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Summary of Main Findings (235/250 characters) 

The effect of free breathing on internal jugulars veins and sinuses was successfully quantified using a real-

time phase-contrast sequence. During expiratory, their mean flow rate, amplitude, stroke volume, and cardiac 

period increased. 

Synopsis (99/100) 

Real-time phase-contrast sequences are increasingly used to study the effect of breathing on cerebral 

circulation, however, there is a lack of studies on the effect of free breathing (E-Fb) on cerebral veins. In this 

study, we quantified the intensity and phase shift of the E-Fb on cerebral veins in 19 healthy volunteers using 

a time-domain multiparameter analysis method. We analyzed the characteristics of the E-Fb on four 

parameters of four cerebral veins. We found that during expiratory, the mean flow rate, amplitude, stroke 

volume, and cardiac period of internal jugulars veins and sinuses increased. 

Introduction (IMRDC :813/850) 

A better understanding of neuro-fluids (blood and CSF) dynamics may be of vital importance for clinical 

investigation. Compared to cardiac gated phase-contrast sequences1,2, which can only provide a reconstructed 

average cardiac cycle flow curve (CCFC), real-time phase-contrast sequences (RT-PC) allow real-time 

quantification of neuro-fluids. Although RT-PC is not yet used clinically, there is growing evidence of its 

potential for quantifying the effects of breathing on cerebral circulation and clinical diagnosis3-6.  

Currently, many studies have indicated the effect of different breathing patterns on cerebral circulation7-9, 

however, there is little evidence on their effect during free breathing. Previous studies have successfully 

quantified the effects of free breathing on cerebral arteries using a new time-domain multiparametric analysis 
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method10,11. The purpose of this study is to quantify the effects of free breathing (E-Fb) on the cerebral venous 

system using the same method. 

Methods 

− Image acquisition   

19 healthy volunteers (age: 19~35; 9 women) were examined using a clinical 3T scanner, maximum gradients 

80 mT/m. Rate of gradient increases 120 mT m-1 ms-1 and a 32 channels head coil. Volunteers maintained free 

breathing during the acquisition, the breathing signal was recorded simultaneously using a breathing belt. 

The RT-PC used in this study was a multi-shot, gradient-recalled echo-planar imaging sequence with a 

Cartesian trajectory. Parameters were as follows: TE/TR/flip=4.9ms/9.4/10°, SENSE=2.5, EPI-factor=7, 

VENC=60cm/s, FOV=140*140mm2, pixel size acquisition=70*70mm2, time resolution=75ms/image, 

number image=400 or 600 (8 volunteers).  

RT-PC was performed on two planes to quantify the venous blood flow of left jugular (LJ) and right jugular 

(RJ) in extracranial plane, and straight sinus (SS) and superior sagittal sinus (SSS) in intracranial plane (Fig.1). 

− Image Processing 

All image and signal processing were performed using the software – Flow 2.012. 

First, the continuous venous blood flow signal is extracted after segmentation and background field correction. 

Then, from this signal, the software automatically locates the maximum or minimum value of each CCFC to 

obtain multiple independent CCFCs (Fig.1-D red points). The CCFCs are reconstructed into an average CCFC 

to calculate the E-Fb on four parameters: mean flow, amplitude flow, stroke volume and cardiac period of 

each vein. 

−  Quantification of the E-Fb on cerebral veins       

Fig.2 summarizes the quantification process: 

A) Definition of the inspiratory (red) and expiratory (blue) phases using the respiratory signal (pressure 

increase corresponds to inspiratory phase). Classification of each CCFC in the corresponding 

respiratory phase (red and blue dots). 

B) Reconstruction of an average inspiratory (CCFC-In) and expiratory (CCFC-Ex) cycle from CCFCs.  

C) Calculation of the percentage difference DiffEx-In between CCFC-Ex and CCFC-In for each parameter 

evaluated. 

D) We assume a non-zero phase shift (Shift) on the E-Fb of venous parameters to obtain the maximum 

DiffEx-In value. In order to find the Shift value, the breathing signal is shifted, in a range of -3s~3s, with 
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a step of 0.1s. Then, steps A~C are repeated. Finally, for each parameter p, a DiffEx-In(p,Shift) curve is 

obtained.  

E) Extraction of the maximum value (DiffEx-In) of the curve. Calculation of Shift (%) for comparisons 

between volunteers with different breathing periods. 

