






lary of CCSVI.1 From the chest PC-VIPR scan, measurements of

%RF were taken 2 cm from the AV junction with the superior

vena cava and were compared between scans within each

volunteer.

Venous/Arterial Comparison
To compare blood flow changes from one

scan to the next throughout the cerebro-

spinal venous system, Q was measured in

several locations: transverse sinuses, up-

per and lower IJV, and AV. To summarize

flow in the cerebrospinal venous system,

total flows were added from left and right

transverse sinus and IJVs, providing total

venous drainage at a single axial location.

Flows through the common left and right

carotid arteries were similarly analyzed to

compare arterial and venous flow repro-

ducibility across all volunteers. Percent

change, calculated as interscan difference

in total flow normalized to scan one

flow, was calculated at all locations. Aver-

age percent difference between scans and

paired t test P values were calculated

across all volunteers.

Contrast-Enhanced MRA
To assess the reproducibility of semi-

quantitative assessments of venous cali-

ber, CE-MRAs were scored by 2 experi-

enced radiologists blinded to subject

identity, date/sequence of scan, and each

other’s scores. The scoring followed the

scale introduced by Zivadinov et al23:

ability to assess the IJV and AV (1, poor; 2,

acceptable; 3, good; 4, excellent), AV

morphology (1, diffusely irregular/nar-

rowed; 2, focally narrowed at central aspect;

3, caliber increasing from peripheral to cen-

tral), and IJV morphology at its narrowest

point (1, absent; 2, pinpoint; 3, flattened; 4,

crescentic; 5, ellipsoidal/round). Cohen �

with linear weights was used to assess agree-

ment between ratings in scan 1 and scan 2

(with both readers combined) and between

readers (both scans combined). Kappa val-

ues were computed by means of the irr

package, R statistical computing software

(http://www.r-project.org/).

RESULTS
Cerebral Veins
Bland-Altman plots of cerebral venous flow

measurements between scans within an in-

dividual volunteer and for individual vessels

are shown in Fig 4. Interscan LOA for Q

across all 20 scans (40 vessels) were small

with respect to the mean (�2.924, 3.369

mL). Figure 5 displays Bland-Altman plots

for COM analysis. Pooled COM LOA

across both scans were also small (�1.985, 1.443 mL), with the aver-

age percent difference between inflow and outflow equal to 2.2%. All

visualized deep cerebral veins and large cerebral veins (Fig 1) yielded

zero retrograde flow (%RF � 0).

FIG 4. Interscan Bland-Altman plots for cerebral vein analysis within individual veins. Small
biases and LOA indicate reproducibility of PC-VIPR in assessment of cerebral venous flow.

FIG 5. Bland-Altman plots of COM analysis for scan 1 (left) and scan 2 (right), showing small
biases and LOA.
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Internal Jugular Veins
Measurements of Q at the 3 measurement planes along the length

of each IJV are presented in Table 1. “Zeroes” indicate no (or

negligible) detection of flow. Large differences can be observed

within single volunteers between scans. Asymmetric flow patterns

were observed, with complete side dominance in volunteers 1, 3, and

9. Average and peak %RF calculations over all volunteers are shown

(bottom row). Both increase as blood nears the heart. Bland-Altman

analysis across all measurement planes yielded interscan large LOA in

the left IJV (�2.06, 2.48 mL, bias: 0.21 mL) and in the right IJV

(�5.08, 3.92 mL, bias: �0.58 mL). Interscan LOA for %RF in the left

IJV were �14.187, 13.023%, bias: �0.58%; and in the right IJV were

�10.130, 9.143%, bias: �0.49%. Large LOA relative to the mean are

observed, indicating high variability between scan 1 and scan 2 and

across all measurement locations.

Azygos Vein
For both scan 1 and scan 2, we were unable to visualize the AV for

volunteers 8 and 10. From the remaining 16 measurements, 10

had significant (�1%) retrograde flow. The average detected

%RF among the 8 visualized veins was 7.2%.

Venous/Arterial Comparison
Figure 6 includes boxplots of Q, with average percent differences

from scan 1 to scan 2. Day-to-day variation in flow in the com-

mon carotid artery as measured by PC-VIPR is low (5.1 � 4.2%).

