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Abstract
Background Following the Monro-Kellie doctrine, the Cerebral Blood Volume Changes (CB_VC) should be mirrored 
by the Cerebrospinal Fluid Volume Changes (CSF_VC) at the spinal canal. Cervical level is often chosen to estimate 
CB_VC during the cardiac cycle. However, due to the heterogeneity in the anatomy of extracranial internal jugular 
veins and their high compliance, we hypothesize that the intracranial level could be a better choice to investigate 
blood and cerebrospinal fluid (CSF) interactions. This study aims to determine which level, intracranial or extracranial, 
is more suitable for measuring arterial and venous flows to study cerebral blood and CSF dynamics interactions.

Methods The spinal CSF and cerebral blood flow measured at intracranial and extracranial levels were quantified 
using cine phase-contrast magnetic resonance imaging (PC-MRI) in 38 healthy young adults. Subsequently, CSF_VC 
and CB_VC were calculated, and by linear regression analysis (R2 and slope), the relationship between CB_VC at both 
levels and the spinal CSF_VC was compared. The differences between extracranial and intracranial measurements 
were assessed using either a paired Student’s t-test or Wilcoxon’s test, depending on the normality of the data 
distribution.

Results The CB_VC amplitude was significantly higher at the extracranial level (0.89 ± 0.28 ml/CC) compared to the 
intracranial level (0.73 ± 0.19 ml/CC; p < 0.001). CSF oscillations through the spinal canal do not completely balance 
blood volume changes. The R2 and the slope values obtained from the linear regression analysis between CSF and 
blood flows were significantly higher in magnitude for the intracranial CB_VC (R2: 0.82 ± 0.16; slope: − 0.74 ± 0.19) 
compared to the extracranial CB_VC (R2: 0.47 ± 0.37; slope: -0.36 ± 0.33; p < 0.001). Interestingly, extracranial CB_VC 
showed a greater variability compared to intracranial CB_VC.

Conclusion Our results confirmed that CSF does not completely and instantaneously balance cerebral blood 
expansion during the cardiac cycle. Nevertheless, the resting volume is very small compared to the total intracranial 
volume. To our knowledge, this study is the first to demonstrate these findings using cerebral blood flow measured 
intracranially below the Circle of Willis. Additionally, our findings show that cerebral arterial and venous flow dynamic 
measurements during the cardiac cycle obtained by PC-MRI at the intracranial plane strongly correlate with CSF 
oscillations measured in the spinal canal. Therefore, the intracranial vascular plane is more relevant for analyzing 
cerebral blood and CSF interactions during the cardiac cycle compared to measurements taken at the cervical 
vascular level.
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Introduction
According to the Monro-Kellie doctrine [1, 2], the total 
intracranial volume– comprising the brain parenchyma, 
cerebrospinal fluid (CSF), and blood– remains constant. 
Therefore, any volume changes in one compartment 
must be compensated by the others, with CSF playing a 
key role in maintaining this equilibrium to preserve mean 
intracranial pressure (ICP) within a physiological range, 
thus ensuring optimal brain perfusion.

The Monro-Kellie doctrine was initially formulated 
based on the hypothesis that the dura mater and all the 
intradural tissues are completely incompressible and that 
the tympanic membranes and the eyes globes are static. 
However, it has been shown [3] that small changes in 
total intracranial volume (less than 1 mL) do occur dur-
ing each cardiac cycle. Alperin et al. [4] demonstrated 
that CSF oscillations through the spinal canal do not 
completely balance intracranial blood volume changes. 
Similarly, Miyati et al. [5] confirmed that intracranial 
volume change is not zero and is significantly smaller in 
idiopathic normal pressure hydrocephalus patients than 
in healthy volunteers. Therefore, while the Monro-Kellie 
doctrine is crucial for understanding intracranial dynam-
ics over long periods and larger volumes (i.e., during 
infusion tests [6]), it may not be entirely applicable for 
assessing intracranial volume changes during the small 
scale of time and volume of one cardiac cycle.

Indeed, during each cardiac cycle, the interplay 
between the intracranial arterial inflow and its compen-
satory mechanisms: the intracranial compliance, the CSF 
flow oscillations, and the venous drainage, leads to ICP 
pulse changes [7, 8]. However, a remarkable observation 
during the cardiac cycle, consistent with the Monro-
Kellie doctrine, is the mirroring effect where the dynam-
ics of the Cerebral Blood Volume Changes (CB_VC) are 
reflected by the Cerebrospinal Fluid Volume Changes 
(CSF_VC) dynamics at the spinal canal. In fact, altera-
tions in the dynamics of CSF and cerebral blood flow 
often lead to a wide range of cerebral disorders, including 
hydrocephalus [9, 10], syringomyelia [11, 12], Chiari mal-
formations [13], Alzheimer’s disease [14], hyper or hypo 
intracranial pressure [15].

By the end of the 1990s, many studies [7, 16–18] using 
cine phase-contrast magnetic resonance imaging (PC-
MRI), have demonstrated a strong correlation between 
spinal CSF and arterio-venous (AV) flow waveforms dur-
ing the cardiac cycle, demonstrating the close hydrody-
namic coupling of the brain blood and CSF flow within 
the skull over a cardiac cycle. Balédent et al. [8] sug-
gested that this correlation is related to the expansion 
of the lumbar thecal sac and the compression of the epi-
dural venous plexus, along with the large diameter of the 
spinal subarachnoid spaces, which allow extensive and 
instantaneous CSF venting mainly from the intracranial 

subarachnoid spaces through the foramen magnum in 
response to the arterial systole.

CSF pulsatile flow is generated by both the cardiac and 
respiratory cycles. In recent years, there has been grow-
ing interest in understanding cardiac- and respiratory-
driven CSF pulsatility as a crucial component of cerebral 
homeostasis [19–22]. This pulsatility is influenced by 
cerebral arterial inflow and jugular outflow and may be 
affected by white matter abnormalities in various dis-
eases, such as multiple sclerosis [23] and hypertension 
[24].

Most studies [25–29] consider the arterial and venous 
flows measured extracranially at the cervical level to 
assess cerebral blood flow dynamics. Cerebral arte-
rial flow measurements show little variability between 
intracranial and extracranial levels. This consistency is 
observed in young [30] and older healthy adults [31, 32]. 
Conversely, some studies [31, 33, 34] have shown that the 
mean venous flow significantly differs when comparing 
intracranial and extracranial veins, presenting a higher 
variability in the venous flows measured at the internal 
jugular veins (IJVs). Moreover, these studies also reported 
a significantly higher pulsatility index in the flow mea-
sured extracranially at the IJVs than intracranially at the 
sinuses. Therefore, due to the significant heterogeneity in 
extracranial internal jugular veins anatomy [33, 35, 36], 
as well as variations in flow and higher compliance, we 
hypothesize that intracranial and extracranial vascular 
levels interact differently with spinal CSF.