The intensity (DiffEx-In) of E-Fb on each parameter and the corresponding phase shift (Shift) are then obtained. 

Results 

Fig.3 shows that RJ presents a higher mean flow and amplitude compared with LJ. The mean flow and stroke 

volume of the extracranial plane (RJ +LJ) are higher than those of the intracranial plane (SS+SSS). 

For the E-Fb on Mean flow (shown in Fig.3 and Fig.4): RJ and LJ were more affected by free breathing than 

SS and SSS (DiffEx-In: 9% and 6.3% vs. 2.7% and 2.8%). mean flow of all the veins increased during expiratory. 

The E-Fb (DiffEx-In and Shift) of SS is significantly correlated with that of SSS (p<.01). In contrast, there is no 

correlation between the E-Fb of RJ and LJ.   

Fig.5-A demonstrates a negative correlation between Shift and DiffEx-In on the mean flow of SSS (p<.01). The 

respiratory period may be a reason for this correlation, with increasing respiratory period, Shift decreases 

(Fig.5-B). 

Discussion  

The cerebral venous flow quantified in this study using RT-PC was in accordance with the results of previous 

studies8,13.  

It is not possible to use only one jugular to represent the E-Fb on the veins of the extracranial plane since the 

E-Fb on RJ and on LJ are not correlated. In contrast, the E-Fb on SS and SSS are correlated (Fig.3 & Fig.4), 

considering the larger area of SSS, it is feasible to use SSS to represent the E-Fb on the veins of the intracranial 

plane. 

Conclusion 

Using this multi-parameter time-domain analysis method, for each venous flow parameter, not only the 

intensity of free breathing effects was quantified, but also the phase shift parameters were identified. During 

expiratory, the mean flow rate, amplitude, stroke volume, and cardiac period of SSS increased by 2.8%, 14%, 

8% and 6.6%, respectively. 

These new findings will provide a valuable reference for subsequent studies on the effects of breathing on 

cerebral circulation.  
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Figures (5/5) 

 

 

Figure 1: Workflow chart for image acquisition and image processing. The locations of the intracranial plane (blue) 

and extracranial plane (red) are shown in angiography images (A). B & C correspond to the amplitude images, B’ & C’ 

correspond to phase-contrast images of RT-PC. After image processing, the continuous flow rate signal is obtained and 

represented by the green dashed line (D). SS = straight sinus, SSS = superior sagittal sinus, RJ = right internal jugular 

vein and LJ = left internal jugular vein. 
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Figure 2: Workflow chart for quantifying the E-Fb on cerebral veins. A) Definition of inspiratory (red) and 

expiratory (blue) phases using the breathing signal. B) Reconstruction of the CCFCEx (blue curve) and CCFCIn (red 

curve) using all the CCFCs during expiratory or inspiratory (blue or red dots). C) Calculation of DiffEx-In for each 

parameter with zero shift. D)  Breathing signal shift from -3s to +3s by 0.1s. Previous steps are repeated to obtain the 

DiffEx-In (p, shift) curves for each parameter. E) Extraction of the maximum value of each curve noted as DiffEx-In and the 

corresponding shift (%). 
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Figure 3: Results of the quantification of flow and the E-Fb (DiffEx-In and Shift) on four parameters of four cerebral 

veins. DiffEx-In indicates the percentage difference between the corresponding parameters of CCFCEx and CCFCIn, Shift 

(%) indicates the percentage of shift (second) and the respiratory period. R value indicates the correlation coefficient of 

Pearson or Spearman test, * indicates p < 0.05, and ** indicates p < 0.01. RJ = right internal jugular vein; LJ = left 

internal jugular vein; SS = straight sinus; SSS = superior sagittal sinus. 

 

 

Figure 4: Distribution of DiffEx-In (top) and Shift (bottom) on each parameter for the four cerebral veins. The line 

plot shows the correlation between RJ and LJ as well as between SS and SSS. The paired Student’s t-test was performed 

in A), * indicates p < 0.05, and ** indicates p < 0.01. 

 

Figure 5: Distribution of E-Fb on mean flow and cardiac period of SSS (A), and the effect of breathing period on 

Shift of E-Fb (on mean flow of SSS) (B). The R and the P in (A) indicate the correlation coefficient and p value of 

Pearson correlation test between the Shift and DiffEx-In on mean flow of SSS.  
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