The venous flow measurements in the IJV and AV show much

larger variations, whereas variations in the transverse sinus are

comparable to those in the common carotid artery (6.8 � 7.6%).

Figure 7 displays percent change in total flows across all head/

neck/chest veins and volunteers. Eight of 10 volunteers exhibited

similar changes (increase/positive or decrease/negative) for 3 of

the 4 venous flow measurements.

Contrast-Enhanced MRA
Scoring average for all acquired scores and Cohen � for the

blinded radiologist scoring of the CE-MRA are presented in Table

2. Higher variations for morphology scores are observed. Inter-

scan results pooled for both radiologists indicate fair agreement

for left IJV and right IJV morphology and slight to no agreement

for the other 3 scores. Interrater results pooled for all scans show

slight to no agreement across all scores.

DISCUSSION
Although it is well known that phase-contrast MRA has intravoxel

dephasing because of the relatively long TE used,24 PC-VIPR has

isotropic resolution and small voxels. This allows for flow visualiza-

tion and quantification in the cerebral venous system, including the

relatively small deep cerebral veins such as the internal cerebral veins,

as demonstrated in Fig 1. With PC-VIPR, the user can retrospectively

select vessels to interrogate, unlike traditional MRV methods that

require selecting a limited subset of vessels a priori. Sample cerebral

venous flow waveforms in Fig 1B satisfy COM over the cardiac cycle.

Waveforms show little variation through time, indicating low pulsa-

tility far from the heart in the cerebral veins. This work confirms

earlier 2D phase-contrast MR work in the cerebral veins performed

by Stoquart-El Sankari et al.25 The lack of retrograde flow in all deep

cerebral veins and intracranial veins substantiates the work of Wat-

tjes et al,26 in which 2D phase-contrast MR was used to measure flow

in the straight sinus and internal cerebral veins in both healthy con-

trol subjects and patients with MS.

From Bland-Altman analysis in each cerebral vessel (Fig 4),

biases fall near the difference of zero, indicating that no consistent

bias from the 2 independent measurements of vessel flow was

detected. Tight interscan LOA with respect to mean values across

all vessels provide evidence of reproducibility in PC-VIPR mea-

surements of cerebral venous blood flow. In the Bland-Altman

COM analysis (Fig 5), small interscan difference in cerebral ves-

sels (2.2%) and tight LOA are further evidence of reproducibility

of intracranial venous blood flow measurements by use of PC-

VIPR. To our knowledge, this validation of internal consistency

by use of a COM test is the first of its kind in venous vasculature by

use of PC-VIPR. It points to the use of PC-VIPR as a reliable

measurement tool for venous blood flow. Our findings indicate

minimal day-to-day effect on the reproducibility of intracranial

venous flow. This may be useful in future CCSVI studies or in

other venous blood flow–related pathologies such as cerebral ve-

nous sinus thrombosis or idiopathic intracranial hypertension.

The tortuous and varied nature of the IJV causes difficulty in

measuring blood flow at various locations along its length. PC-

VIPR is ideal as a 4D flow measurement tool for this vascular

territory. Figure 2 (left) demonstrates the use of a centerline cubic

spline in the placement of measurement planes, permitting mea-

surements orthogonal to the expected direction of flow. Figure 2

Table 1: Total flow (mL/cardiac cycle), delineated by side, measurement level, and scan, in all volunteers