This study aims to determine which level, intracra-
nial or extracranial, is more suitable for measuring arte-
rial and venous flows to study cerebral blood and CSF 
dynamics interactions. For this purpose, the spinal CSF 
and cerebral blood flow measured at intracranial and 
extracranial levels were quantified using cine PC-MRI in 
healthy young adults. Subsequently, CSF_VC and CB_VC 
were calculated, and by linear regression analysis, the 
relationship between CB_VC at both levels and the spinal 
CSF_VC was compared.

Materials and methods
Study populations
The study’s population consisted of 38 healthy young vol-
unteers (HYV), 18 women and 20 men, with an average 
age of 25 ± 4 years, within an age range of 19–35 years. 
The participants did not present neurological, psychiat-
ric, or severe general disease, alcoholism, or abnormali-
ties detected by a clinical MRI exam.

Each participant underwent an MRI examination, 
which lasted about 30 min. The study was conducted in 
accordance with the principles outlined in the Declara-
tion of Helsinki and approved by the local Ethics Review 
Committee (CPP Nord Ouest II, Amiens, France; refer-
ence: PI2019_843_0056). All participants were informed 
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of the objectives and procedures of the study. Prior to 
their participation in the study protocol, all subjects pro-
vided written informed consent. The exclusion criteria 
included MRI contraindications and any cerebrovascular 
or respiratory disease history.

PC-MRI acquisition
Participants were examined in the supine position, using 
a clinical 3T MRI system (Philips Achieva; maximum gra-
dient = 80 mT/m; slew rate = 120 mT m− 1 ms− 1) equipped 
with a 32-channel head coil.

Sagittal 3D phase-contrast cranio-cervical angiogra-
phy (TE/TR = 3 ms/5 ms; FOV = 350 (FH) 248 (AP) 160 
(RL) mm3; spatial resolution = 1.5 × 1.5 × 1.5 mm3; flip 
angle = 12°) was used as a reference to position the intra-
cranial (below the Circle of Willis) and extracranial (high 
cervical spinal level) acquisition planes for cerebral arte-
rial and venous blood flow measurements (Fig. 1).

The intracranial plane included three arteries: the left 
and right internal carotid arteries (ICAL_i and ICAR_i) 
and the basilar artery (BA), and two sinuses: the straight 
sinus (SS) and the superior sagittal sinus (SSS). The extra-
cranial plane included four arteries: the left and right 
internal carotid arteries (ICAL_e and ICAR_e), as well as 
the left and right vertebral arteries (VAL and VAR), and 
two veins: the left and right internal jugular veins (IJVL 
and IJVR).

Additionally, the sagittal 3D balanced gradient 
echo sequence was used to establish the CSF flow 

measurement plane at the C2C3 cervical spinal level 
(Fig.  2). The settings for this sequence were as follows: 
TR = 5.5 ms, TE = 2.2 ms, FOV = 180 × 180 mm2, spatial 
resolution of acquisition = 0.6 × 0.6 × 1.2 mm3, and flip 
angle = 45°.

Thus, CSF flow at the C2C3 level, as well as arterial 
and venous blood flow at both extracranial and intracra-
nial levels were quantified using a 2D PC-MRI sequence. 
The acquisition planes were selected perpendicular to 
the presumed direction of the blood and CSF flow. The 
flow direction towards the cranium is defined as positive 
and represented with white pixel intensity on the phase 
images. Reversely, the downward flow direction is con-
sidered negative and indicated by black pixel intensities. 
Grey pixels represent areas with no flow. Vascular and 
CSF velocities were acquired in separate acquisitions 
during the same session.

Table 1 presents the main settings used for the PC-MRI 
sequence for CSF and blood flow measurements. During 
the acquisition of cine PC-MRI images, a finger plethys-
mograph was used for retrospective cardiac gating. After 
50–115 s of acquisition (depending on the subject’s heart 
rate), all the data were reconstructed into 32 phase-con-
trast images representing the flow rate variation within 
an average cardiac cycle (CC).

VENC: velocity encoding; FOV: field-of-view; SENSE: 
sensitivity encoding; TE: echo time; TR: repetition time.

Fig. 1 Extracranial and intracranial planes for blood flow measurements. Sagittal 3D phase-contrast angiography (A) was used as a reference to set the 
different acquisition planes perpendicular to the blood flow direction. (B and C), (D and E) represent the amplitude and phase images of the intracranial 
(extracranial) plane, respectively. In the phase images, white pixel intensity indicates flow in the positive direction, while black pixel intensity signifies 
flow in the negative direction. Flow directed towards the cranium is considered positive. Grey pixels represent areas of no flow. For the intracranial plane, 
1: right internal carotid artery, 2: left internal carotid artery, 3: basilar artery, 4: straight sinus, 5: superior sagittal sinus. For the extracranial plane, 1: right 
internal carotid artery, 2: left internal carotid artery, 3: right vertebral artery, 4: left vertebral artery, 5: right internal jugular vein, 6: left internal jugular vein
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Image processing
The PC-MRI images were post-processed using in-house 
software, “Flow” [8]. The software executes a semi-auto-
matic segmentation algorithm for CSF and blood vessels 
delineation. The segmentation algorithm is based on tem-
poral pixel intensity variation compared to the cardiac 
cycle frequency. Subsequently, a background region was 
defined to correct the eddy current effect. For this pur-
pose, stationary tissue regions adjacent to the region of 
interest (ROI) were identified, and their average velocity 
was considered as the new zero velocity reference. Fur-
thermore, the software includes a de-aliasing correction 
function [8] for instances where the neurofluid velocity 
exceeded the velocity encoding (VENC) parameter. For 
all segmented pixels in the ROI, 32 fluid velocity values 
are calculated over the CC. These values are then aver-
aged, and multiplied by the ROI’s area to calculate the 

total dynamic flow rate across the ROI in the entire car-
diac cycle.

Thus, the software can extract the cerebral arterial and 
venous dynamic flow rate in the selected vessel, and the 
dynamic CSF flow rate at C2C3 (Fig. 3). The location and 
size of the ROI are assumed to be constant throughout 
the CC. Refer to previous studies [8, 37] for more details 
on PC-MRI image processing.

