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Direction and magnitude of cerebrospinal 
fluid flow vary substantially across central 
nervous system diseases
Per Kristian Eide1,2*  , Lars Magnus Valnes1, Erika Kristina Lindstrøm3,4, Kent‑Andre Mardal3,5 and Geir Ringstad6 

Abstract 

Background:  Several central nervous system diseases are associated with disturbed cerebrospinal fluid (CSF) flow 
patterns and have typically been characterized in vivo by phase-contrast magnetic resonance imaging (MRI). This 
technique is, however, limited by its applicability in space and time. Phase-contrast MRI has yet to be compared 
directly with CSF tracer enhanced imaging, which can be considered gold standard for assessing long-term CSF flow 
dynamics within the intracranial compartment.

Methods:  Here, we studied patients with various CSF disorders and compared MRI biomarkers of CSF space anatomy 
and phase-contrast MRI at level of the aqueduct and cranio-cervical junction with dynamic intrathecal contrast-
enhanced MRI using the contrast agent gadobutrol as CSF tracer. Tracer enrichment of cerebral ventricles was graded 
0–4 by visual assessment. An intracranial pressure (ICP) score was used as surrogate marker of intracranial compliance.

Results:  The study included 94 patients and disclosed marked variation of CSF flow measures across disease catego‑
ries. The grade of supra-aqueductal reflux of tracer varied, with strong reflux (grades 3–4) in half of patients. Ventricular 
tracer reflux correlated with stroke volume and aqueductal CSF pressure gradient. CSF flow in the cerebral aqueduct 
was retrograde (from 4th to 3rd ventricle) in one third of patients, with estimated CSF net flow volume about 1.0 
L/24 h. In the cranio-cervical junction, net flow was cranially directed in 78% patients, with estimated CSF net flow 
volume about 4.7 L/24 h.

Conclusions:  The present observations provide in vivo quantitative evidence for substantial variation in direction 
and magnitude of CSF flow, with re-direction of aqueductal flow in communicating hydrocephalus, and significant 
extra-cranial CSF production. The grading of ventricular reflux of tracer shows promise as a clinical useful method to 
assess CSF flow pattern disturbances in patients.

Graphic abstract:  Keywords:  Cerebrospinal fluid, Cerebral aqueduct, Craniocervical junction, Flow direction, Flow 
magnitude
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Introduction
Over the last few years, the impact of cerebrospinal fluid 
(CSF) homeostasis for brain function has gained renewed 
interest, not least facilitated by the description of the 

glymphatic system in 2012 [1], and the meningeal lym-
phatic vessels in 2015 [2, 3]. These discoveries have high-
lighted the role of CSF in central nervous system (CNS) 
metabolic function and immune surveillance [4], and the 
role of CSF for removal of metabolic waste products from 
the brain in neurodegenerative and dementia diseases 
[5]. The CSF production and flow patterns are among 
several factors that may affect glymphatic and meningeal 
lymphatic functions, but remain less characterized.
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Recently, several reviews have addressed the lack of 
consensus regarding magnitude and direction of CSF 
flow in man [4, 6–9]. A traditional concept of CSF cir-
culation was coined by Harvey Cushing in 1925 as “The 
third circulation” (first referring to blood and second to 
lymphatic circulation) [10]. According to this view, CSF 
is thought to be mainly produced by the choroid plexus 
and circulate from the lateral and third ventricles to the 
fourth ventricle and further to the surface of the brain 
with efflux to venous blood via arachnoid granulations. 
This view has been challenged [6, 8]. Traditionally, the 
CSF production rate has been considered about 0.30–
0.40 ml/min, i.e., about 0.5 L/24 h, with 80% of CSF being 
produced within the choroid plexus [4], but the methods 
upon which the numbers are based are debated [6]. Oth-
ers have provided experimental evidence that there is 
no CSF production within the choroid plexus, and that 
there is no “circulation” or unidirectional CSF net flow 
within e.g., the cerebral aqueduct [8, 11]. In vivo human 
evidence has been given that the choroid plexus may 
also well function as an efflux route for molecules [12]. 
Therefore, a broader insight regarding characteristics of 
CSF flow in man is highly needed, particularly in brain 
diseases associated with CSF disturbances.

This study examined patients with different CSF disor-
ders with regard to how CSF tracer moves from the suba-
rachnoid space into cerebral ventricles, and the direction 
and magnitude of CSF flow in the cerebral aqueduct and 
at the cranio-cervical junction. Two magnetic resonance 
imaging (MRI) modalities were used, namely dynamic 
intrathecal contrast-enhanced MRI with an MRI contrast 
agent serving as a CSF tracer for assessment of long-term 
flow patterns, and phase-contrast MRI, which assesses 
CSF flow velocity and direction through a much narrower 
window in time and space. The observations disclose 
marked variation between patient categories concerning 
retrograde transport of tracers from subarachnoid spaces 
to supra-aqueductal ventricles (referred to as ventricular 
reflux of tracer), and in the direction and magnitude of 
CSF flow in cerebral aqueduct and cranio-cervical junc-
tion. Retrograde CSF flow from 4th to 3rd ventricle was 
typical for communicating hydrocephalus. Moreover, the 
present results suggest that the MRI-derived quantitative 
data may be described by qualitative assessment, using a 
grading system for supra-aqueductal ventricular tracer 
reflux that is feasible in daily clinical context [13].

Methods
Approvals and patients
This study was approved by the Regional Committee for 
Medical and Health Research Ethics (REK) of Health 
Region South-East, Norway (2015/96), the Institutional 

Review Board of Oslo university hospital (2015/1868) 
and by the National Medicines Agency (15/04932-7).

The study included consecutive patients undergoing 
intrathecal contrast-enhanced MRI and phase-contrast 
MRI, as part of their neurosurgical work-up of various 
CSF disorders within the Department of Neurosurgery 
at Oslo University Hospital, Norway during the period 
October 2015 to June 2018. They were included after 
written and oral informed consent. The study was con-
ducted according to ethical standards according to the 
Helsinki Declaration of 1975 (and as revised in 1983). 
Exclusion criteria were either a history of hypersensitiv-
ity reactions to contrast media agents, a history of severe 
allergy reactions in general, evidence of renal dysfunc-
tion (i.e., having normal glomerular filtration rate, GFR), 
age < 18 or > 80 years, pregnant or breastfeeding women.

MRI acquisitions and analysis
The MRI protocol has previously been described [14, 15], 
and followed a standardized protocol. MRI acquisitions 
were obtained using a 3T Philips Ingenia MRI scanner 
(Philips Medical systems, Best, The Netherlands).

MRI biomarkers of CSF space anatomy
T1-weighted MRI was used for assessment of CSF space 
anatomy. We used axially reconstructed images (1  mm 
thickness) for estimation of Evans’ index (the largest 
diameter of the frontal horns divided by the largest inner 
diameter of the cranium in the same slice) [16]. Coronal 
images were used to assess the callosal angle (the angle 
between lateral ventricles at the level of the posterior 
commissure) [17]. Coronal images were used to assess 
the presence of disproportionately enlarged subarach-
noid space hydrocephalus (DESH; characterized by a 
combination of enlarged ventricles, widening of Sylvian 
fissure, and tight upper convexities) [18].

