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Abstract
Purpose The specific pathophysiological processes in many forms of obstructive hydrocephalus (HC) are still unclear.
Current concepts of cerebrospinal fluid (CSF) dynamics presume a constant downward flow from the lateral ventricles
towards subarachnoid spaces, which are in contrast to neurosurgical observations and findings of MRI flow studies. The
aim of our study was to analyze CSF movements in patients with obstructive HC by neuroendoscopic video recordings,
X-ray studies, and MRI.
Methods One hundred seventeen pediatric patients with obstructive HC who underwent neuroendoscopy in our center were
included. Video recordings were analyzed in 85 patients. Contrast-enhanced X-rays were conducted during surgery prior to
intervention in 75 patients, and flow void signals on pre-operative MRI could be evaluated in 110 patients.
Results In 83.5% of the video recordings, CSF moved upwards synchronous to inspiration superimposed by cardiac pulsation.
Application of contrast medium revealed a flow delay in 52% of the X-ray studies prior to neurosurgery, indicating hindered CSF
circulation. The appearances and shapes of flow void signals in 88.2% of the pre-operative MRI studies suggested valve-like
mechanisms and entrapment of CSF.
Conclusions Neuroendoscopic observations in patients with obstructive HC revealed upward CSF movements and the corre-
spondingMRI signs of trapped CSF in brain cavities. These observations are in contrast to the current pathophysiological concept
of obstructive HC. However, recent real-time flow MRI studies demonstrated upward movement of CSF, hence support our
clinical findings. The knowledge of cranial-directed CSF flow expands our understanding of pathophysiological mechanisms in
HC and is the key to effective treatment.
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Introduction

Hydrocephalus (HC) is defined as a disturbance of cerebro-
spinal fluid (CSF) formation, flow, or absorption, leading to
accumulation of fluid and increase of CSF spaces in the cen-
tral nervous system (CNS). Underlying etiologies of these
processes are still vastly unknown. Early pathophysiologic
concepts of HC were derived from works of Dandy, Key,
and Retzius [6, 7]. Based on their studies, the choroid plexus
(CP) was established as the site of CSF production and arach-
noid villi in the large venous sinuses as the structures of its
absorption. They concluded that CSF movements occur from
the lateral ventricle downward trough the 3rd and 4th ventri-
cles and their delicate interconnections. Blockage of this con-
tinuous downward fluid flow had been determined to cause
the dilation of CSF spaces cranial to the obstruction. In
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contrast to these obstructive or non-communicating HC
forms, they established the category of communicating HC
induced by diminished CSF absorption.

Over the last decades, major advances in the knowledge of
CSF function and dynamics have significantly broaden our
view on its physiology. Perivascular spaces, cranial, and spi-
nal nerve sheaths have been established as the main CSF out-
flow routes by, e.g., Murtha et al. [5, 13, 22, 26]. Moreover,
advances in MRI techniques over the last decades have facil-
itated new insights into CSF flow and expanded our under-
standing of its physiologic and disturbed circulation [21, 40].
In clinical routine, the appearance of flow void signals on
conventional T2-weighted MR images within dilated CSF
spaces serves as the essential criteria to differentiate between
mechanical obstruction andmalabsorption as cause for the HC
[1, 30]. The majority of MR studies of CSF dynamics so far
used cine phase-contrast (pc) flowMRI with cardiac gating [1,
19]. Mainly, they focused on the oscillating CSF flux in the
aqueduct craniocaudally during systole and in reverse direc-
tion during diastole.

More recently, novel real-time pc flow MRI techniques at
high spatial and temporal resolution allow measurements in-
dependent of cardiac synchronization. Applying thisMR tech-
nique, forced inspiration has been identified as the main driv-
ing force of CSF flow in healthy subjects [10]. More impor-
tantly, an upward movement of CSF towards the brain was
observed in response to every forced inhalation. Thereby, the
CSF system counterbalances the enhanced venous outflow
out of the cranial cavity to ensure a constant intracranial vol-
ume in accordance with the Monro-Kellie doctrines [8] [11]
[12]. CSF moving cranial from the 3rd ventricle towards the
lateral ventricles through the aqueduct has been demonstrated
not only by real-time flow MRI but also by microsurgical and
neuroendoscopic procedures and intracranial monitoring [25].
These observations of a cranial flow direction are in strong
contrast to the prevailing notion of a continuous downward
fluid flux.