Cerebral blood and CSF volume change dynamics
We calculated the total extracranial cerebral arterial 
blood flow curve (Qa_extra) by adding the flows curves 
from ICAL_e, ICAR_e, VAL, and VAR. Similarly, the 
total intracranial cerebral arterial blood flow (Qa_intra) 
was calculated by adding the flows curves from the 
ICAL_i, ICAR_i, and BA.

The total extracranial venous blood flow curve (Qv_
extra) and the total intracranial cerebral venous blood 
flow (Qv_intra) were calculated in two steps. First, we 
added IJVL and IJVR flows for the extracranial level, and 
for the intracranial level, we added the SS and SSS flows. 
To account for unconsidered peripheral cerebral venous 
drainage, we assumed that the mean Qv_extra equals the 
mean Qa_extra, and similarly, the mean Qv_intra equals 
the mean Qa_intra. Consequently, one correction fac-
tor for each level, αExtra and αIntra, were calculated by 
dividing the cycle-average total arterial flow value by the 
cycle-average venous flow value measured (Fig. 4A&B).

Table 1 Main parameters used for the CINE-PC sequence in CSF 
and blood flow measurements
Parameters Blood 

(intracranial)
Blood 
(extracranial)

CSF

VENC (mm/s) 600 600 50
FOV (mm2) 142 × 142 120 × 120 120 × 120
Resolution (mm2) 1 × 1 1 × 1 0.8 × 0.8
Thickness (mm) 2 2 3
Flip angle (degree) 30 30 30
SENSE 1.5 1.5 1.5
TE (ms) 6–7 6–7 8–9
TR (ms) 10–11 10–11 13–14

Fig. 2 CSF flow measurement plane. Sagittal 3D balanced gradient echo sequence (A) was used to establish the C2C3 cervical spinal level for CSF flow 
measurement. (B) and (C) represent the amplitude and phase images at the C2C3 level, respectively. Note the presence of the denticulate ligament at 
this level
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Fig. 4 Cerebral blood and CSF flow curves. Phase-contrast imaging was used to quantify the total cerebral arterial (Qa) and venous (Qv) flow at the 
intracranial (A) and extracranial (B) levels. The measured venous flows, adjusted by the correction factors (αIntra, αExtra), resulted in the corrected total 
venous flows (Qv). The arterio-venous (AV) flow curves were then obtained by summing the total arterial and corrected venous flows at both intracranial 
and extracranial planes. (C) CSF flow curve obtained from phase-contrast imaging at the C2C3 level

 

Fig. 3 Examples of flow quantification using the “Flow” software. The software performs a semi-automatic segmentation and calculates the ROI area and 
the fluid velocity over the cardiac cycle. Subsequently, the software extracts the average flow waveform from the selected region. (A) Left internal carotid 
artery segmentation to calculate its area (A.2). Maximal and mean velocities curves dynamics over the cardiac cycle (A.3). Flow curve dynamic over the 
cardiac cycle (A.4). (B) Segmentation, velocities, and flow curve dynamics of CSF flow at the C2C3 level throughout the cardiac cycle
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Then, Qv_extra and Qv_intra were calculated by multi-
plying the jugulars flow curve and the sinuses flow curve 
by αExtra and αIntra, respectively.

The arterial and venous pulsatility index (PI) was esti-
mated at cervical and intracranial levels:

 
PI =

Flow amplitude
Mean flow

,

where the flow amplitude was calculated by subtracting 
the maximum and minimum flow values over the cardiac 
cycle.

Although cerebral arterial and venous flow curves, by 
construction, exhibit the same mean flow over the car-
diac cycle, their dynamics throughout the cycle differ. 
Consequently, the cerebral blood volume changes (CB_
VC) during the cardiac cycle were analyzed. To capture 
this, we calculated extracranial and intracranial arterio-
venous (AV) flow curves by adding Qv_extra and Qv_
intra to Qa_extra and Qa_intra, respectively (Fig. 4A&B). 
The CB_VC dynamics along 32 temporal points of the 
cardiac cycle were calculated at the two levels by inte-
grating the AV flows over time.

Due to the close relationship between AV flows and 
CSF flow at the spinal canal, we aimed to compare the 
dynamics of CB_VC with the CSF volume change over 
the cardiac cycle (CSF_VC). CSF_VC was calculated by 
integrating the CSF flow measured at the C2C3 level. The 
amplitudes of the CB_VC and CSF_VC curves, defined as 
the difference between their maximal and minimal val-
ues, were calculated to estimate the CSF and blood vol-
umes oscillating through the intracranial compartments 
during the cardiac cycle. These amplitudes represent the 
stroke volume (SV). Furthermore, the blood and CSF vol-
ume change curves were added to obtain the total vol-
ume change dynamics (CB&CSF_VC) at each plane (See 
Fig. 5).

Statistical analysis
The statistical analyses were performed with MATLAB 
software scripts (version 2019b, Mathworks, Natick, 
WA, USA). Descriptive statistics were expressed as the 
mean ± standard deviation (SD). Linear regressions were 
performed to evaluate the relationship (R2 and slope) 
between the 32 points of the CSF_VC curve and the 
32 points of the two CB_VC curves (intracranial and 

Fig. 5 Cerebral Blood Volume Change (CB_VC) and CSF Volume Change (CSF_VC) curves. The CB_VC curves (in purple, B) throughout the cardiac cycle 
were calculated at the intracranial (top) and extracranial (bottom) levels by integrating the arterio-venous (AV) flows (in purple, A) over time. Moreover, the 
CSF_VC dynamic (in green, B) along the cardiac cycle, calculated by integrating the CSF flow measured at C2C3 (in green, A), was compared with the CB_VC 
dynamics calculated at both intracranial and extracranial planes. During systole, the volume of the arterio-venous compartments increases, indicating a 
filling phase. This expansion is mirrored by an increase in spinal CSF volume, a response to the changes in blood volume. Conversely, during diastole, the 
volume of arterio-venous compartments decreases, indicative of a draining phase, which corresponds with a decrease in spinal CSF volume. The CB_VC 
and CSF_VC curves were added to obtain the total intracranial volume change dynamics at both planes (in pink, C)
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extracranial planes). The Shapiro-Wilk test was used to 
determine whether the data were normally distributed. 
The differences between extracranial and intracranial 
measurements were assessed using either a paired Stu-
dent’s t-test or Wilcoxon’s test, depending on the nor-
mality of the data distribution. The percentage of the 
coefficient of variation (CV%) was calculated by dividing 
the standard deviation by the mean and multiplying the 
result by 100. Correlations were assessed with Pearson’s 
test (for normal distributions) or Spearman’s test. The 
threshold for significance was set to p < 0.05.