Dynamic intrathecal contrast enhanced MRI
The protocol used for intrathecal contrast enhanced MRI 
has previously been described in detail [14, 15]. Identical 
imaging protocol settings were used before and at differ-
ent time points after intrathecal injection of gadobutrol 
(0.5  mmol of 1.0  mmol/ml gadobutrol, Gadovist, Bayer 
Pharma AG, Berlin, Germany).

With regard to image analysis, the FreeSurfer software 
(version 6.0) (http://​surfer.​nmr.​mgh.​harva​rd.​edu/) was 
used for segmentation, parcellation and registration/
alignment of the longitudinal data to assess the increase 
of T1 intensity due to CSF tracer within the cerebral 
ventricles; for methods description, see [19]. For every 
segmented ventricular area, we computed the median 
T1 signal unit for each time point, and divided the 
median signal unit against the signal unit of a reference 

http://surfer.nmr.mgh.harvard.edu/
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ROI placed within the orbital fat tissue in axially recon-
structed images from the same T1 volume scan. This sig-
nal unit ratio refers to the normalized T1 signal units and 
adjusts for the baseline image grey scale changes between 
scans.

Grading of ventricular reflux
The degree of ventricular reflux of CSF tracer was 
assessed by visual inspection of T1 weighted images, 
as recently described [13], and further detailed in Fig. 1 
showing tracer enrichment in CSF spaces segmented 
using FreeSurfer.

Phase‑contrast MRI at level of cerebral aqueduct 
and cranio‑cervical junction
The cardiac-gated phase-contrast MRI was obtained 
prior to intrathecal contrast administration. Details about 
the methodology for analysis of phase-contrast MRI has 
previously been reported (see Fig. 2a–n) [20]. Regions of 
interest (ROIs) were manually placed along the outer bor-
der of cerebral aqueduct (Additional file  1: Fig.  S1) and 
the cranio-cervical junction (Additional file  1: Fig.  S2). 
The velocities from each pixel were assessed in MATLAB 
(Mathworks, Natick, USA) and converted to centimeters 
per second, considering noise level [20].

Navier–Stokes equations with the assumption of fluid 
flow perpendicular to the acquisition plane was applied 
to compute the peak-peak pressure gradient (dP), as pre-
viously described in more detail [21].

Volumetric flow rate Q (ml/s) in the cerebral aqueduct 
or cranio-cervical junction was determined by comput-
ing the sum of each pixel velocity over one cycle multi-
plied with pixel size

The positive and negative contributions of the volu-
metric flow rate were calculated separately in the same 
manner, and the positive and negative velocities were 
extracted before the calculation. Thereby, net volume 
over one cycle was calculated by discrete integration 
(trapezoidal method) of Q over time:

Q(t) =

(

n
∑

i=1

vi

)

× dx × dy.

Volumes over one cycle in cranial and caudal direction 
were calculated by integration of positive and negative 
volume fluxes over time. The CSF volumetric net flow 
rate during one cycle (ml/cycle) was determined by the 
sum of the positive and negative CSF flux.

With regard to estimating CSF flow volume over 24 h, 
the daily CSF volumetric net flow rate, expressed in liter 
(L) over 24 h was estimated by multiplying the CSF net 
flow volume over one cardiac cycle with the heart rate 
(HR) and then multiplied with 1440 (min/day). The HR 
was determined over the MRI scan time that was 6 min.

Finally, we calculated the ratio between the retrograde 
CSF volumetric net flow rate per cardiac cycle at the cer-
ebral aqueduct versus the CCJ cranial net flow rate per 
cycle, according to this formula (CSFAq-CCJ-ratio):

where VolA is the net retrograde volume of CSF flow dur-
ing one cycle measured in the cerebral aqueduct and 
VolCCJ is the net cranial-directed volume of CSF flow 
during one cycle measured in CCJ. Upward net CSF flow 
is considered to be an estimate of the portion of CSF that 
distributes from CCJ into the supra-aqueductal compart-
ment during one cardiac cycle. It has previously been 
determined a ratio between average stroke volume at the 
aqueduct and CCJ levels though not considering net vol-
umes [22, 23].

We estimated the noise level by calculating the signal-
to-noise ratio (SNR), defined as

PS is the power of the signal and PN is the power of the 
noise, where power is defined as the amplitude squared. 
The signal was defined as the mean velocity in the ROI, 
and we calculated SNR for each pixel in the reference 
ROI. To achieve one representative SNR for each data set, 
we averaged the calculated SNR numbers.

Netvolume =
dt

2

n
∑

i=1

(Q(ti+1)+ Q(ti)).

VolA

VolCCJ
× 100,

SNR = 10× log

(

PS

PN

)

,

(See figure on next page.)
Fig. 1  The degree of enrichment of tracer within supra-aqueductal ventricles illustrates the different grades of ventricular reflux. Ventricular reflux 
was categorized in five categories: (a) Grade 0: No signs of supra-aqueductal reflux of tracer. b Grade 1: Sign of supra-aqueductal reflux of tracer. 
c Grade 2: Transient enrichment of lateral ventricles about 6 h after tracer administration. d Grade 3: Lasting enrichment of lateral ventricles, but 
not isointense with subarachnoid CSF, examined about 24 h after tracer administration. e Grade 4: Lasting enrichment of lateral ventricles Day 2, 
with isointense T1 signal in ventricles and subarachnoid CSF after about 24 h. The color scale to the right shows the percentage change in signal 
unit ratio, determined by FreeSurfer software. Notably, signal change within the parenchyma is extracted by FreeSurfer in order to only present the 
percentage signal change within the CSF spaces of the ventricles and the subarachnoid space
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Pulsatile ICP score indicative of intracranial compliance
Within the Department of neurosurgery, overnight mon-
itoring of pulsatile ICP is utilized as a surrogate marker 
of the intracranial compliance, i.e., pressure–volume 
reserve capacity [24] and the static ICP (mean ICP) is 

also measured. The procedure has been described in 
detail before [24]. In short, an ICP sensor was placed in 
the brain parenchyma through a small burr hole in the 
skull under local anesthesia, and monitoring done over-
night using a computerized system. The mean ICP wave 

Fig. 2  Phase-contrast MRI of the cerebral aqueduct (a–g) and cranio-cervical junction (h–n) in a 75 years old male individual with iNPH. Cerebral 
aqueduct: (a) The ROI (0.099 cm2, number of pixels 42) is shown in red and the reference ROI in blue. b CSF flow velocity is shown for the different 
pixels with mean flow velocity of all pixels indicated by a dark line, including noise level of pixels in reference tissue (colored lines) with mean noise 
level indicated by dark stippled line. The velocities from each pixel were assessed using MATLAB, and expressed as centimeters per second. Positive 
values refer to cranial CSF flow direction and negative values caudal CSF flow direction. The CSF flow for the different pixels is also indicated in 2D 
demonstrating (c) upward (retrograde) flow and (d) downward (antegrade) flow. 3D presentations of CSF flow are presented showing (e) upward 
flow, (f) combined, and (g) downward flow. Cranio-cervical junction: (h) The ROI (1.963 cm2, number of pixels 636) is shown in red and the reference 
ROI in blue. i CSF flow velocity is shown for the different pixels with mean flow velocity of all pixels indicated by a dark line, including noise level of 
pixels in reference tissue (colored lines) with mean noise level indicated by dark stippled line. The CSF flow for the different pixels is also indicated in 
2D demonstrating (j) upward (retrograde) flow and (k) downward (antegrade) flow. 3D presentations of CSF flow are presented showing (l) upward 
flow, (m) combined, and (n) downward flow
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amplitude (MWA) is the pressure difference between the 
systolic maximum and diastolic minimum pressures for 
cardiac-induced single ICP waves during consecutive 6-s 
time intervals. The static ICP (mean ICP) is the absolute 
pressure difference between the intracranial compart-
ment and reference atmospheric pressure.

