis [cm] TAV [cm/s] Q [ml/min]

t2:4 right left right left right left right left

t2:5 J3

t2:6 Supine Controls v 0,26 0,21 0,79 0,74 25,28 25,32 190,72 167,41

t2:7 sd 0,14 0,11 0,27 0,25 9,16 11,80 126,74 93,25

t2:8 Patients v 0,29 0,18 0,85 0,68 17,33 18,08 139,29 77,73

t2:9 sd 0,19 0,15 0,21 0,28 10,78 22,06 108,64 80,03

t2:10 Upright Controls v 0,12 0,13 0,57 0,56 36,55 23,75 153,03 94,43

t2:11 sd 0,10 0,11 0,32 0,29 21,10 16,98 97,15 73,91

t2:12 Patients v 0,18 0,12 0,73 0,52 41,85 23,51 201,98 96,09

t2:13 sd 0,04 0,09 0,07 0,22 38,82 41,22 171,83 141,91

t2:14 J2

t2:15 Supine Controls v 0,37 0,28 1,09 0,94 27,54 47,91 238,94 293,36

t2:16 sd 0,31 0,19 0,30 0,22 18,99 25,43 148,08 140,17

t2:17 Patients v 0,28 0,25 0,96 0,91 34,32 44,07 273,12 219,73

t2:18 sd 0,17 0,13 0,74 0,25 22,61 33,73 245,33 190,40

t2:19 Upright Controls v 0,11 0,07 0,64 0,56 43,61 55,64 151,04 162,55

t2:20 sd 0,04 0,04 0,30 0,33 30,02 28,36 119,50 156,05

t2:21 Patients v 0,12 0,06 1,16 0,75 40,64 38,91 261,10 126,66

t2:22 sd 0,09 0,04 0,52 0,30 50,23 52,70 247,47 102,74

t2:23 J1

t2:24 Supine Controls v 0,48 0,50 1,24 1,09 51,69 51,20 712,56 606,27

t2:25 sd 0,30 0,14 0,34 0,39 33,48 45,54 451,21 417,79

t2:26 Patients v 0,45 0,36 1,32 0,63 15,40 16,10 151,61 117,87

t2:27 sd 0,18 0,22 0,33 0,60 19,63 16,94 238,72 121,70

t2:28 Upright Controls v 0,16 0,17 0,83 0,87 112,12 86,31 755,16 469,62

t2:29 sd 0,16 0,11 0,33 0,36 47,99 42,14 690,26 287,23

t2:30 Patients v 0,18 0,16 0,74 0,73 63,30 42,00 439,98 334,23

t2:31 sd 0,10 0,09 0,16 0,26 61,73 49,20 319,58 343,94

t2:32 VV

t2:33 Supine Controls v 0,05 0,04 30,44 22,33 42,16 24,38

t2:34 sd 0,03 0,02 27,73 14,20 40,42 10,66

t2:35 Patients v 0,05 0,04 21,56 23,15 49,37 39,70

t2:36 sd 0,04 0,03 21,81 25,46 72,27 53,63

t2:37 Upright Controls v 0,04 0,05 52,72 50,69 53,72 81,33

t2:38 sd 0,02 0,03 28,95 26,30 27,18 67,13

t2:39 Patients v 0,03 0,03 22,07 16,93 68,58 58,65

t2:40 sd 0,04 0,06 35,47 26,57 108,05 84,65

Zamboni et al. BMC Neurology 2013, 13:81 Page 6 of 10
http://www.biomedcentral.com/1471-2377/13/81



371 the CCDI index, we found that about 40% of the CBF is
372 drained through the collaterals.

373 Second phase of the study
374 Arterial inflow
375 All the patients were successfully investigated. Calcu-
376 lated HBinF was 908 ± 90 ml/min subdivided in 758 ±
377 138 ml/min in the CCAs, 444 ± 123 ml/min in the ICs,
378 230 ± 83 ml/min in the ECAs and 192 ± 60 ml/min in
379 the VAs.

380 Venous outflow in supine posture
381 In Table 2 we report CSA, major axis, TAV, and Q re-
382 spectively for left and right IJV, measured in supine. Dif-
383 ferently from what we measured in control subjects, Q
384 and TAV increased from J3 to J2 but not from J2 to J1.
385 This is confirmed by the rate of the HBinF drained in
386 the different segments of the IJV, respectively 24% in J3
387 and 54% in J2, but dramatically reduced to 32% in J1.
388 Since CFI is 61 ± 27%, our model permits to discover a
389 significant volume of blood flowing in the collateral net-
390 work rather than in the terminal segment of the IJV.
391 Finally, the index DJVDI and CCDI were respectively
392 33 ± 17% and 53 ± 23%. The high CCDI value shows that
393 a significant fraction of the CBF is drained by the collat-
394 erals rather than the main routes (IJV e VV).