Results
Figures  6 and 7 depict the relationship between the 
CB_VC and CSF_VC curves of the 38 participants at 
the intracranial and extracranial levels, respectively, 
during the cardiac cycle. The curves in purple illustrate 
the CB_VC dynamics, with the intracranial AV dynam-
ics presented in Fig.  6 and the extracranial AV dynam-
ics in Fig. 7. The curves in green represent the CSF_VC 
dynamics, measured at the C2C3 level. Notably, these 
green curves are identical in Figs. 6 and 7 for each par-
ticipant. Moreover, these figures present the results 
from the linear regression analysis performed between 

each participant’s CB_VC and CSF_VC data; hence, R2 
denotes the coefficient of determination, ‘s’ represents 
the slope value of the linear equation and p the p-value.

In Fig.  8, examples from three different subjects are 
shown. For the first example (Fig. 8-a, participant #8), the 
CB_VC and the CSF_VC presented a strong negative lin-
ear relationship at both intracranial (R2: 0.98; slope: -0.7; 
p < 0.001) and extracranial (R2: 0.98; slope: -0.7; p < 0.001) 
levels. In the second case (Fig.  8-b, participant #18), 
both planes exhibited strong relationships, as evidenced 
by high R2 values (Intracranial R2: 0.91; Extracranial R2: 
0.98); however, the slope value at the extracranial plane 
was positive (Extracranial slope: +0.4; p < 0.001). This pos-
itive slope value indicates a positive relationship between 
CB_VC and CSF_VC dynamics, suggesting a loss of the 
typical mirroring effect between cerebral blood and spi-
nal CSF dynamics. The last example (Fig. 8-c, participant 
#23) demonstrated a strong and negative intracranial lin-
ear relationship (R2: 0.90; slope: -0.7; p < 0.001), in con-
trast to a non-significant extracranial linear relationship 
(R2 < 0.01; slope: +0.03; p = 0.93).

The results of CSF and cerebral blood flow dynamics at 
the intracranial and extracranial planes are summarized 
in Table 2. Significant differences were observed between 

Fig. 6 CB_VC (intracranial) and CSF_VC in the 38 participants. The CB_VC dynamics (in purple) at the intracranial level are compared with the CSF_VC 
dynamics (in green) at the C2C3 level along the cardiac cycle (CC). The coefficient of determination (R2) and the slope value (s), derived from linear regres-
sion analysis conducted to evaluate the relationship between the 32 points of the CSF_VC curve and the 32 points of the intracranial CB_VC curve, are 
displayed. ***: p < 0.001
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the extracranial and intracranial arterial mean flow 
(p < 0.001) and venous mean flow (p = 0.014). Similarly, 
for the arterial and venous pulsatility indexes (p < 0.001). 
However, the correction factors αExtra and αIntra did 

not differ significantly (p = 0.57). It is important to high-
light that the mean αExtra factor was calculated exclud-
ing participant #28, who was considered an outlier, as 
only 4% of mean venous flow accounted for mean arterial 

Fig. 8 Examples from linear regression analysis. Results from three different subjects. CB_VC (in purple) and CSF_VC (in green) curves along the cardiac 
cycle (CC) with corresponding intracranial and extracranial linear regressions. For each case, the results of R2, slope and p-values are displayed. (a) A strong 
and negative linear relationship in both planes; (b) a strong, yet positive, linear relationship at the extracranial plane; (c) a non-significant extracranial 
relationship

 

Fig. 7 CB_VC (extracranial) and CSF_VC in the 38 participants. The CB_VC dynamics (in purple) at the extracranial level are compared with the CSF_VC 
dynamics (in green) at the C2C3 level along the cardiac cycle (CC). The coefficient of determination (R2) and the slope value (s), derived from linear regres-
sion analysis conducted to evaluate the relationship between the 32 points of the CSF_VC curve and the 32 points of the extracranial CB_VC curve, are 
displayed. *: p < 0.05; **: p < 0.01; ***: p < 0.001
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inflow. Specifically for this participant, the venous drain-
age was primarily redirected into the epidural and poste-
rior veins, a measurement that was not included in this 
study.

Concerning the volume change dynamics, interest-
ingly, all the measurements taken extracranially showed 
a greater variability compared to those taken intracrani-
ally. The CB_VC amplitude was significantly higher at the 
extracranial level (0.89 ± 0.28  ml/CC) compared to the 
intracranial level (0.73 ± 0.19  ml/CC; p < 0.001). The R2 
and the slope values obtained from the linear regression 
analysis were significantly higher in magnitude for the 
intracranial CB_VC (R2: 0.82 ± 0.16; slope: − 0.74 ± 0.19) 
compared to the extracranial CB_VC (R2: 0.47 ± 0.37; 
slope: -0.36 ± 0.33; p < 0.001).

Figure 9 illustrates the correlations between spinal CSF 
and cerebral blood stroke volumes at both intracranial 
and extracranial levels. A strong correlation is evident 
between the amplitudes of the intracranial CB_VC and 
the CSF_VC (R = 0.64, p < 0.001). In contrast, no signifi-
cant correlation was found between the extracranial CB 
and spinal CSF stroke volumes (R = 0.25, p = 0.13).

Discussion
This study aimed to compare the relationship between 
the CB_VC dynamics at intracranial and extracranial 
levels and the dynamics of spinal CSF_VC. The volume 
change dynamics were derived from arterial, venous and 
CSF flow measurements obtained from cine PC-MRI 
sequences of healthy young adults.