Statistical analyses
The statistical analysis was performed using the SPSS 
software version 26 (IBM Corporation, Armonk, NY, 
USA). Continuous data are presented as mean with 
standard deviation, and categorical data as numbers and 
percentages. Difference between patient groups versus 
the REF cohort was determined by independent sam-
ples t-test, and differences between categorical data were 
determined by the Pearson Chi-square test. Pearson cor-
relation coefficients were determined to examine associa-
tions between different variables. All observations for a 
specific variable were used when determining the corre-
lation coefficients. Statistical significance was accepted at 
the 0.05 level (two-tailed).

Results
Patient cohorts
The study included 94 consecutive individuals who 
underwent a standardized MRI protocol, incorporating 
both intrathecal contrast enhanced MRI and phase-con-
trast MRI, during the period October 2015 to June 2018. 
Twenty-four individuals were categorized as reference 
(REF) patients where no apparent CSF disturbance was 
eventually diagnosed, and 70 patients with CSF disor-
ders, including idiopathic normal pressure hydrocepha-
lus (iNPH, n = 34), communicating hydrocephalus (cHC, 
n = 7), spontaneous intracranial hypotension (SIH, n = 8), 
arachnoid cyst (AC, n = 7), pineal cyst (PC, n = 11) and 
idiopathic intracranial hypertension (IIH, n = 3; Table 1). 
Compared to the REF group, age was higher in the iNPH 
and SIH groups, and gender distribution differed in the 
iNPH group. Ventricular size indices of CSF space anat-
omy were significantly increased in the iNPH, cHC and 
AC groups, and mean ICP wave amplitude (MWA), serv-
ing as a surrogate marker of intracranial compliance, was 
significantly increased (indicative of impaired intrac-
ranial compliance) in the iNPH, cHC and IIH patients 
(Table 1).

Tracer enrichment of cerebral ventricles
The spinal transfer time, i.e. the time from lumbar 
intrathecal administration of tracer until first appearance 
of tracer at the level of cisterna magna, was comparable 
between all patient groups, and was 17.2 ± 16.1  min in 
the total group (Table 2).

The qualitative determination of ventricular reflux 
grade was made in 92 patients (24  h MRI was lacking 
in two individuals), in whom a Reflux Grade of 3–4 was 
observed in 46/92 (50%) patients (Table 2). As compared 
with the REF cohort, the Ventricular reflux grade distri-
bution was significantly different in the iNPH (p < 0.001), 
cHC (p = 0.009); and AC cohorts (p = 0.031; Pearson Chi-
square test; Table 2).

The FreeSurfer based quantitative estimation of tracer 
enrichment within cerebral ventricles over time showed 
significantly stronger enrichment within third and lat-
eral ventricles of the iNPH, cHC and AC patients, 
as compared to the REF cohort (Table  2). Significant 
tracer enrichment within the third and lateral ventricles 
after 1–2 h was seen in the iNPH, cHC and AC cohorts 
(Table 2).

Considering the entire patient material, the ventricular 
reflux grades related to other and independent variables 
of CSF tracer movement and CSF flow that were meas-
ured in this study. There was a significant association 
between ventricular reflux grade and tracer enrichment 
in third ventricle after 6 h (Fig. 3a) and 24 h (Fig. 3b) and 
tracer enrichment in lateral ventricles after 6 h (Fig. 3c) 
and 24 h (Fig. 3d). Moreover, increasing ventricular reflux 
grade was accompanied with increased pressure gradient 
(dP) in cerebral aqueduct (Fig.  3e) and with increased 
CSFAQ/CCJ-Ratio (Fig. 3f ), i.e. increased ventricular reflux 
grade was accompanied with a higher proportion of net 
cranial CSF flow in cranio-cervical junction passing ret-
rograde via the cerebral aqueduct. Increased ventricular 
reflux grade was as well accompanied with increasing 
MWA scores (Fig. 3g), i.e. impaired intracranial compli-
ance was associated with increased ventricular reflux 
grade. There was also a significant positive correlation 
between MWA and quantitative measures of tracer 
enrichment in third ventricles after 6  h (Pearson cor-
relation 0.390, P = 0.007) and 24  h (Pearson correlation 
0.363, P = 0.010), and between MWA and tracer enrich-
ment in lateral ventricles after 6  h (Pearson correlation 
0.406, P = 0.005) and 24  h (Pearson correlation 0.390, 
P = 0.005Suppl. Figure  3). On the other hand, the static 
ICP (mean ICP) was not different for the various ven-
tricular reflux grades (Fig.  3h), and was not correlated 
positively with quantitative measures of tracer enrich-
ment (data not shown). Taken together, increasing MWA 
scores, indicative of impaired intracranial compliance, 
were accompanied by an increasing degree of supra-
aqueductal tracer enrichment.

With regard to traditional biomarkers of CSF space, it 
may be noted that callosal angle (Table 1) becomes nar-
rower with increasing degree of ventricular tracer reflux. 
Hence, a negative correlation was found between callosal 
angle and tracer enrichment in 3rd ventricle after 6  h 
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(Pearson correlation − 0.532, P < 0.001) and 24  h (Pear-
son correlation − 0.651, P < 0.001), and between callosal 
angle and tracer enrichment in lateral ventricles after 6 h 
(Pearson correlation − 0.576, P < 0.001) and 24  h (Pear-
son correlation − 0.691, P < 0.001; Additional file 1: Fig. 
S4). Moreover, callosal angle was reduced in cases with 
increasing ventricular reflux grade (P < 0.001, one-way 
ANOVA).

Fluid flow in the cerebral aqueduct and cranio‑cervical 
junction
Phase-contrast MRI of the cerebral aqueduct was avail-
able in 85 patients (Table  3). With regard to direction-
independent flow in the cerebral aqueduct, we found in 
the iNPH patients greater pressure gradient (dP), and 
in both iNPH and AC patients significantly greater total 
flow per cycle. The estimated absolute net volume over 
24  h was increased in the iNPH, SIH and AC cohorts, 
with respective aqueduct net volumes of 1.087 ± 1.226 
L/24 h, 1.127 ± 1.659 L/24 h, and 1.650 ± 2.836 L/24 h. In 
the total cohort of 85 patients, the estimated absolute net 
volume over 24 h was 0.790 ± 1.217 L/24 h (Table 3).