395 Venous outflow in upright posture
396 In Table 2 we report CSA, major axis, TAV, and Q re-
397 spectively for left and right IJV, measured in sitting; TAV
398 and Q increases from J3 to J1, whereas CSA and major
399 axis are apparently constant. The Q measured in left and
400 right J2 plus VVs is about 510 ml/min.
401 The rate of HBinF drained in the different segments of
402 the IJV is 32% in J3, 41% in J2 and more than 80% in J1.
403 Besides, we found a consistent amount of blood, more
404 than 500 ml/min, for both the collaterals entering be-
405 tween J2 and J3 and the collaterals entering between J1
406 and J2. The CFI is 33 ± 31%, so considerably lower than
407 the supine position and thus indicating a reduction of
408 blood circulating into the collateral network when the
409 drainage occurs in favour of gravity.
410 Finally, the index DCVO DJDVI and CCDI were −42 ±
411 80%, 41 ± 24%, and 40 ± 31%, respectively.

412 Comparison between healthy controls and CCSVI patients
413 according to the model
414 The HC cohort was compared to the CCSVI one. It is
415 worth noting that HBinF and CBF did not show signifi-
416 cant differences among the groups (p > 0.14 and p > 0.95
417 respectively), hence, permitting a more focused compari-
418 son of the differences of cerebral venous return between
419 the two groups. From this point of view, the main differ-
420 ence is the flow in J1 which, for the CCSVI patients, is

421about 70% less than the healthy controls (p < 0.001).
422Consequently, in the latter we found a significant higher
423CFI (p < 0.0002), clearly indicating the level of activation
424of the collateral network in the latter group.

425Comparison in supine position
426The above results are the consequence of the significant
427flow differences measured between the two groups in
428the supine position. While in J3 the flow Q showed sim-
429ply a trend (p = 0.07), in J1 both Q and the CFI dramat-
430ically decreased (p < 0.000002). The latter result depends
431on the fact that the CFI index for healthy controls is sep-
432arated by two standard deviations from the CFI of the
433MS patients (see Table 1).

434Comparison in upright position
435By turning the subjects in sitting posture, we did not
436find out significant differences in the control group by
437comparing the flow in the two postures. The major limi-
438tation is linked with the small sample and the big sd. To
439the contrary, by turning the CCSVI patients from supine
440to upright there is a drop in the the jugular flow in J1.

441Discussion
442First phase of the study
443In the first part of the study we tested the model on a
444HC cohort based on medical history and a controversial
445US CCSVI screening [5,19-27]. However, a recent meta-
446analysis clearly shows that the majority of HC are not af-
447fected by CCSVI [28]. Finally, also MRI data, more ob-
448jective and less operator dependent with respect to US,
449are still controversial because there are confirmatory
450and not confirmatory studies [25-27,29].
451Our measurements of the inflow are definitively com-
452parable with previously published data [17]. Same result
453was found for the evaluation of the outflow, because the
454Q value assessed in J3, J2 and in the VVs are similar to
455the values previously reported [3,4,19].
456The novelty of the present study is the application of a
457complete model which takes into account the haemo-
458dynamics of cerebral venous return normalized to the
459HBinF. Our model, for the first time, also includes J1
460and haemodynamic analysis of collaterals.
461Furthermore, we confirm that the flow in the IJV in-
462creases from the jaw to the chest [6], with consequent
463increased rate of the initial HBinF which is drained by
464the three considered segments. This is likely due to the
465re-entry of the collaterals into the main outflow route,
466as demonstrated by the calculated part flowing in the
467collateral network. However, we underline that in HC
468only 1% of the HBinF was not measured in the final
469amount of the HBoutF, thus indicating that a very small
470amount of blood volume in physiology re-enters through
471the collaterals into the caval system by skipping the IJV.
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472 However, even if our model is complete and permits to
473 better detail the modality of drainage from the brain, we
474 would discuss some potential shortcomings linked to the
475 proposed experimental setting. The first observation is
476 that, due to the work of the valve leaflets, in J1, also in
477 physiologic condition, the flow is turbulent. Flow turbu-
478 lences may potentially affect the measurements of the
479 TAV, so resulting in an overestimated assessment of Q in
480 J1 [30]. This means that the assessment is less precise with
481 respect to a straight venous segment having an ideal lam-
482 inar flow and this issue will be subject of future work.
483 A second limitation in the ECD assessment of Q in J1
484 is linked to the technical feasibility to place a steering
485 angle different from 0° in the lumen, especially when
486 insonating the supra-clavicular fossa in subjects with
487 more pronounced clavicular bone [31].
488 Moreover, we estimated an uncertainty of about 5 de-
489 grees in ε when the operator places the sample volume
490 into the J1 lumen. This uncertainty has been estimated
491 by asking the operator to recursively assess the correct
492 Doppler angle so as to evaluate the standard deviation of
493 the mean. The variability of such technical aspect may
494 potentially lead to an overestimation of the TAV, finally
495 affecting the Q up to 20% [16].
496 Finally, statistical comparisons were not adjusted for
497 demographics and vascular risk factors, but this analysis is
498 beyond the aim of the present study where we tested the
499 feasibility of the proposed model in a limited sample size.