As presented in Table  2, the mean arterial flow was 
significantly higher at the extracranial level than at the 
intracranial level. Indeed, the paired vertebral arteries 
at the extracranial plane, besides basilar artery supply, 
also provide blood to the cerebellum arteries. However, 
the blood flow in cerebellum arteries was not included 
in the measurement approach described in this study. 
Balédent et al. [3] reported that about 13.5% of extra-
cranial arterial blood volume reached the cerebellum in 

Table 2 Comparison of intracranial and extracranial levels
Parameters
(n = 38)

Intracranial Extracranial 

Mean ± SD CV 
(%)

Mean ± SD CV 
(%)

p-value

Flow
Cerebral arterial mean 
flow (ml/min)

659 ± 124 19 725 ± 128 18 <  
0.001***

Measured cerebral 
venous mean flow 
(ml/min)

450 ± 95 21 511 ± 170 33 0.014*

Correction factor α 1.63 ± 1.15 71 1.62 ± 1.03 64 0.57
PI arterial 0.81 ± 0.15 18 0.95 ± 0.23 24 <  

0.001***

PI venous 0.25 ± 0.07 28 0.58 ± 0.32 55 <  
0.001***

Volume change
Amplitude CB_VC 
(ml/CC)

0.73 ± 0.19 26 0.89 ± 0.28 31 <  
0.001***

Amplitude CSF_VC 
(ml/CC)

- 0.59 ± 0.16 27 -

Amplitude CB&CSF_
VC (ml/CC)

0.34 ± 0.13 38 0.77 ± 0.47 61 <  
0.001***

Linear regression
R2 0.82 ± 0.16 19 0.47 ± 0.37 79 < 0.001***

Slope − 0.74 ± 0.19 26 -0.36 ± 0.33 92 <  
0.001***

Values are presented as means ± standard deviation (SD). The amplitudes of 
the volume change curves represent the stroke volume. All data were tested 
for their distribution’s normality, followed by a comparison of intracranial and 
extracranial levels using a paired Student’s t-test or Wilcoxon’s test (*: p < 0.05; 
**: p < 0.01; ***: p < 0.001). PI: pulsatility index of the total arterial cerebral blood 
flow and total corrected cerebral venous flow; CC: cardiac cycle; R2: coefficient 
of determination; CV: coefficient of variation

Fig. 9 Correlation between cerebral blood and CSF stroke volume. On the left, the correlation between the stroke volumes of the spinal CSF and the 
intracranial cerebral blood. On the right, the correlation between the stroke volumes of the spinal CSF and the extracranial cerebral blood. R and p cor-
respond to Spearman’s coefficient and the p-value of the correlation (***: p-value < 0.001)
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healthy young adults. Furthermore, in a prior study [32], 
we estimated that the volume of blood supplying the cer-
ebellum’s arterial vascularisation is about 8% for healthy 
young volunteers and 0.5% for healthy elderly volunteers. 
The percentage of blood volume reaching the cerebel-
lum is not negligible, especially in younger adults; still, 
we hypothesise that cerebellar vascularisation does not 
influence the haemodynamic between the extracranial 
and intracranial compartments and is therefore not taken 
into account.

Unlike cerebral arteries, which have a consistent ana-
tomical pattern in all individuals, cerebral veins show 
considerable variability in their anatomy, making them 
more challenging to study. Table  2 reveals a higher 
venous flow and PI at the extracranial plane than at the 
intracranial plane. More interestingly, extracranially, the 
venous variability in flow and pulsatility was remarkably 
higher, contrasting with the variability observed in arte-
rial flow and PI between both planes.

At the intracranial plane, the dural sinuses demonstrate 
variation in both anatomy [36, 38] and flow patterns [35]. 
Indeed, the straight and superior sagittal sinuses were 
computed separately, rather than measuring a single flow 
through the torcular Herophili, due to the significant 
variability in its configuration across individuals [39–41] 
and the high turbulence present in this region, which can 
affect measurement accuracy.

Extracranial internal jugular veins exhibit even more 
considerable flow and anatomical structure variability. 
Previous studies [31, 33, 34] have consistently shown 
that the pulsatility index in the internal jugular veins 
(IJVs) is significantly higher and more variable than at the 
SSS and SS, consistent with the findings of our present 
study. The IJVs are considered the primary venous drain-
age pathway, at least in the supine position [42]. Several 
studies have shown that cerebral venous outflow distri-
bution depends on body posture [43] and central venous 
pressure [42]. However, Stoquart-ElSankari et al. [33] 
observed that, although IJVs flow was predominantly 
significant in a study involving 18 healthy young partici-
pants in supine position, in four of these volunteers, the 
cephalic venous drainage was dominantly or exclusively 
diverted into the epidural veins, despite the absence 
of any pathological findings or abnormalities in the 
MRI results. In this study, for example, participant #28 
exhibited venous drainage that predominantly occurred 
through two epidural veins and three posterior veins, in 
contrast to the flow through the IJVs, which accounted 
for only 4% of the arterial inflow. Additionally, Stoquart-
ElSankari et al. observed that eight healthy volunteers in 
their study population presented strictly unilateral IJV 
drainage of cerebral venous blood without any contralat-
eral IJV flow. In the present study, seven HYVs exhibited 
unilateral IJV flow.

This study assessed the entire subarachnoid space sur-
rounding the spinal cord instead of being segmented 
into anterior and posterior compartments. The presence 
of the denticulate ligament, which may vary depend-
ing on the specific slice level selected for image acquisi-
tion, does not significantly influence the overall CSF flow 
measurement.

The main interest of this study was to compare the rela-
tionship between the cerebral blood dynamics, measured 
extracranially and intracranially, and the spinal CSF 
dynamics. The present study revealed several findings.

First, by integrating cerebral blood and CSF flows, 
we calculated the total volume change (CB&CSF_VC) 
at each plane. Contrary to the Monro-Kellie doctrine’s 
assertion, our findings indicate that the total intracranial 
volume within one cardiac cycle is not zero. Instead, the 
volume change varies depending on the measurement 
location, averaging 0.34  ml/CC when measured intra-
cranially and 0.77 ml/CC when measured extracranially. 
While this finding is consistent with prior studies [5, 28, 
29] that considered extracranial cerebral blood measure-
ments, to our knowledge, this study is the first to quantify 
the intracranial volume change using arterial and venous 
flows measured intracranially below the Circle of Willis.

Second, as shown in Table 2, the amplitude of CB_VC 
significantly differs between the two planes, suggesting 
that the cerebral blood dynamics is variable and depen-
dent on the measurement acquisition plane. As expected, 
the CB_VC amplitude is more variable at the extracranial 
plane than at the intracranial plane, given that, as previ-
ously mentioned, the venous flow within the IJVs also 
exhibits high variability.