With regard to ventricular reflux grades, total aque-
ductal flow per cycle was significantly higher in indi-
viduals with ventricular reflux grade 4 than grades 0 to 3 
(P < 0.001) and absolute net flow per cycle was increased 
with reflux grade 4 as compared with grades 0–2 
(P < 0.05; one-way ANOVA with Bonferroni-corrected 
posthoc test). Moreover, we found a significant positive 
correlation between magnitudes of total aqueductal flow 
and enrichment of tracer in 3rd ventricle at 6 h (Pearson 
correlation 0.611, P < 0.001) and 24 h (Pearson correlation 
0.629, P < 0.001), and a significant positive correlation 
between total aqueductal flow and enrichment of tracer 
in lateral ventricle at 6  h (Pearson correlation 0.654, 
P < 0.001) and 24 h (Pearson correlation 0.625, P < 0.001; 
Additional file 1: S5).

Among the 85 individuals with phase-contrast MRI 
of the cerebral aqueduct, we found in 1/3 patients evi-
dence of retrograde aqueduct flow, i.e. net flow from 

4th to 3rd ventricle, and an antegrade net flow direc-
tion in 2/3 patients. Compared with REF patients, there 
was a higher proportion of retrograde net flow in iNPH 
(p = 0.040) and cHC patients (p = 0.046; Pearson Chi-
square test; Table 3). It may be noted that the estimated 
retrograde net flow over 24 h was 0.966 ± 0.935 L/24 h 
in the 14/32 iNPH patients with retrograde aqueduct 
flow, and 4.031 ± 5.595 L/24  h in the 2/7 AC patients 
with retrograde aqueduct flow (Table 3). Moreover, esti-
mated antegrade net flow over 24  h was 1.181 ± 1432 
L/24 h in 18/32 iNPH patients with antegrade aqueduct 
flow, and 1.408 ± 1.911 L/24 h in 3/4 SIH patients with 
antegrade aqueduct flow. Accordingly, direction and 
magnitude of aqueduct flow vary substantially between 
patient cohorts with different CSF disorders.

Phase-contrast MRI of the cranio-cervical junc-
tion was available in 32 of the 94 individuals (Table 4). 
The pressure gradient (dP) and total flow per cycle 
in cranio-cervical junction were comparable across 
patient groups. Notably, net CSF flow was crani-
ally directed in 25/32 (78%) individuals, with an esti-
mated cranial-directed flow volume per day in these 
25 patients of 4.736 ± 5.007 L/24 h. Conversely, among 
the about 7/32 (22%) individuals with spinally directed 
CSF flow in the cranio-cervical junction; the estimated 
volume per day was 4.688 ± 5.363 L/24  h (Table  4). 
The REF group included four individuals with phase-
contrast MRI of the cranio-cervical junction. Net flow 
was cranial in all these four patients, with a flow vol-
ume per day 7.752 ± 10.615 L/24  h, whereas this was 
significantly lower in the iNPH cohort (Table 4). With 
regard to net flow in cranio-cervical junction, none of 
the patient groups differed from the REF cohort, which 
may be related to a low number of individuals in each 
group. The important findings were that net flow in 
cranio-cervical junction was in cranial direction in 4/5 
patients and with high estimated volumes per day.

There was no significant correlation between mag-
nitudes of total and net flow in the cerebral aque-
duct (Pearson correlation − 0.068, P = 0.53) or the 

(See figure on next page.)
Fig. 3  Ventricular reflux grades 0–4, describing degree of supra-aqueductal tracer enrichment, are associated with other independent measures of 
CSF tracer transport and CSF flow. For Ventricular Reflux Grades 0 to 4, there were significant differences in tracer enrichment in 3rd ventricle after 
6 h (a; n = 79; P < 0.001), and 24 h (b; n = 86; P < 0.001), and differences in tracer enrichment within lateral ventricles after 6 h (c; n = 76; P < 0.001), 
and 24 h (d; n = 86; P < 0.001). The Ventricular Reflux Grades 0–4 also differentiated pressure-gradient (dP) in cerebral aqueduct (e; n = 83; P < 0.001), 
and the CSFAq-CCJ-Ratio (f; n = 27; P < 0.001), i.e. a high degree of supra-aqueductal tracer enrichment was related to a higher pressure gradient in 
the cerebral aqueduct and also a higher proportion of cranial directed CSF flow in CCJ be transported retrograde in the cerebral aqueduct. The 
Ventricular Reflux Grade also differentiated mean ICP wave amplitude (MWA) serving as surrogate marker of intracranial compliance (g; n = 53; 
P = 0.001), though the static ICP (mean ICP) was not different between the Ventricular Reflux Grades (h; n = 51; P = 0.349). Hence, higher MWA, 
indicative of impaired intracranial compliance was associated with higher degree of supra-aqueductal CSF tracer enrichment. Data presented as 
box plots with 25th and 75th percentiles and ranges. Statistical differences determined by one-way ANOVA with Bonferroni-corrected post hoc 
tests
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cranio-cervical junction (Pearson correlation 0.196, 
P = 0.282; Additional file 1: S6).

The CSFAq-CCJ-Ratio represents the percentage of 
cranial-directed net flow in the cranio-cervical junction 
transferred retrograde via the cerebral aqueduct to supra-
aqueductal ventricles. An increased ratio thus indicates 
ventricular redistribution of CSF flow, and this ratio was 
significantly higher in the iNPH, cHC and AC cohorts 
(Table 4). The CSFAq-CCJ-Ratio correlated positively with 
enrichment of 3rd ventricle after 6 (Pearson correlation 

0.459, P = 0.018) and 24  h (Pearson correlation 0.469, 
P = 0.012), and with enrichment of lateral ventricles after 
6 h (Pearson correlation 0.520, P = 0.006) and 24 h (Pear-
son correlation 0.501, P = 0.007; Additional file  1: Fig. 
S7). There also was a positive correlation between the 
CSFAq-CCJ-Ratio and the mean ICP wave amplitude (Pear-
son correlation 0.512, P = 0.030), but not with mean ICP 
(Pearson correlation − 0.086, P = 0.733; Chi-square test; 
Additional file 1: Fig. S8ab). We also noted a significant 
positive correlation between the CSFAq-CCJ-Ratio and the 

Table 3  PC-MRI-derived CSF volumetric net flow rates and directions in cerebral aqueduct

AC arachnoid cyst, cHC communicating hydrocephalus, dP pressure gradient, IIH idiopathic intracranial hypertension, iNPH idiopathic normal pressure hydrocephalus, 
Max maximum, Min minimum, PC pineal cyst, REF reference cohort, ROI region of interest, SIH spontaneous intracranial hypotension, SNR signal to noise ratio

Differences from the REF group were determined by independent samples t-test for continuous variables and Pearson Chi square test for categorical data (aP < 0.05, 
bP < 0.01, cP < 0.001)