500 Second phase of the study
501 Once we developed the above described model, we
502 tested its potential utility in the clinical setting by
503 performing preliminary measurements in CCSVI condi-
504 tion. The main finding of the second phase is the signifi-
505 cantly higher fraction of blood flowing in the collateral
506 network of the CCSVI patient with respect to the HC.

507Our model permits to extrapolate that about 60% of the
508initial HBinF is transported directly to the caval system,
509significantly higher than 1% of CFI assessed in HC. This
510quantity dramatically increases because does not include
511only the flow drained in the soft tissue of the face and
512neck, but likely a high rate of blood transported by the
513IJV. Such a vision is clearly supported by two measured
514parameters. The former is the decreased Q passing from
515J2 to J1 (about 40%). The latter is the negative flow mea-
516sured in C1-2 in the same population, which indicates
517the inversion of flow direction in the upper collaterals
518and it is likely due to the increased resistance exhibited
519by the terminal jugular vein. This anomalous behaviour
520could be the consequence of the intra-luminal obstacles
521detected in J1 at the time of ECD screening.
522As an example, we applied the proposed model to
523compare HC subjects with CCSVI ones having same age
524and gender. Comparing Figure F22a with Figure 2b it is ap-
525parent that the flow at J3 and J2 are comparable, as well
526as the amount of blood flowing in the collaterals.
527What is dramatically changed is the value of Q in J1,
528where we assessed in the control subjects a further in-
529crease which leads to an overall amount of about 90% of
530the HBinF. On the contrary, a flow decrease of about 50%
531is apparent when passing from J2 to J1 in the CCSVI case.
532Finally, also the application of the model in venous path-
533ology clearly shows the same limitations described above.

534Comparison in supine position
535We proposed four novel parameters in order to
536characterize the cerebral venous return, but only the CFI
537showed significant differences between the two cohorts in
538our study. CFI expresses the blood flowing into collateral
539network rather than the main outflow routes. It is really
540interesting that CCDI, which represents the rate of the in-
541flow going into the collaterals at J3 level, is not

Figure 2 Comparison between the neck pathway of a) HC subject and b) CCSVI subject. The numbers in parenthesis refer to the blood
flow in ml/min. The dashed arrows in red colour have an opposite direction.
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542 significantly different in the two cohorts. This result may
543 be linked to the limited flow assessed in the IJV at J1 level.

544 Comparison in upright position
545 The main finding is represented by the considerable
546 drop of IJV flow measured in J1 when changing the pos-
547 ition of MS patients, as also previously assessed by
548 Doepp [19] and Monti [21].

549 Conclusion
550 We developed a new model that permits a detailed ECD
551 quantification of the cerebral venous return, including an
552 estimation of the amount of blood flowing from the collat-
553 erals to the caval system or to the IJV. The preliminary ap-
554 plication of the model seems to indicate how a significant
555 rate of the head inflow is drained by the collateral network
556 rather than by the IJV in the CCSVI condition. This may
557 help the interpretation of several findings assessed with
558 different techniques, where it was not possible to assess
559 the outflow contribution of the collateral network, as well
560 as the rate of the inflow going in the main venous paths.
561 For instance, the higher flow in the collateral network may
562 explain the longer cerebral circulation time measured by
563 means of contrast-enhanced US, as well as the slower dis-
564 charge and increased resistance measured in MS [32-34].
565 Our preliminary report needs to be further corroborated
566 by reproducibility analysis, wider number of subjects and
567 pathological conditions, and possibly, by a multicenter de-
568 sign. This may lead to a further advancement for the cir-
569 culatory quantification of the CCSVI condition in the
570 clinical setting via ultrasonography.

571 Endnotes
572 a The named indexes are subject to copyright.
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