Third, the linear regression analysis results reveal a 
stronger linear relationship between spinal CSF_VC 
and intracranial CB_VC. Additionally, linear regression 
parameters presented higher variability at the extracra-
nial level. As illustrated in Figs.  6 and 7, the CSF_VC 
dynamics generally attempt to mirror those of the CB_
VC. However, there are notable exceptions, specifically 
in participants # 18 and 33, where significant (p < 0.05) 
positive relationships between CSF_VC and CB_VC 
were observed exclusively at the extracranial level, indi-
cating a deviation from the typical mirroring dynamic. It 
is important to note, however, that this phenomenon is 
rare; out of the 38 cases, only two exhibited this behav-
ior. While the mirroring effect between the CSF and the 
cerebral blood dynamics is consistently evident at the 
intracranial plane, the extracranial plane presents a range 
of variations, as demonstrated in Fig. 8. The correlation 
between the cerebral blood and CSF stroke volumes 
(Fig.  9) reiterates the significant correlation of spinal 
CSF_VC with the intracranial CB_VC, in contrast to the 
extracranial CB_VC.
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These findings suggest that the CSF response to vas-
cular volume variation within the craniospinal system 
is more consistent with the arterial and venous mea-
surements acquired at the intracranial plane. Notably, 
the differences observed between both levels are mainly 
attributed to the venous compartment, as extracranially, 
the veins system shows greater inter-subject variability 
and complexity in vessel morphology and flow pulsatil-
ity. Rapidly, because of the compliance of the internal 
jugular veins, blood volume can easily expand outside the 
cranium, modifying the dynamics of the cerebral blood 
volume curve.

The coefficient of determination (R2) and the slope are 
indicative of the linearity of volume exchange between 
the cerebral blood and CSF compartments, as well as the 
temporal relationship in this exchange. The rapid arterial 
inflow during systole leads to a rise in ICP pulses, which 
rapidly induces a CSF flush into the spinal subarachnoid 
spaces [3]. Thus, despite the evident variability in venous 
compartments, a time lag between arterial or venous 
flow dynamics in the two planes could also influence the 
linearity of volume change dynamics. Although not sta-
tistically significant, our previous study [32] reported a 
longer upstroke time for intracranial arterial flow com-
pared to extracranial arterial flow, suggesting the poten-
tial time lag between arterial flows in the two planes, 
which could also affect the CSF response.

Increased ICP has been reported in several neurologi-
cal diseases, including hydrocephalus, idiopathic intra-
cranial hypertension, and traumatic brain injury [44]. The 
study of cerebral blood and CSF interactions is essen-
tial to understand the mechanisms underlying the ICP 
pulse variations. Consequently, the ICP should be more 
closely related to intracranial AV than extracranial AV 
measurements.

To our knowledge, there are currently no studies com-
paring the relationship between intracranial and extracra-
nial cerebral blood dynamics with spinal CSF dynamics. 
Our findings confirmed that AV dynamics differ depend-
ing on the measurement acquisition plane. This suggests 
that the intracranial plane is more suitable for measuring 
arterial and venous flows when studying the interactions 
between cerebral blood and CSF dynamics.

Limitations
In the present study, we did not consider the effects 
of blood pressure, gender or height on the vascular-
CSF flow dynamics. Nevertheless, we believe that these 
parameters would not significantly impact our results.

The presence of air produces a high susceptibility to 
artefacts, particularly in regions close to the paranasal 
sinuses there are significant field inhomogeneities that 
can distort the image [45]. Acquisitions at the intracra-
nial level were obtained close to the nasal cavity, which 

could produce high susceptibility to image artefacts 
indeed. However, in this study, the artifacts caused by air 
were relatively minor, and their impact on the accuracy of 
the blood flow measurements was minimal.

While peripheral gating was chosen for consistency 
and practicality, we acknowledge that it may introduce 
some limitations in accuracy compared to ECG gating 
[46]. However, we carefully optimized its use to minimize 
potential errors.

It is important to highlight that cerebral blood and CSF 
flows are not acquired simultaneously during the imaging 
protocol. Consequently, participants’ heart rates could 
vary between acquisitions, which could affect the linear 
relationship outcomes between CB_VC and CSF_VC. 
Nonetheless, throughout our protocol, care was taken 
to ensure that heart rate variations did not differ signifi-
cantly between acquisitions. On the other hand, Figs.  6 
and 7 illustrate the wide range of variability in cardiac 
cycle length among participants. As observed in a previ-
ous study [32], this variability is mainly due to changes in 
diastole duration. While systole duration remains nearly 
preserved, the diastole duration is adjusted according to 
the heart rate. In future studies, it might be interesting to 
analyze whether the cardiac cycle duration impacts CSF 
and blood flow dynamics.

Conclusion
The results of the present study offer valuable reference 
values of cerebral vascular-CSF flow interaction in young 
healthy adults.

First, we have shown that CSF does not completely and 
instantaneously balance intracranial blood expansion 
during the cardiac cycle, as expected by the Monro-Kellie 
doctrine. Nevertheless, the resting volume is very small 
compared to the total intracranial volume. To our knowl-
edge, this study is the first to demonstrate these findings 
using cerebral blood flow measured intracranially below 
the Circle of Willis.

This study aimed to determine which level, intracranial 
or extracranial, is more suitable for measuring cerebral 
arterial and venous flows to study cerebral blood and CSF 
dynamics interactions. Our results showed that cerebral 
arterial and venous flow dynamic measurements dur-
ing cardiac cycle obtained by PC-MRI at the intracranial 
plane strongly correlate with CSF oscillations measured 
in the spinal canal, with R2 values ranging from 0.35 to 
1. Moreover, correlation was significantly weaker when 
cerebral blood flows was measured at the cervical level. 
Intracranial vascular plane is more relevant for analyz-
ing the interaction between cerebral blood and CSF com-
pared to the extracranial vascular level, where significant 
individual venous heterogeneity exists.
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CC  Cardiac cycle
CSF  Cerebrospinal fluid
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PC-MRI  Phase-contrast magnetic resonance imaging
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ROI  Region of interest
SS  Straight sinus
SSS  Superior sagittal sinus
SV  Stroke volume
TE  Echo time
TR  Repetition time
VAL  Left vertebral artery
VAR  Right vertebral artery
VENC  Velocity encoding

Acknowledgements
Thanks to David Chechin from Phillips Industry for scientific support and 
Héléna Freulet, Garance Arbeaumont-Trocmé, Vilhem Marion, Lisa Petrieux 
and Julien Van Gysel (MRI research technicians) for assistance with the 
acquisition of high-quality images.

Author contributions
KO: Conceptualization, methodology, formal analysis, writing and editing 
the manuscript. PL: Software. SM and CC: Clinical investigation. OB: Software, 
writing – review and editing, project administration, funding acquisition.

Funding
This research was funded by the French National Research Agency (reference: 
Hanuman ANR-18-CE45–0014, EquipEX Figures 10-EQPX-0001 and 
CALCOCIMO PROJET N° ANR-23-CE18-0026-01).

Data availability
No datasets were generated or analysed during the current study.