The aim of our study was to analyze CSF movements in
patients with obstructive HC. Comprehensive retrospective
analyses of our patient data acquired from neurosurgical pro-
cedures, X-ray, andMR imaging were performed to determine
CSF flow dynamics.

Patients and methods

Patients

Between 1997 and 2015, neuroendoscopic surgeries were per-
formed in 117 patients (age range 0.1–18 years, mean 5.5 ±
5.4 SD; 43 female) in the Pediatric Neurosurgery at our
Medical Center. All patients were diagnosed with obstructive
HC arising from hindrances of the CSF pathway at varying

locations and of different types. As listed in detail in the
Supplementary table, the HC was categorized as obstructive
HC (n = 54) or loculated HC (n = 46), among which three had
an isolated 4th ventricle. Fourteen patients showed tumor-
related HC, and three HCs were caused by arachnoid cysts.
More specifically, obstruction was provoked by aqueductal
stenosis (45/54 patients) or a stenosis of Monroi foramen
(13/54 patients). Loculated HC was caused by prematurity-
related hemorrhage (mean gestational age: 28 weeks) in 33/
46 patients. Arachnoid cysts were located temporal in the
three patients and fenestrated by endoscopically assisted mi-
crosurgery. The tumors blocking the CSF circulation at the
aqueduct originated from the tectal plate or were classified
as ocular pathway gliomas as well as craniopharyngeomas.

Ventriculo-peritoneal (VP) shunt systems had been in place
in 27/117 patients prior to the neuroendoscopy reported here.
Implantation of a VP shunt during the neuroendoscopy was
necessary in 42/117 patients. In 18/33 patients with loculated
HC due to post-hemorrhagic HC (PHHC), a stent catheter was
implanted connecting iatrogenic membrane fenestrations of
different CSF compartments and the CSF pathway draining
into the shunt device.

Under standard analgo-sedation, patients were ventilated
routinely using intermittent positive airway pressure ventila-
tion (IPPV) with age-specific parameters, i.e., positive end-
expiratory pressure (PEEP) ≤ 5 mmHg under routine monitor-
ing. None of the patients had cardiac or pulmonary diseases.

All patients, procedures, and MR-imaging data were col-
lected prospectively and analyzed retrospectively as well as
prospectively using the institutional hydrocephalus registry
[2], and informed consent was obtained from patients or their
caregivers. The institutional review board of the Georg-
August-University Goettingen approved the study. It was in
compliance with the Declaration of Helsinki.

Methods

Neurosurgical procedures

The neurosurgical techniques used are summarized in the
Supplementary table. Endoscopic third ventriculostomies
(ETV) were performed in 45 patients and fenestration of cysts
(CF) in 42. Another 13 patients benefitted from a septal
pellucidotomy (SP) to restore CSF circulation. Isolated 4th
ventricles were reconnected to the ventricular system by
aqueductoplasties and a stent catheter. The temporal arachnoid
cysts were treated by endoscopically assisted microscopy. In
14 patients with tumor-related obstructive HC, various
neuroendoscopic procedures were used to restore CSF
circulation.

Fenestrations of separating membranes during SP, CF, and
ETV were conducted using a fiber-guided near-infrared
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Thulium-laser (Revolix®, Lisa laser products, Katlenburg,
Germany) [24, 33] inserted into rigid endoscopes (Storz
LittleLotta® and Pediscope® Aesculap). All cases were
assisted by neuronavigation (Brainlab®, Heimstetten,
Germany).

Informed written consent was obtained from all parents or
guardians for the surgical procedures.

Intraoperative recordings of CSF dynamics

Video recordings

In 85/117 procedures, intraoperative video documentation
(Storz Aida® System, Tuttlingen, Germany) could be obtain-
ed. Membrane movements, fluctuations, and cranial-directed
flow of tissue fragments after opening the membranous struc-
tures were considered indicators for previous CSF entrapment.
Ventilation cycle and heart action during surgery were regis-
tered by observation of the thoracic movements as well as of
the respirator and pulse curves during monitoring.

Contrast enhanced C-arc X-rays

In 75/117 patients, 2–5 ml of contrast medium (Solutrast®)
were applied into the irrigation channel of the endoscope for a
lateral C-arc X-ray view to evaluate the extent of aqueductal
obstruction and to test whether a patent communication to-
wards the basal cisterns or across the obstructive membrane
was created. CSF enhancement following application of the
contrast medium was monitored qualitatively (Fig. 1a, b). Of
note, single images were taken by X-ray radioscopy to ob-
serve the contrast enhancement of CSF space connections.