Total REF iNPH cHC SIH AC PC IIH

Total (N) 85 23 32 5 4 7 11 3

Direction-
independ‑
ent flow

dP (mmHg/
cm)

0.079 ± 0.035 0.068 ± 0.029 0.097 ± 0.035b 0.064 ± 0.020 0.060 ± 0.063 0.091 ± 0.034 0.056 ± 0.020 0.072 ± 0.025

Total flow/
cycle (ml)

0.145 ± 0.175 0.067 ± 0.057 0.269 ± 0.223c 0.077 ± 0.038 0.058 ± 0.054 0.140 ± 0.129a 0.041 ± 0.023 0.052 ± 0.013

Absolute net 
flow (ml/
cycle)

0.008 ± 0.013 0.004 ± 0.002 0.011 ± 0.012b 0.003 ± 0.002 0.011 ± 0.017a 0.018 ± 0.031a 0.004 ± 0.004 0.007 ± 0.011

Estimated 
absolute 
net flow 
(L/24 h)

0.790 ± 1.217 0.382 ± 0.232 1.087 ± 1.226b 0.236 ± 0.143 1.127 ± 1.659a 1.650 ± 2.836a 0.330 ± 0.374 0.916 ± 1.117a

Antegrade-
directed 
net CSF 
flow

 N (%) 59 (69%) 19 (83%) 18 (56%)a 2 (40%)a 3 (75%) 5 (71%) 10 (91%) 2 (67%)

 Volume (ml/
cycle)

0.007 ± 0.010 0.004 ± 0.002 0.012 ± 0.014a 0.003 ± 0.000 0.014 ± 0.019a 0.007 ± 0.005a 0.003 ± 0.002 0.001 ± 0.000

 Estimated 
volume 
(L/24 h)

0.681 ± 0.971 0.417 ± 0.234 1.181 ± 1.432a 0.223 ± 0.029 1.408 ± 1.911a 0.698 ± 0.519 0.225 ± 0.149a 0.280 ± 0.261

Retrograde-
directed 
net CSF 
flow

 N (%) 26 (31%) 4 (17%) 14 (44%) 3 (60%) 1 (25%) 2 (29%) 1 (9%) 1 (33%)

 Volume (ml/
cycle)

0.011 ± 0.018 0.002 ± 0.002 0.010 ± 0.010 0.002 ± 0.002 0.003 0.044 ± 0.061 0.013 0.020

 Estimated 
volume 
(L/24 h)

1.039 ± 1.642 0.215 ± 0.146 0.966 ± 0.935 0.245 ± 0.201 0.283 4.031 ± 5.595 1.374 2.189

Other vari‑
ables

 ROI (cm2) 0.049 ± 0.039 0.028 ± 0.010 0.083 ± 0.043c 0.034 ± 0.015 0.029 ± 0.012 0.041 ± 0.022a 0.021 ± 0.007a 0.028 ± 0.010

 SNR 19.894 ± 3.700 19.145 ± 4.144 20.691 ± 2.573 20.484 ± 2.189 16.739 ± 6.800 22.080 ± 4.692 19.088 ± 3.900 18.225 ± 0.701

 Min velocity 
(cm/s)

-5.273 ± 2.437 -4.455 ± 1.892 -6.465 ± 2.468b -4.623 ± 1.667 -5.140 ± 5.284 -6.209 ± 1.533a -3.783 ± 1.335 -3.381 ± 0.403

 Max veloc‑
ity (cm/s)

4.075 ± 1.840 3.689 ± 1.923 4.771 ± 1.594a 3.522 ± 1.096 2.291 ± 1.468 4.828 ± 2.616 3.309 ± 1.289 3.963 ± 2.422
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aqueductal pressure gradient (dP) (Pearson correlation 
0.76, P < 0.001; Additional file 1: Fig. S8c), perhaps indi-
cating that the pressure gradient is directed towards the 
third ventricle. On the other hand, the pressure gradient 
of the cranio-cervical junction was not significantly cor-
related with the CSFAq-CCJ-Ratio (Additional file  1: Fig. 
S8d).

Phase‑contrast MRI‑derived pressure gradients
The phase-contrast MRI-derived aquedutal pressure 
gradient (dP) is non-directional, i.e. the direction of 

the gradient cannot be determined from the present 
observations. An increasing pressure gradient (dP) was 
accompanied with more abnormal measures of the other 
independent variables of ventricular tracer transport and 
CSF flow. We found a positive correlation between the 
pressure-gradient (dP) and the degree of tracer enrich-
ment in the 3rd ventricle (Fig. 4a–b) and lateral ventricle 
(Fig. 4c–d). There also was a positive correlation between 
the pressure gradient (dP) and the total aqueductal flow 
per cycle (Fig. 4e) and with the absolute net flow per cycle 
(Fig. 4f ). We also found a significant positive correlation 

Table 4  PC-MRI-derived CSF volumetric net flow rates and directions in cranio-cervical junction

AC arachnoid cyst, Aq Aqueduct, CCJ cranio-cervical junction, cHC communicating hydrocephalus, dP pressure gradient, IIH idiopathic intracranial hypertension, iNPH 
idiopathic normal pressure hydrocephalus, Max maximum, Min minimum, PC pineal cyst, REF reference cohort, ROI region of interest, SIH spontaneous intracranial 
hypotension, SNR signal to noise ratio

Differences from the REF group were determined by independent samples t-test (aP < 0.05, bP < 0.01, cP < 0.001)

Total REF iNPH cHC SIH AC PC IIH

Total (CCJ; N) 32 4 18 3 4 2 1 0

Direction-independent 
flow

 dP (mmHg/cm) 0.040 ± 0.014 0.050 ± 0.012 0.038 ± 0.014 0.039 ± 0.012 0.042 ± 0.015 0.030 ± 0.000 0.067 –

 Total flow/cycle (ml) 1.146 ± 0.452 1.796 ± 0.516 0.916 ± 0.358b 1.221 ± 0.201 1.239 ± 0.315 1.414 ± 0.059 1.537 –

 Absolute net flow (ml/
cycle)

0.045 ± 0.047 0.074 ± 0.098 0.037 ± 0.030 0.094 ± 0.049 0.015 ± 0.014 0.029 ± 0.005 0.082 –

 Estimated absolute net 
flow (L/24 h)

4.726 ± 4.998 7.752 ± 10.615 4.118 ± 3.818b 8.371 ± 4.208 1.879 ± 2.198 2.540 ± 0.204 8.381 –

Cranially-directed net CSF 
flow

 N 25 (78%) 4 (100%) 14 (78%) 3 (100%) 2 (50%) 1 (50%) 1 (100%) –

 Volume (ml/cycle) 0.047 ± 0.049 0.074 ± 0.098 0.033 ± 0.024 0.094 ± 0.049 0.009 ± 0.001 0.032 0.082 –

 Estimated volume 
(L/24 h)

4.736 ± 5.007 7.752 ± 10.615 3.529 ± 2.557 8.371 ± 4.208 0.911 ± 0.150 2.684 8.381 –