Volunteer

Left IJV Right IJV

Upper Mid Lower Upper Mid Lower

S1 S2 S1 S2 S1 S2 S1 S2 S1 S2 S1 S2
1 0 0 0 0 0 0 1.90 8.36 2.00 7.15 3.95 3.07
2 4.36 4.42 4.45 2.80 4.63 4.11 6.03 6.40 4.56 3.34 9.59 8.47
3 3.35 2.63 4.39 1.41 1.99 0.31 0 0 0 0 0 0
4 2.09 2.82 0.80 3.34 2.14 3.70 3.40 3.02 2.99 6.53 2.78 8.75
5 3.89 2.03 1.84 1.74 2.46 1.09 2.37 0.46 2.73 1.86 1.47 0.37
6 1.00 1.68 0.98 1.44 2.26 2.82 3.53 5.37 2.90 4.27 1.39 3.48
7 0.49 0.46 0.82 0.33 0.57 0.50 6.35 4.31 4.91 2.82 5.25 3.63
8 4.18 4.77 3.60 4.01 2.95 4.24 4.54 5.39 3.42 5.72 2.69 5.53
9 2.87 0.74 2.54 1.14 0.64 0.34 0 0 0 0 0 0
10 3.09 3.25 2.60 2.59 1.03 0.99 3.99 3.33 3.75 2.35 1.28 1.19
Average/Max %RF 0.79/6.15 2.98/14.39 6.02/24.59 0.30/4.83 1.19/12.31 3.52/29.46

Note:—Average and maximum retrograde flow percentages are presented (bottom row).
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(right) reveals differing pulsatility that axial locations along the

IJV exhibit. Each flow waveform is triphasic in nature. As we move

closer toward the beating heart, and incidentally to locations in

which the IJV is adjacent to and often physically touching the

common carotid artery, the IJV exhibits greater pulsatility. The

lower waveform of Fig 2 (right) exhibits retrograde flow over a

short period of the cardiac cycle. The triphasic waveform is ex-

pected, corresponding to variations in carotid pulsatile motion.27

An independent Doppler ultrasonographic examination of the

jugular vein (Fig 3) confirms the triphasic waveform and minor

retrograde flow seen in a healthy volunteer.

In analyzing %RF over the cardiac cycle (Table 1, bottom

row), average and peak values increase as

we measure in the superior to inferior di-

rection. This larger %RF is in part caused

by the greater pulsatility observed in

“lower” measurement planes across and

may reflect a normal result of greater os-

cillations in blood flow proximal to the

beating heart. Larger %RF and slow flow

also factor into Q values for a given axial

location within a single IJV. We see a gen-

eral lack of consistency within subject and

between scan locations as a result of vary-

ing %RF and territories with slow flow,

both appreciably affecting Q calculations.

Other factors may contribute to retro-

grade flow seen in a healthy population,

such as IJV valve incompetence.28 Despite

this finding, most measurement planes

had less than 1% retrograde flow for all

locations (81/120), indicating the strong

tendency of constantly anterograde blood

flow.

Table 1 illustrates the wide variance of

Q values and varying side dominance in

the IJV in a healthy control population,

confirming earlier work29 including flow

measured by MR imaging.25 The unpre-

dictable nature of venous anatomy and

blood flow characteristics are relevant be-

cause they convey difficulties that are

likely to be encountered in clinical situa-

tions. Considering the variables that were

not accounted for in this study, the inter-

scan heterogeneity within a volunteer

should be expected. These results are con-

trary to a previous work in ultrasonogra-

phy30 yet agree with a 3D MRV study.26

This work points to the need for control-

ling of variables that may affect venous

return.

The Bland-Altman results for the IJVs

indicate that there are no systematic dif-

ferences between test occasions. The small

biases (left: 0.209, right: �0.58) between

scans again lend support to the reproduc-

ibility of PC-VIPR; however, skewed distribution in the data in-

dicate that IJV flow is not repeatable within subjects. Error pro-

portional to the mean was observed in the interscan %RF Bland-

Altman analysis.

In the AV, high variability in %RF was seen. AV visualization

by means of PC-VIPR is difficult because of cardiorespiratory-

induced motion. Of the 20 chest PC-VIPR scans taken, the AV

was reliably visualized 80% of the time. The significant average

%RF (7%) additionally suggests that retrograde flow may be a

normal supine attribute of the AV measured 2 cm from its junc-

tion with the superior vena cava. This noninvasive probing of AV

flow exemplifies another benefit of the use of PC-VIPR.

FIG 6. Boxplot results for all measurement locations. Individual changes (blue lines) show high
variation in both the IJV and AV from scan to scan. No differences were considered significant
(P � .05).