MR-imaging

All patients underwent a pre-operative structural MRI study.
Follow-up examinations were conducted 3 months after sur-
gery in accordance with clinical guidelines.

Pre-operative MRI studies were carried out in the Institute
of Neuroradiology at our University Medical Center
Göttingen in 110/117 patients. Until 2005, 24/110 patients
were investigated at a 1.5-T MRI scanner and 86 patients later
at a 3-T scanner. For 7/117 patients, referring hospitals con-
ducted the MRI. All follow-up MRI examinations were per-
formed at our institution.

Signs of CSF flow were assessed on T2-weighted images
of pre- and corresponding post-operative MRI-studies (see
Supplementary table for details). MR features indicative of
an entrapment of CSF prior to surgery were categorized as
specified in Table 1.

Results

Intraoperative findings of CSF dynamics

Video recordings

The side of occlusion of the CSF pathway could directly be
visualized via video recording in 55/85 procedures
(Supplementary table). In 30/85 procedures, neuroendoscopic
surgery was aimed at other structures than the sites of occlu-
sion. After opening the obstructive membranous structure,
periodic fluctuations of residual membranes and tissue parti-
cles parallel to inspiration during IPP ventilation could be
found in 71/85 patients (Table 2). In 14/85 recordings, no

Fig. 1 Hydrocephalus caused by enlarged infratentorial CSF containing
spaces. a Large DandyWalker cyst (white arrow) on sagittal T2-weighted
image with enlarged ventricular system and flow void (white arrow head)
within the small aqueduct. b Intraoperative lateral C arc X-ray of the same
patient as in a after application of contrast medium. Contrast medium
appears trapped within the 3rd ventricle (orange arrow) and has not yet

exchanged with CSF spaces. Note the endoscope extending into the 3rd
ventricle. c Sagittal T2-weighted image demonstrating hydrocephalus
with expansion of all ventricles, bulged floor of the 3rd ventricle (white
arrow), strong flow void in the widened aqueduct (arrow head), and an
enlarged CSF containing space in the posterior fossa (MRI category 2, see
Table 1) (orange arrow) before endoscopic thirdventriculostomy

Childs Nerv Syst (2019) 35:833–841 835



entrapment or obstruction of CSF flow movements was
identifiable.

In all of the 45 patients of the ETV subgroup, tissue flota-
tions and motions of small particles at the edges of the stoma’s
fenestrations upwards and towards the endoscope were seen.
After aqueductoplasty for correcting aqueduct stenosis in
three patients, upwardly directed motions of membrane rims
(see Supplementary Video) were visible. The dynamics clear-
ly was synchronous to ventilation and superimposed heart
action with the maximum deflection during concurrent systol-
ic pulse and end-inspiratory phase.

Contrast-enhanced C-arc X-rays

During 75 neurosurgical procedures, contrast medium was
applied into one of the lateral ventricles to enhance

visualization of CSF movements. Prior to the surgical inter-
vention, 39/75 procedures yielded restricted and delayed CSF
flow to the 4th ventricle and parapontine cisterns (see Fig. 1b,
Table 2, and Supplementary table). Flow lag observed prior to
the intervention was considered as an indicator of hindered
circulation, thus entrapped CSF. After opening the floor of
the 3rd ventricle or obstructive membranes, contrast medium
turbulences following ventilation-related flux could be distin-
guished in 39/75 procedures. The contrast agent in the remain-
ing 36/75 patients revealed no signs of flow obstruction
though affirmed free communication of CSF compartments
on lateral C-arc X-ray projections.

MR-Imaging

The qualitative evaluation ofMRIs of 110/117 patients obtain-
ed prior to surgery as well as the 117MRIs acquired 3 months
after surgery is summarized in Table 2 and Supplementary
table. Seven pre-operative MRIs could not be classified, be-
cause they were lost or incomplete due to missing T2-
weighted sagittal imaging.