Spinally-directed net CSF 
flow

 N 7 (22%) 0 4 (22%) 0 2 (50%) 1 (50%) 0 0

 Volume (ml/cycle) 0.039 ± 0.038 – 0.051 ± 0.047 – 0.021 ± 0.022 0.026 – –

 Estimated volume 
(L/24 h)

4.688 ± 5.363 – 6.182 ± 6.853 – 2.848 ± 3.275 2.396 – –

CSFAq-CCJ-ratio (%) 15.5 ± 14.1 2.4 ± 2.6 21.9 ± 14.1b 7.9 ± 2.0a 3.0 ± 3.6 24.9 ± 16.4a 6.6 –

Other variables

 ROI (cm2) 1.671 ± 0.495 1.994 ± 0.657 1.585 ± 0.458 1.497 ± 0.466 1.766 ± 0.578 2.111 ± 0.036 1.191 –

 SNR 13.205 ± 6.263 16.745 ± 6.043 10.174 ± 4.285a 15.863 ± 5.553 20.295 ± 5.592 8.845 ± 0.259 25.975 –

 Min velocity (cm/s) − 1.832 ± 0.784 − 2.500 ± 0.683 − 1.615 ± 0.835 − 2.089 ± 0.419 − 1.892 ± 0.696 − 1.478 ± 0.022 − 2.778 –

 Max velocity (cm/s) 1.011 ± 0.420 1.335 ± 0.413 0.861 ± 0.334a 1.200 ± 0.508 1.178 ± 0.555 0.766 ± 0.065 1.678 –

Fig. 4  The pressure-gradient within the cerebral aqueduct correlates with several independent measures of CSF tracer movement and CSF flow. 
There was a significant positive correlation between the pressure-gradient (dP) and tracer enrichment within 3rd ventricle after 6 h (a; n = 74) and 
24 h (b; n = 80), and tracer enrichment within lateral ventricles after 6 h (c; n = 74) and 24 h (d; n = 80). The pressure gradient (dP) also correlated 
positively with the total flow per cycle in the cerebral aqueduct (e; n = 85), the absolute net flow per cycle in the cerebral aqueduct (f; n = 85), and 
with the average overnight mean ICP wave amplitude indicative of the intracranial compliance (g; n = 50), whereas no correlated was found with 
static ICP (mean ICP, h; n = 48). Each plot shows the fit line with Pearson correlation coefficients and significance levels

(See figure on next page.)
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between pressure gradient (dP) and the mean ICP wave 
amplitude (MWA), indicative of the intracranial compli-
ance (Fig. 4g). On the other hand, there was no correla-
tion between dP and the static ICP (mean ICP) (Fig. 4h).

The aqueductal pressure gradient (dP) also was asso-
ciated with the MRI biomarkers of CSF space anatomy, 
namely Evans’ index (Pearson correlation 0.508, P < 0.001) 
and callosal angle (Pearson correlation -0.446, P < 0.001; 
Additional file 1: Fig. S9).

The pressure gradient (dP) of the cranio-cervical junc-
tion was not associated with supra-aqueductal ven-
tricular tracer enrichment, ventricular reflux grade, ICP 
scores (MWA or mean ICP), or MRI biomarkers of CSF 
space anatomy (Evans’ index and callosal angle) (data not 
shown).

Discussion
The present observations disclosed marked variation in 
direction and magnitude of CSF flow within and between 
patient groups with evidence of re-direction of CSF flow 
towards ventricles in individuals with communicating 
hydrocephalus. The phase-contrast MRI data further 
suggest a significant extra-cranial CSF contribution to 
the water component of CSF.

We addressed neurological diseases characterized by 
different types of disturbed CSF homeostasis. Obstruc-
tion to CSF efflux is considered a main mechanism 
behind e.g. idiopathic normal pressure hydrocephalus 
(iNPH) and other communicating hydrocephalus (cHC) 
conditions, and is the rationale behind CSF diversion 
surgery (shunt surgery) [25]. In spontaneous intracranial 
hypotension (SIH), on the other hand, abnormal high 
CSF efflux is the tentative mechanism, usually caused 
by CSF leakage that may require intervention to pre-
vent further leakage [26]. Brain cysts such as arachnoid 
cysts (ACs) and pineal cysts (PCs) may alter CSF flow in 
subarachnoid spaces due to local mass effect [27], and 
sometimes require cyst removal to ameliorate the CSF 
obstruction. Idiopathic intracranial hypertension (IIH) 
may be treated with the carbonic acid dehydrase inhibi-
tor acetazolamide, which reduces CSF production [28]. In 
IIH, over-production of CSF is one tentative mechanism.

As CSF tracer, we used the MRI contrast agent 
gadobutrol, which is a hydrophilic molecule of about 
604  Da [15]. It should be noted that even though long-
term tracer movement derives from CSF flow, they are 
not synonymous. Furthermore, the MRI T1 sequences 
do not allow for determination of absolute quantities of 
tracer. Nevertheless, the tracer movement may be con-
sidered a surrogate marker of CSF flow, as the hydro-
philic CSF tracer would be expected to follow the route 
of water movement and thereby provide an indirect 
measure of molecular motions in CSF over time. Using 

this methodology, we have previously shown that a CSF 
tracer freely communicates with interstitial fluid of the 
entire brain [15], and potentially directly with the menin-
geal lymphatic structures through the parasagittal dura 
[29].

Since MRI based quantitative estimation of tracer 
enrichment would require acquisition of T1 maps, and 
CSF flow at phase-contrast MRI requires sophisticated 
post-processing, not easily performed in daily clinical 
practice, we recently introduced the qualitative grading 
of ventricular tracer reflux, based on visual inspection 
of intrathecal contrast enhanced MRI acquisitions [13]. 
Ventricular reflux grades 3–4 were found to characterize 
shunt-responsive iNPH (i.e., Definite iNPH according to 
the Japanese guidelines), and was proposed as MRI bio-
marker for shunt-responsive iNPH [13]. The present data 
extended previous observations that other types of com-
municating hydrocephalus than iNPH also present with 
ventricular reflux grades 3–4. Less than 10% of the pre-
sent REF individuals without apparent CSF disturbance 
or patients with other CSF disturbances than communi-
cating hydrocephalus presented with ventricular reflux 
grades 3–4. Of note is that the ventricular reflux grading 
compared well with the FreeSurfer-based quantification 
of tracer transport to the third and lateral ventricles, and 
compared with other independent MRI-based biomark-
ers of CSF flow, such as total aqueductal CSF flow and 
aqueductal pressure-gradient.

We also found that higher reflux grades corresponded 
to higher aqueductal pressure-gradient (dP) as well as 
increased overnight scores of the pulsatile ICP score 
mean ICP wave amplitude (MWA), the latter constituting 
a surrogate marker of impaired intracranial compliance, 
i.e. impaired intracranial pressure–volume reserve capac-
ity [30]. This finding further underpins a role of impaired 
intracranial compliance in some CSF disorders.