Declarations

Ethics approval and consent to participate
All procedures involving human participants were performed in accordance 
with the ethical standards of the institutional and/or national review board 
and with the 1964 Declaration of Helsinki and its amendments or comparable 
ethical standards. Informed consent was obtained from all individual 
participants involved in the study.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details
1Medical Image Processing Department, CHU Amiens-Picardie University 
Hospital, Amiens, France
2CHIMERE UR 7516, Jules Verne University of Picardy, Amiens, France
3Radiology Department, CHU Amiens-Picardie University Hospital, 
Amiens, France
4Neurosurgery Department, CHU Amiens-Picardie University Hospital, 
Amiens, France

Received: 7 June 2024 / Accepted: 27 September 2024

References
1. Neff S, Subramaniam RP. Monro-Kellie doctrine. J Neurosurg. 1996;85:1195.
2. Wilson MH. Monro-Kellie 2.0: the dynamic vascular and venous pathophysi-

ological components of intracranial pressure. J Cereb Blood Flow Metab Off J 
Int Soc Cereb Blood Flow Metab. 2016;36:1338–50.

3. Balédent O, Fin L, Khuoy L, Ambarki K, Gauvin A-C, Gondry-Jouet C, et al. 
Brain hydrodynamics study by phase-contrast magnetic resonance imaging 
and transcranial color doppler. J Magn Reson Imaging. 2006;24:995–1004.

4. Alperin N, Vikingstad EM, Gomez-Anson B, Levin DN. Hemodynamically 
independent analysis of cerebrospinal fluid and brain motion observed with 
dynamic phase contrast MRI. Magn Reson Med. 1996;35:741–54.

5. Miyati T, Mase M, Kasai H, Hara M, Yamada K, Shibamoto Y, et al. Noninvasive 
MRI assessment of intracranial compliance in idiopathic normal pressure 
hydrocephalus. J Magn Reson Imaging. 2007;26:274–8.

6. Czosnyka ZH, Czosnyka M, Smielewski P, Lalou AD, Nabbanja E, Garnett M, et 
al. Single Center experience in Cerebrospinal Fluid Dynamics Testing. Acta 
Neurochir Suppl. 2021;131:311–3.

7. Alperin NJ, Lee SH, Loth F, Raksin PB, Lichtor T. MR-Intracranial pressure 
(ICP): a method to measure intracranial elastance and pressure nonin-
vasively by means of MR imaging: baboon and human study. Radiology. 
2000;217:877–85.

8. Balédent O, Henry-Feugeas MC, Idy-Peretti I. Cerebrospinal fluid dynamics 
and relation with blood flow: a magnetic resonance study with semiauto-
mated cerebrospinal fluid segmentation. Invest Radiol. 2001;36:368–77.

9. Qvarlander S, Ambarki K, Wåhlin A, Jacobsson J, Birgander R, Malm J, et al. 
Cerebrospinal fluid and blood flow patterns in idiopathic normal pressure 
hydrocephalus. Acta Neurol Scand. 2017;135:576–84.

10. Bateman GA, Loiselle AM. Can MR measurement of intracranial hydrodynam-
ics and compliance differentiate which patient with idiopathic normal pres-
sure hydrocephalus will improve following shunt insertion? Acta Neurochir 
(Wien). 2007;149:455–62.

11. Vandertop WP. Syringomyelia neuropediatrics. 2014;45:3–9.
12. Capel C, Lantonkpode R, Metanbou S, Peltier J, Balédent O. Hemodynamic 

and Hydrodynamic Pathophysiology in Chiari Type 1 malformations: towards 
understanding the Genesis of Syrinx. J Clin Med. 2023;12:5954.

13. Capel C, Padovani P, Launois P-H, Metanbou S, Balédent O, Peltier J. Insights 
on the Hydrodynamics of Chiari Malformation. J Clin Med. 2022;11:5343.

14. El Sankari S, Gondry-Jouet C, Fichten A, Godefroy O, Serot JM, Deramond H, 
et al. Cerebrospinal fluid and blood flow in mild cognitive impairment and 
Alzheimer’s disease: a differential diagnosis from idiopathic normal pressure 
hydrocephalus. Fluids Barriers CNS. 2011;8:12.

15. Bateman AR, Bateman GA, Barber T. The relationship between cerebral blood 
flow and venous sinus pressure: can hyperemia induce idiopathic intracranial 
hypertension? Fluids Barriers CNS. 2021;18:5.

16. Greitz D, Wirestam R, Franck A, Nordell B, Thomsen C, Ståhlberg F. Pulsatile 
brain movement and associated hydrodynamics studied by magnetic reso-
nance phase imaging. The Monro-Kellie doctrine revisited. Neuroradiology. 
1992;34:370–80.

17. Bhadelia RA, Bogdan AR, Kaplan RF, Wolpert SM. Cerebrospinal fluid pulsation 
amplitude and its quantitative relationship to cerebral blood flow pulsations: 
a phase-contrast MR flow imaging study. Neuroradiology. 1997;39:258–64.

18. Enzmann DR, Pelc NJ. Cerebrospinal fluid flow measured by phase-contrast 
cine MR. AJNR Am J Neuroradiol. 1993;14:1301–7.

19. Tarumi T, Yamabe T, Fukuie M, Zhu DC, Zhang R, Ogoh S, et al. Brain blood 
and cerebrospinal fluid flow dynamics during rhythmic handgrip exercise in 
young healthy men and women. J Physiol. 2021;599:1799–813.

20. Yildiz S, Thyagaraj S, Jin N, Zhong X, Heidari Pahlavian S, Martin BA, et al. 
Quantifying the influence of respiration and cardiac pulsations on cerebro-
spinal fluid dynamics using real-time phase-contrast MRI. J Magn Reson 
Imaging JMRI. 2017;46:431–9.

21. Vikner T, Johnson KM, Cadman RV, Betthauser TJ, Wilson RE, Chin N, et al. CSF 
dynamics throughout the ventricular system using 4D flow MRI: associa-
tions to arterial pulsatility, ventricular volumes, and age. Fluids Barriers CNS. 
2024;21:68.

22. Liu P, Owashi K, Monnier H, Metanbou S, Capel C, Balédent O. Validating the 
accuracy of real-time phase-contrast MRI and quantifying the effects of free 
breathing on cerebrospinal fluid dynamics. Fluids Barriers CNS. 2024;21:25.