Figures 1 to 6 demonstrate representative T2-weighted im-
ages of each of the six categories. MRI features of category 1
with aqueductal stenosis as displayed in Fig. 2a were found in
32/110 pre-operative MRIs. Large ventricles due to
infratentorial obstruction could be observed in 6/110MRIs prior
to surgery and were classified as category 2 (Fig. 1a, c).
Category 3 required a pronounced alteration from the pre-
operative to the post-ETV flow conditions. The appearance of
a strong flow void through the new stoma and the aqueduct was
seen in 8/45 ETVs (Fig. 2c). The five patients with unilateral HC
caused by blockade of oneMonroi foramen revealed a flow void
suggestive of upward CSFmotion (Fig. 3). They were classified
in category 4. Flow voids at the bottom of an enlarged 4th
ventricle and stenosis of the aqueduct (Fig. 4a), defined as cat-
egory 5, could be identified in two patients. Partially isolated 4th
ventricle with multiple cystic compartments and complete iso-
lation of the 4th ventricle with obstruction in the infratentorial
CSF space are illustrated by Fig. 4b, c, respectively. Category 6
comprised most of the patients (53) revealing distended
loculated CSF cysts as depicted in Fig. 5. Interestingly, in

Table 1 MRI categories for features of CSF entrapment in obstructive
hydrocephalus

Category MRI features

1 Large supratentorial ventricles

Small aqueduct with weak flow void

Small 4th ventricle

Bulged floor of the 3rd ventricle indicating aqueductal stenosis

2 Large supratentorial ventricles

Bulged floor of 3rd ventricle

Obstruction by infratentorial CSF containing space

3 Sparse/missing flow void in the aqueduct on pre-ETV MRI

Pronounced flow void on 3 months post-ETV MRI

4 Blockade of Monroi foramen

Unilateral HC

Flow void at the hindrance with shape suggestive of upward
flow

5 Enlarged 4th ventricle

Flow void at the floor of the 4th ventricle

Incomplete aqueductal stenosis

6 Loculated CSF cysts

Differences in size between ventricular and cystic cavities

ETV: endoscopic thirdventriculostomy

Table 2 Assessment of CSF
dynamics in three modalities:
intraoperative video recording,
contrast enhanced C-arc X-ray,
and MRI

Modality No. of patients Results No. of patients %

Intraoperative video 85 CSF flow upward + 71 83.5
CSF flow upward − 14

Contrast enhancedC-arc X-ray 75 CM flow lag* + 39 52
CM flow lag* − 36

Pre-operative MRI 110 Trapping signs + 97 88.2
Trapping signs − 13

No. of patients: number of patients with study results available for analysis;%: percentage of patients with signs of
upward movement of CSF and CSF entrapment; CM: contrast medium; +: signs present; −: signs not detectable;
*: prior to surgical intervention
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patients with midbrain tumors blocking the aqueduct complete-
ly, no enlargement of the ventricles cranial to the tumor locali-
zation could be detected (Fig. 6).

Overall, the qualitative analysis of the flow void signals in
standard T2-weighted MRI revealed upward CSF movements
and trapping mechanisms prior to surgery in 88.2% of all
analyzed patients (see Table 2).

In summary, results from all three technical modalities
could be obtained in 59/117 patients (Supplementary table).
The 106/117 patients showed CSF entrapment in at least one
of these methods. In two of the remaining 11 patients, none of
the modalities indicated fluid entrapment. Results available
from only one or two modality in five patients failed to show
fluid trapping, and in four patients, no data from the three
modalities could be included.

Discussion

Up to today, obstructive HC is considered to arise from a
blockage of CSF flow downstream of its production site and
consecutive dilatation of the CSF spaces above. Novel find-
ings of real-time flow MRI studies however demonstrated
significant, inspiratory induced upward flow of CSF in
healthy subjects, which is in contrast to these current, contro-
versial pathophysiological concepts. Here, we investigated

CSF dynamics in a thoroughly defined cohort of 117 pediatric
patients with obstructive HC to reevaluate the underlying
pathophysiology. Standard neurosurgical procedures, namely
intraoperative video recordings and contrast-enhanced C-arc
X-rays during neuroendoscopic surgery, were applied in com-
bination with corresponding pre- and post-operative T2-
weighted MRIs.