Since iNPH patients were older than REF patients, the 
ventricular reflux grades 3–4 in iNPH could potentially 
be attributed to age alone. On the other hand, the cohort 
with communicating hydrocephalus was considerably 
younger and comparable with the references and those 
with obstruction of subarachnoid CSF, indicating that 
high degree of reflux in communicating hydrocephalus 
is not merely an age-related phenomenon. Further stud-
ies are required to examine whether degree of ventricular 
reflux of tracer tends to increase with age.

The magnitude and direction of CSF flow in the cere-
bral aqueduct and the cranio-cervical junction vary sub-
stantially within and between patients groups. We found 
antegrade net CSF flow within the cerebral aqueduct in 
the majority of REF patients (87%), while a higher pro-
portion of retrograde net CSF flow was seen in some 
CNS diseases, such as communicating hydrocephalus. 
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Among the 85 patients with aqueductal flow measure-
ments, one third of patients presented with net ret-
rograde aqueductal flow, with average net retrograde 
CSF flow volumes 1.039 ± 1.642 L/24  h. We previously 
reported retrograde aqueductal flow in 14/21 iNPH 
patients (estimated average net retrograde flow 1.1 ± 2.2 
L/24 h) [20], and in 5/8 individuals with a previous suba-
rachnoid hemorrhage (estimated average net retrograde 
flow 2.2 ± 3.7 L/24 h) [31]. It should further be noted that 
in REF patients, patients with a brain cyst (AC or PC), 
and patients with SIH, CSF flow was antegrade in the 
cerebral aqueduct with an estimated net volume 0.2–0.5 
L/24  h, which compares well with the Third circulation 
concept.

A methodological strength with our approach of deter-
mining flow velocities is that CSF flow was calculated 
pixel-by-pixel level, i.e. flow velocity was determined for 
each individual pixel (1 × 1 × 1  mm3) and the average 
calculated from all pixels within the region of interest. 
Moreover, we corrected for background velocity offset, 
which may be machine-dependent [32]. The common 
approach in phase-contrast studies is to determine aver-
age flow velocity from all pixels of the defined region 
of interest, not analyzing each pixel separately. The tra-
ditional approach has a greater risk of including border 
zone pixel with partial volume effects than our pixel-
based method.

Multiple groups have previously reported net retro-
grade CSF flow within the cerebral aqueduct of patients 
with communicating hydrocephalus [22, 33–37]. How-
ever, the exact volume estimates of net aqueductal flow 
are debated due to methodological limitations with the 
phase-contrast MRI technique. The present observa-
tions of supra-aqueductal tracer enrichment further 
support the existence of net retrograde aqueductal CSF 
flow. Reflux grades 3 to 4 were observed in 46/92 patients 
(50%), characterized by a high degree of tracer enrich-
ment in lateral ventricles at 24 h. If the CSF of the ven-
tricles is replaced by CSF reproduction three times over 
24  h, the continued presence of tracer at 24  h suggests 
either reduced formation of CSF or increased dispersion. 
A recent nuclear medicine cisternogram study found the 
radiotracer to more frequently enrich in lateral ventri-
cles, though being absent or delayed over cerebral con-
vexity, of individuals with DESH sign and high convexity 
tight sulci [38]. The latter is seen in iNPH patients (see 
Table  1). It is also seen in 6.6% of general population 
above 50  years of age [39], indicating that CSF distur-
bance becomes more common with increasing age.

Even though the CSF production from choroid plexus 
has traditionally been estimated to about 80% [4], it is 
open to debate whether a significant contribution to the 
water component of CSF derives from extra-choroidal 

and even extra-cranial sources. The present observa-
tions suggest production of water at the level of the spinal 
canal. Within the cranio-cervical junction, 78% patients 
had cranial directed net CSF flow, and estimated net cra-
nial CSF flow volume was 4.736 ± 5.007 L/24 h. In a pre-
vious study utilizing cardiac-gated phase-contrast MRI, 
we estimated volumetric net flow in cranial direction, 
providing evidence for spinal cord CSF production in 
four healthy individuals (estimated 6.4 ± 4.9 L/24 h) and 
in 26 iNPH patients (estimated 6.9 ± 9.0 L/24 h) [20]. Fur-
thermore, in the present cohort of 94 individuals, average 
time from lumbar injection of tracer until first appear-
ance in cranio-cervical junction was 17.2 ± 16.1  min. 
The underlying mechanisms need to be clarified, but this 
short spinal transit time may be attributed to a potent 
dispersion effect within the spinal canal [40].

These observations also add to the experimental evi-
dence suggesting that spinal cord formation of water 
adds to the CSF in supine subjects. Animal studies show 
that the water channel aquaporin-4 (AQP4), mediating a 
significant net extra-choroidal formation of CSF water, 
is abundant in brain and particularly the spinal cord tis-
sue [41], where perivascular spaces communicate directly 
with subarachnoid CSF [42, 43]. High rates of CSF secre-
tion was previously shown from spinal cord ependyma 
[44], and a more recent study showed perivascular out-
flow of CSF from the entire spinal cord [42]. Since the 
CSF hydrostatic pressure strongly depends on body 
position [45], it may be assumed that posture is a major 
determinant for spinal cord CSF production. Our esti-
mates are retrieved from individuals lying flat in the MRI 
machine.

We would like to stress that the presently reported 
volumes of CSF flow in cerebral aqueduct and cranio-
cervical junction are derived from cardiac-gated 
phase-contrast MRI during daytime in wake individu-
als lying flat. The cardiac-gated phase-contrast MRI 
estimates net flow induced by the heartbeat. These 
volumes are, however, not synonymous with the total 
CSF production. It is well established that cardiac 
gated phase-contrast MRI does not incorporate CSF 
movements induced by respiration, which contrib-
utes significantly [46]. In a modeling study, we found 
the cardiac derived component of CSF displacement 
to be minor, as compared to the respiratory contri-
bution [47]. In humans, forced inspiration produces 
cranially directed CSF flow in the entire fluid com-
partment from the lumbar to the cerebral aqueductal 
levels, whereas forced expiration has opposite effects 
(except for aqueductal flow) [48, 49]. In addition to the 
respiratory influence, low frequency vasomotor cycles 
may possibly affect CSF flow even more, though this 
latter phenomenon is presently less explored. Other 
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factors are also at play. Day-night cycle may affect 
CSF production; a fourfold increase in CSF produc-
tion was estimated during night, as compared to day-
time [50]. Age and gender seems as well to affect CSF 
flow pattern [51]. The volumes of CSF flow probably 
differ extensively from the traditionally estimated CSF 
production rate of 0.5 L/24  h. In this regard, it is of 
particular interest that Bering in 1952 [52], based on 
studies with heavy water (D2O) in humans and ani-
mals, reported free and constant exchange of water 
between blood, brain and CSF. He gave evidence for 
a CSF formation rate > 22 ml/min, i.e. > 70 times more 
than an estimate production rate of 0.3 ml/min.