Page 13 of 13Owashi et al. Fluids and Barriers of the CNS           (2024) 21:88 

23. ElSankari S, Balédent O, van Pesch V, Sindic C, de Broqueville Q, Duprez T. 
Concomitant analysis of arterial, venous, and CSF flows using phase-contrast 
MRI: a quantitative comparison between MS patients and healthy controls. J 
Cereb Blood Flow Metab. 2013;33:1314–21.

24. Capel C, Baroncini M, Gondry-Jouet C, Bouzerar R, Czosnyka M, Czosnyka Z, 
et al. Cerebrospinal fluid and cerebral blood flows in idiopathic intracranial 
hypertension. Acta Neurochir Suppl. 2018;126:237–41.

25. Wåhlin A, Ambarki K, Hauksson J, Birgander R, Malm J, Eklund A. Phase 
contrast MRI quantification of pulsatile volumes of brain arteries, veins, and 
cerebrospinal fluids compartments: repeatability and physiological interac-
tions. J Magn Reson Imaging. 2012;35:1055–62.

26. Sakhare AR, Barisano G, Pa J. Assessing test–retest reliability of phase contrast 
MRI for measuring cerebrospinal fluid and cerebral blood flow dynamics. 
Magn Reson Med. 2019;82:658–70.

27. Laganà MM, Di Tella S, Ferrari F, Pelizzari L, Cazzoli M, Alperin N, et al. Blood 
and cerebrospinal fluid flow oscillations measured with real-time phase-
contrast MRI: breathing mode matters. Fluids Barriers CNS. 2022;19:100.

28. Tsai Y, Chen H, Tung H, Wu Y, Chen H, Pan K, et al. Noninvasive assessment of 
intracranial elastance and pressure in spontaneous intracranial hypotension 
by MRI. J Magn Reson Imaging. 2018;48:1255–63.

29. Tain R, Ertl-Wagner B, Alperin N. Influence of the compliance of the neck 
arteries and veins on the measurement of intracranial volume change by 
phase‐contrast MRI. J Magn Reson Imaging. 2009;30:878–83.

30. Liu P, Fall S, Balédent O. Use of real-time phase-contrast MRI to quantify 
the effect of spontaneous breathing on the cerebral arteries. NeuroImage. 
2022;258:119361.

31. Lokossou A, Metanbou S, Gondry-Jouet C, Balédent O. Extracranial versus 
intracranial hydro-hemodynamics during aging: a PC-MRI pilot cross-
sectional study. Fluids Barriers CNS [Internet]. 2020 [cited 2023 Dec 18];17. 
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6958565/

32. Owashi KP, Capel C, Balédent O. Cerebral arterial flow dynamics during 
systole and diastole phases in young and older healthy adults. Fluids Barriers 
CNS. 2023;20:65.

33. Stoquart-ElSankari S, Lehmann P, Villette A, Czosnyka M, Meyer M-E, Dera-
mond H, et al. A phase-contrast MRI study of physiologic cerebral venous 
Flow. J Cereb Blood Flow Metab. 2009;29:1208–15.

34. Liu P, Monnier H, Owashi K, Constans J-M, Capel C, Balédent O. The effects of 
Free Breathing on cerebral venous Flow: a real-time phase contrast MRI study 
in healthy adults. J Neurosci. 2024;44:e0965232023.

35. Saiki K, Tsurumoto T, Okamoto K, Wakebe T. Relation between bilateral dif-
ferences in internal jugular vein caliber and flow patterns of dural venous 
sinuses. Anat Sci Int. 2013;88:141–50.

36. Liu L, Wu Y, Zhang K, Meng R, Duan J, Zhou C, et al. Anatomy imaging and 
hemodynamics research on the cerebral vein and venous sinus among 
individuals without cranial sinus and jugular vein diseases. Front Neurosci. 
2022;16:999134.

37. Lokossou A, Metanbou S, Gondry-Jouet C, Balédent O. Extracranial versus 
intracranial hydro-hemodynamics during aging: a PC-MRI pilot cross-sec-
tional study. Fluids Barriers CNS. 2020;17:1.

38. Kubo M, Kuwayama N, Massoud TF, Hacein-Bey L. Anatomy of intracranial 
veins. Neuroimaging Clin N Am. 2022;32:637–61.

39. Valero-Moreno F, Pullen MW, Navarro-Martínez G, Ruiz-Garcia H, Domingo 
RA, Martínez JL, et al. Absence of the torcular, review of venous sinus 
anatomy, and the simplified dural sinus classification. Acta Neurochir (Wien). 
2023;165:1781–90.

40. Bayaroğulları H, Burakgazi G, Duman T. Evaluation of dural venous sinuses 
and confluence of sinuses via MRI venography: anatomy, anatomic variations, 
and the classification of variations. Childs Nerv Syst. 2018;34:1183–8.

41. Cheng Y, Li WA, Fan X, Li X, Chen J, Wu Y, et al. Normal anatomy and variations 
in the confluence of sinuses using digital subtraction angiography. Neurol 
Res. 2017;39:509–15.

42. Gisolf J, van Lieshout JJ, van Heusden K, Pott F, Stok WJ, Karemaker JM. 
Human cerebral venous outflow pathway depends on posture and central 
venous pressure. J Physiol. 2004;560:317–27.

43. Alperin N, Hushek SG, Lee SH, Sivaramakrishnan A, Lichtor T. MRI study of 
cerebral blood flow and CSF flow dynamics in an upright posture: the effect 
of posture on the intracranial compliance and pressure. Acta Neurochir 
Suppl. 2005;95:177–81.

44. Bothwell SW, Janigro D, Patabendige A. Cerebrospinal fluid dynamics and 
intracranial pressure elevation in neurological diseases. Fluids Barriers CNS. 
2019;16:9.

45. Fatnassi C, Boucenna R, Zaidi H. Mixed model phase evolution for correction 
of magnetic field inhomogeneity effects in 3D quantitative gradient echo-
based MRI. Med Phys. 2017;44:3739–51.

46. Bert RJ, Settipalle N, Muddasani D, Tiwana E, Wellman B, Negahdar MJ, et al. 
ECG gating is more Precise Than Peripheral Pulse Gating when quantify-
ing spinal CSF pulsations using phase contrast Cine MRI. Acad Radiol. 
2020;27:552–62.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations. 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6958565/

	Phase-contrast MRI analysis of cerebral blood and CSF flow dynamic interactions
	Abstract
	Introduction
	Materials and methods
	Study populations
	PC-MRI acquisition
	Image processing
	Cerebral blood and CSF volume change dynamics
	Statistical analysis

	Results
	Discussion
	Limitations

	Conclusion
	References