Fig. 2 Hydrocephalus due to
aqueductal stenosis. a Sagittal T2-
weighted image with
characteristic signs of an
aqueductal stenosis, i.e., enlarged
lateral and 3rd ventricles and
bulged floor of the 3rd ventricle
(arrow); very sparse flow void in
the aqueduct (arrow head);
altogether indicative of CSF
trapping within the ventricles due
to the severely yet not completely
occluded aqueduct (MRI category
1, s. Table 1). b Sagittal T2-
weighted image with similar signs
of an aqueductal stenosis as in a in
another patient. c Same patient as
in b 3 months after endoscopic
thirdventriculostomy. Note the
strong flow void signal in
praepontine cistern, stoma,
aqueduct, and 4th ventricle (MRI
category 3, s. Table 1)

Fig. 3 Occlusion of one Monroi foramen leads to unilateral
hydrocephalus. Sagittal T2-weighted image shows enlarged right lateral
ventricle caused by a blockade of the right Monroi foramen. Shape of the
flow void in the lateral ventricle suggests upward flow direction (MRI
category 4, s. Table 1) (orange arrow)
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Distinct signs of a cranially directed CSF flow were found in
83.5% of the video recordings obtained during neuroendoscopy.
In fact, intraoperative tissue fluctuations followed cardiac pulsa-
tion; however, respiration at frequencies defined by IPP ventila-
tion provoked the dominant effects. Thus, the movements of
CSF seemed to adhere to the characteristic intracranial pressure

curves [25]. Flow lag of contrast agent, indicative of hindered
CSF flux, was identified in 52% of the X-ray studies prior to
surgery. The distribution of contrast medium followed more a
pattern of mixing and diffusion rather than a directed much less
caudally directed CSF flow in 36/75 patients. The low temporal
resolution of the C-arc X-ray methodology might explain this
considerable number. Furthermore, only very few X-ray images
are usually required to visualize an altered flow pattern of the
contrast agent after surgery and to verify the patency of the
established CSF pathways.

In line with the neurosurgical observations, 88.2% of the
corresponding pre-operativeMRI studies revealed features con-
sistent with CSF entrapment in enlarged brain cavities.
Moreover, appearances and the shapes of flow voids were sug-
gestive of cranial fluid flow. Results of the intervention were

Fig. 6 Midbrain tumor causing complete blockage of the aqueduct.
Midbrain tumor in this sagittal T2-weighted image causes complete
blockage of the aqueduct. Of note, the ventricles are of normal size not
enlarged. The complete blockage may prevent CSF entrapment or valve
mechanisms

Fig. 4 Isolated 4th ventricles. Sagittal T2-weighted images of two
preterm children with post-hemorrhagic hydrocephalus and partially
isolated 4th ventricle (a, b). a Shape of the strong flow void (orange
arrow) within aqueduct and 3rd ventricle is suggestive of upward flow
direction and high velocity. b Sparse flow void (orange arrowhead)

indicating flow although at lower scale (MRI category 5, s. Table 1). c
Sagittal T2-weighted image of another preterm child displaying a
completely isolated, enlarged, elongated, and distended 4th ventricle
and aqueductal stenosis (orange arrow head). Third and lateral
ventricles are of normal size

Fig. 5 Loculated CSF cysts adjacent to the ventricular system. Multiple
loculated cystic compartments on axial T2-weighted image. CSF filled
cysts of various size are abutted bilaterally to the body and posterior horns
of the lateral ventricles. The large cyst in the right hemisphere appears
distended and Binflated^ (MRI category 6, s. Table 1). Note the striking
difference in size compared with the slit-like anterior horns (arrows)
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depicted on post-operative T2-weighted MRIs demonstrating
new flow void signals along the CSF pathways or ETV.

Based on the intraoperative and MRI results, it can be pos-
tulated that trapping of the CSF results from strong upward
motion driven by forced inspiration and valve-like hindrances
along the pathways. Taken together, the clinical findings sup-
port recent real-time flow MRI studies, demonstrating cranial
CSF flux from the spinal canal into the cranial vault, through
the aqueduct up into 3rd ventricle synchronous to forced in-
spiration [11, 12].

Pulsatile CSFmovements following cardiac action and res-
piration have also previously been observed, e.g., by Greitz
et al. and Williams et al. [18, 34, 37–39]. Early myelography
studies showed an ascent of the jodipine column during inspi-
ration and a descent during expiration first published 1941
[31]. More recently, Ringstad [32] reported observations ob-
tained by gadobutrol instillation into the lumbar arachnoid
CSF space in patients with normal pressure hydrocephalus
(NPH), which he could demonstrate entering the 4th ventricle
as early as 60 min after application and further promotion into
all ventricles after 24 h in supine position [32]. This must be
interpreted as a directed movement from the spinal CSF
spaces into the cranial ventricles.