Some limitations should be noted. First, intrathe-
cal gadobutrol is given off-label, which represents 
one important limitation with this method. We have, 
however, good experience regarding the safety of 
intrathecal gadobutrol in a dose of 0.5 mmol [53, 54]. 
Moreover, a recent systematic review including 1036 
patients from 53 studies concluded that no serious 
adverse events have been reported when intrathe-
cal gadolinium based contrast agents are given in a 
dose of 1.0  mmol or lower [55]. Our recent experi-
ence also shows that the diagnostic information of 
intrathecal gadobutrol is maintained at a dose of 
0.25 mmol. Possibly, the dose may be lowered further. 
The clinical introduction of intrathecal gadobutrol 
would depend on the therapeutic index, i.e. the bal-
ance between safety concerns and clinical usefulness. 
Since the hydrophilic properties are much the same 
for gadobutrol and radiopaque contrast agents used on 
label intrathecally for CT cisternography, the method 
of assessing ventricular reflux of tracer may potentially 
have broader use, though limitations regarding radia-
tion dose at CT would remain.

One limitation with the phase-contrast MRI meth-
odology is the accuracy of calculation of very small 
volumes, which is related to variability of physiologi-
cal measures such as heart rate. While retrospective 
cardiac gating has been shown more accurate than 
prospective cardiac gating as it enables continuous 
measurements throughout the cardiac cycle [56], the 
flow velocity curve is no real-time measurement, but 
averages measures over many cardiac cycles (usu-
ally over about 5–6 min). The averaging of flow veloc-
ity curves over several cardiac cycles introduces some 
smoothing of the flow velocity signal, thereby introduc-
ing some inaccuracy.

Another limitation should be noted regarding our 
estimation of CSF flow volumes over 24 h from meas-
urements obtained over a few minutes. Obviously, these 
estimates are subject to uncertainty. On the other hand, 
it would be expected that physiology is rather stable.

Conclusions
The direction and magnitude of CSF flow in cerebral 
aqueduct and cranio-cervical junction vary consider-
ably across disease categories, with re-direction of CSF 
flow towards ventricles characterizing communicating 
hydrocephalus. Our observations add to the increas-
ing body of evidence that the traditional concept of CSF 
homeostasis, represented by the third circulation, rep-
resents an over-simplification. A significant part of the 
CSF water component may be produced extra-cranially. 
While quantification of CSF flow by using phase-contrast 
MRI or CSF tracer enrichment require sophisticate post-
processing, a qualitative assessment of ventricular tracer 
reflux grade may have better utility in clinical practice.
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Additional file 1: Figure S1: Examples of phase-contrast MRI of the 
cerebral aqueduct. For different patients, the regions of interest within the 
CSF of the cerebral aqueduct is shown in red and the reference regions of 
interest in blue (a, c, e, g). The CSF flow velocity is shown for the different 
pixels with mean flow velocity of all pixels indicated by a dark line, includ‑
ing noise level of pixels in reference tissue (colored lines) with mean noise 
level indicated by dark stippled line (b, d, f, h). The velocities from each 
pixel were assessed using MATLAB, and expressed as centimeters per sec‑
ond. Positive values refer to cranial CSF flow direction and negative values 
caudal CSF flow direction. Figure S2: Examples of phase-contrast MRI of 
the cranio-cervical junction. For different patients, the regions of interest 
within the CSF of the cranio-cervical junction is shown in red and the ref‑
erence regions of interest in blue (a, c). The CSF flow velocity is shown for 
the different pixels with mean flow velocity of all pixels indicated by a dark 
line, including noise level of pixels in reference tissue (colored lines) with 
mean noise level indicated by dark stippled line (b, d). The velocities from 
each pixel were assessed using MATLAB, and expressed as centimeters 
per second. Positive values refer to cranial CSF flow direction and negative 
values caudal CSF flow direction. Figure S3: Association between the 
mean ICP wave amplitude (MWA) and enrichment of tracer within third 
and lateral ventricles. There was a significant positive correlation between 
the mean ICP wave amplitude (MWA) measured over-night and tracer 
enrichment within 3rd ventricle after 6 hours (a; n=47) and 24 hours (b; 
n=50), and between MWA and tracer enrichment within lateral ventricles 
after 6 hours (c; n=47) and 24 hours (d; n=50). Each plot shows the fit line 
with Pearson correlation coefficients and significance levels. Figure S4: 
Association between the callosal angle and enrichment of tracer within 
third and lateral ventricles. There was a significant negative correlation 
between the callosal angle and tracer enrichment within 3rd ventricle 
after 6 hours (a; n=81) and 24 hours (b; n=88), and between callosal angle 
and tracer enrichment within lateral ventricles after 6 hours (c; n=81) and 
24 hours (d; n=88). Each plot shows the fit line with Pearson correlation 
coefficients and significance levels. Figure S5: Association between the 
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total aqueductal flow per cycle and enrichment of tracer within third and 
lateral ventricles. There was a significant positive correlation between 
the total aqueductal flow per cycle and tracer enrichment within 3rd 
ventricle after 6 hours (a; n=74) and 24 hours (b; n=80), and between 
total aqueductal flow per cycle and tracer enrichment within lateral 
ventricles after 6 hours (c; n=74) and 24 hours (d; n=80). Each plot shows 
the fit line with Pearson correlation coefficients and significance levels. 
Figure S6: Association between the total flow and net flow per cycle in 
cerebral aqueduct and craniocervical junction. There was no correlation 
between the total flow and net flow per cycle in (a) the cerebral aqueduct 
(n=85) and (b) the cranio-cervical junction (n=32). Each plot shows 
the fit line with Pearson correlation coefficients and significance levels. 
Figure S7: Association between the CSFAq-CCJ-Ratio and enrichment of 
tracer within third and lateral ventricles. There was a significant positive 
correlation between the CSFAq-CCJ-Ratio and tracer enrichment within 
3rd ventricle after 6 hours (a; n=26) and 24 hours (b; n=28), and between 
the CSFAq-CCJ-Ratio and tracer enrichment within lateral ventricles after 
6 hours (c; n=26) and 24 hours (d; n=28). Each plot shows the fit line with 
Pearson correlation coefficients and significance levels. Figure S8: Asso‑
ciation between the CSFAq-CCJ-Ratio and the mean ICP wave amplitude 
(MWA and mean ICP, and between the CSFAq-CCJ-Ratio and the pressure 
gradient in the cerebral aqueduct and cranio-cervical junction. There was 
a significant positive correlation between the CSFAq-CCJ-Ratio and the 
mean ICP wave amplitude (a; n=18) but no correlation with the mean ICP 
(b; n=18). The CSFAq-CCJ-Ratio was positively correlated with the pressure 
gradient (dP) at the cerebral aqueduct (c; n=29), but not with the pressure 
gradient (dP) in the craniocervical junction (d; n=29). Each plot shows the 
fit line with Pearson correlation coefficients and significance levels. Figure 
S9: Association between the pressure gradient in the cerebral aqueduct 
and the biomarkers of CSF space Evan’s index and callosal angle. There 
was a significant positive correlation between the pressure gradient (dP) 
at the cerebral aqueduct and the Evan’s index (a; n=85), and a significant 
negative correlation between the pressure gradient (dP) at the cerebral 
aqueduct and the callosal angle (b; n=85). Each plot shows the fit line 
with Pearson correlation coefficients and significance levels.
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