FIG 7. Percent change in total flow from scan 1 to scan 2 across volunteers. Volunteers 5–10 have
similar directional changes in all measurements.
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Individual variations of flow exhibited on the boxplots (Fig 6)

reveal consistency in common carotid artery flow from one scan

to the next while also showing the many varied venous changes.

Low arterial variation (5.1 � 4.2%) confirms both physiologic

reproducibility of arterial flow and technical reproducibility of

PC-VIPR. Small variation (6.8 � 7.6%) was also observed in the

transverse sinuses. In contrast, large variations in neck and chest

venous flow (�20%) were observed, probably resulting from in-

terscan physiologic changes. Whereas total venous outflow from

the brain does not change, alternative drainage pathways proba-

bly arise for a certain physiologic state.25 Figure 7 confirms these

changes systemically affecting cerebrospinal venous blood flow.

The number of similar, one-sided changes across veins indicate a

physiologic (ie, not technical) change. These results strongly

point to the necessity of controlling for venous flow-altering

variables.

The scoring results from the CE-MRA analysis (Table 2) indi-

cate good image quality for both the IJV and AV, with higher

values for IJV (3.70 � 0.56 versus 3.08 � 0.89). This probably is a

result of the mitigating motion in the chest during prospectively

gated respiratory examinations versus the stationary neck exam-

inations. AV caliber increased as it neared the junction with the

superior vena cava. Turbulent flow from the much larger superior

vena cava naturally increases the venous lumen in the AV near its

junction with the superior vena cava. Left and right IJV morphol-

ogy scores had higher variances and averaged to a flattened or

crescentic appearance (3.0 � 1.1 and 3.7 � 1.3). Single volunteer

variation is again corroborated by observing the low agreement

from the interscan � values. Low interrater agreement in the pres-

ence of good image quality points to a lack of reproducible iden-

tification of IJV and AV morphology, in large part caused by the

varied sizes and shapes of venous structures across a healthy

population.

This study is not without its limitations. First, for the sake of

simplicity in measuring and presentation of data, vertebral veins

were not included. Second, although our larger CCSVI study col-

lects both ultrasonographic and PC-VIPR scans, this study did

not use ultrasonography as a reference standard. The method of

acquisition further limited the study not to investigate the “forced

exhalation” that Zamboni uses to determine retrograde flow. This

was planned because this study aimed to determine changes oc-

curring in the cerebrospinal venous system under a normal phys-

iologic state. Third, some of the chest scans and resulting AV

image quality were poor. This is a direct result of respiratory mo-

tion effects purposefully not accounted for in each of the PC-

VIPR scans. Fourth, to mitigate on the table scan time (and num-

ber of breath-holds) for each volunteer, Venc optimization scans

were not performed before PC-VIPR scans. Although no phase

aliasing was observed for any of the 60 PC-VIPR scans, low veloc-

ity in some of the IJVs caused both image quality- and the veloc-

ity-to-noise ratio to suffer, which would have been improved with

a lower Venc setting. Finally, despite good image quality, CE-

MRA results from this study differ from extracranial venous scor-

ing by McTaggart et al,31 in which a linearly increasing flattening

scale32 was used to assess the IJV caliber. Our semi-quantitative

approach to venous lumen morphology, though borrowed from

the literature, made decisions between available choices difficult.

This may have led to poor interobserver and interscan agreement

(Table 2), explaining the difference between this study’s results

and those of McTaggart et al. These results indicate that for ve-

nous CE-MRA to be valuable in assessing the CCSVI hypothesis, a

set scoring system must be in place.

CONCLUSIONS
The use of PC-VIPR as a reliable measurement tool for venous

flow has been demonstrated. Intracranial veins showed day-to-

day reproducibility on the order of arteries. Normal venous flow

in the neck (IJV) and chest (AV) has been shown to be much more

variable, presumably because of confounding variables related to

normal cardiorespiratory and positional effects that are damp-

ened in the intracranial veins. The detection of retrograde flow

has been shown to be a normal finding in the lower IJV and AV of

healthy volunteers. CE-MRA scoring interrater agreement was

low, indicating a need for a robust venous scoring system with

added information gained through flow measurements. These

findings have important implications in CCSVI in which normal

variation in venous flow may be construed as diagnostically

relevant.
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