Animal experiments inserting a systolic synchronized
pumping balloon into the ventricular system of lambs (8–
10 kg of weight) resulted in development of ventriculomegaly
without any ICP elevation [29] [9]. This could be explained by
the immaturity of CSF pathways [28] in very young 3-week-
old lambs used for the study. Furthermore, CSF resorption
rates into the extracranial lymphatic system of sheep can reach
values as high as 50% of the fluid [3]. Ventricular dilation
caused by a pumping balloon mechanism but without raising
the ICP could be explained by the assumption of an
ependymal CSF flow and a pressure sensing mechanism.
This has been attributed to the sensing cilia of the ependyma,
which is able to differentiate circadian circumstances [14],
flow directions, and flow velocities. Disturbances of the sens-
ing cilia system are responsible for alterations in ventricular
morphology and dimension [15].

Another important theory about CSF dynamics established
by Greitz et al. [20] [19] focused on hemodynamic influences
based on Dandy’s pioneering work. Expansion of the intracra-
nial arteries during systole was assumed to lead to an expul-
sion of venous blood out of the brain tissue and into the large
venous sinuses. Consequently, piston-like motions of the CP
within the main cisterna and at the foramen magnum
prompted the pulsatile motions of cervical CSF. The oscilla-
tions of CSF synchronous to the heart beat as shown by
cardiac-gated flow MRI supported this theory. Meanwhile,
this observation has been recently excluded as a main CSF
moving force [35].

Flow-sensitive MRI studies later avoiding cardiac-gating
demonstrated the effects of respiration on CSF dynamics

[16, 23, 40]. In the study by Chen et al., significant CSF flux
during inspiration was detected in the subarachnoid spaces in
addition to cardiac-related components [4]. Inspiration results
in reduction of intrathoracic pressure and thus enhances the
outflow of venous blood out of the head towards the heart.
The upward surge of CSF counterbalances this increased ve-
nous outflow to avoid hemodynamic or pressure changes to
the brain in accordance with the Monro-Kellie doctrine [11].

The CSF moving upward into the ventricles must pass
exclusively through the aqueduct. Implying the small aque-
duct to be a tubular systemwith laminar flow, the flow volume
therefore should obey the law of Hagen-Poiseuille according
to which the inside radius of a tube enters the equation in the
fourth power. Thus, it could be hypothesized that the aqueduct
acts as a tightly regulated valve system adapting CSF flow
rates into the supratentorial brain ventricles by only small
adjustments to its diameter. Recent studies using pc-MRI
could demonstrate that the cardiac-driven CSF velocity in
the aqueduct was higher than the one prompted by respiration.
On the other hand, a larger CSF volume was displaced by the
respiratory compared with the cardiac component [36]. Both
effects are responsible for the characteristic ICP-curve, which
reflects fast systolic and diastolic curves superimposed by
slower respiratory effects during spontaneous as well as ven-
tilated breathing [25]. When the peak of the CSF velocity
(cardiac component) and the volume displacement (respirato-
ry component) coincide, the valve mechanism of an obstruc-
tion might open hence leading to trapping of the CSF.

Stenosis possessing valve-like mechanisms alongside CSF
pathways may exclusively permit upward flux and hence trap
fluid inside brain ventricular cavities and cysts, leading to
obstructive HC.

It is of note that the intraoperative video recordings and X-
rays were obtained under ventilation, which constitutes seem-
ingly different conditions, then real-time flow MRI was per-
formed. However, standard PEEP in cardio-pulmonary
healthy subjects has no clinically significant effect on central
venous and intracranial pressures [17]. Furthermore, pleural
pressures remained negative during the inspiratory cycles of
IPPV as Novak et al. demonstrated in dogs [27]. Thus, also
under standard IPPV, both venous and CSF flow are driven by
respiratory pressure changes within the thoracic cavity.

Conclusion

Our findings in patients with obstructive HC revealed CSF
upward movements and MRI signs of trapped fluid in brain
cavities, which are in line with results from real-time flow
MRI. Unraveling the direction of CSF flow in health and in
pathological conditions like obstructive HC has enormous
therapeutic impact. It is of eminent importance in HC with
structural malformation and stenosis along the CSF pathways,
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which may act like one-way valves to define effective neuro-
surgical interventions, e.g., ETV, fenestration of membranes,
aqueductoplasties, or stent maneuvers. Moreover, future real-
time flow MRI studies will include not only patients with
obstructive HC but also those with other conditions due to
perturbed CSF circulation like spontaneous intracranial hypo-
tension and syringomyelie to unravel pathomechanisms and to
open new options for therapies and respective evaluations.
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