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Abstract

Purpose: ETV is indicated for treating obstructions of major CSF pathways. The outcome
evaluation often vyields success rates of only +- 70% for shunt independency. Hence,
compromised CSF absorption seems to occur more often than expected. We searched for

parameters suitable to assess the involved CSF dynamics.

Material and Methods: This was a prospective study in 58 paediatric patients (7.7 yrs. mean
age) between 2000 and 2020 with aqueductal stenosis (11/58), obstruction of the aqueduct

due to tumor growth (22/58), and connatal hydrocephalus (9/58). The average follow-up
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interval was 4.7 years. Head circumferences, Evans- and fronto-occipital horn ratios before
and 3 months after ETV were obtained as Delta-indices. Furthermore ETV success score
(ETVSS), the patency of the aqueduct pre- and postoperatively as well as of the stoma were
assessed by flow void signs on MRI. Evaluation on MRI also included the shape of the floor of
the 3 ventricle and whether or not the septum pellucidum showed signs of perforation. Four
patients were analysed pre- and postoperatively via real-time MRI. At least the educational

status regarding protected or unprotected education was analyzed.

Results:

The prevalence of a bowing of the floor of the 3 ventricle was 72%, and the ETVSS was 71.0%.
In 26 children a septal perforations or an open aqueduct prior to ETV (19) could be identified.
Mean ER and FOHR were reduced by 0.03 and 0.05 , respectively. Maintained open (flow
void on postop MRI) or perforation could successfully be carried out during endoscopic
surgery in 44 patients (79%). The disproportionate increase of head circumference abated
in 79.4% of patients. New shunt insertion occurred in 16 patients (27.5%). Intraoperatively
upward CSF flow was detected in all cases. Statistical analyses (ANOVA) showed significant

results for unprotected education, postoperative ER and FOHR but not for open stoma.

Conclusion: The identification of flow through the stoma on postoperative MRI seems to be
a necessary but not sufficient condition for ETV success. In our study, ventricular volumes
were used as parameters to determine success rates as well as unprotected education.

Furthermore, enabling upward CSF flow driven by inspiration seems crucial for successful ETV.

Introduction:

Paediatric neurosurgeons have been trying to develop and apply effective hydrocephalus (HC)
therapies for decades (Paulsen et al., 2016). It has been shown that the first step in the
decision-making process for the initial HC therapy is crucial for follow-up surgeries, i.e., either
shunt or neuroendoscopic approaches or their combination (Reddy et al., 2014; Bock et al.,

2018a).
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ETV is a widely accepted first-line option for treating HC by opening obstructed ventricular
outflow structures. Previously, when ETV procedures were first applied, a disabled or closed
aqueduct was proposed. Nowadays, neuroendoscopy is encouraged even in cases with open
aqueduct requiring downward and forward bowing of the floor of the 3" ventricle and the
lamina terminalis, respectively (Al-Hakim et al., 2019). After the ETV success score (ETVSS)
was developed by Kulkarni et al. (Kulkarni et al., 2010; Foley et al., 2017), the main
parameters of the score — infectious or posthemorrhagic causes of ventricle enlargement,
age of the patients and tumour diagnosis count —were used to determine the prognosis of
the procedure. The score does not assess the time course of the disease, but some of the
diagnoses used are correlated with conatal beginning and chronic behavior. To increase the
success score, many neurosurgeons execute additional choroid plexus (CP) cauterization
(Riva-Cambrin et al., 2019) (Kulkarni et al., 2018), despite the many known essential
functions of the CP (Spector et al., 2015).

CP has a high blood perfusion of 5 mg/ml/min comparable to the kidney cortex. Thus, it
provides a high-capacity ultrafiltration, secretion and reabsorption feature that is underlined
by the high expression of aquaporin-1 (AQP-1). AQP-1 is one of the two molecules in the CNS
localized in the main bidirectional water pores of the brain. Moreover the secretion of
vesicular mRNA (Spaull et al., 2019) and nutritional factors such as vitamin C into the CSF is
facilitated by the CP. It also harbors a unique folate transporter system (Grapp et al., 2013).
Dysfunction or genetically caused decrease of these folate transporter leads to the
detrimental sequelae of cerebral folate deficiency. One of the most important features of CP
is amyloid-R recycling and waste clearance. Long-term consequences of CP cauterization (CPC)
for children are not known (Spector et al., 2015). It is therefore important to obtain more
knowledge about CSF dynamics and the resorptive capacity following ETV procedures for
prospective patient stratification and individual therapy.

Many researchers have examined the potential of the ETVSS and its prognostic values.
Regarding a sufficiently long follow-up interval, many authors have examined the relevance
and acuity of the score, while others have described ETV procedures, which failed despite a
high success score (Gianaris et al., 2017). The details of the procedure with visible “naked”
basilar artery (BA) and the opening of the Liliequist membranes (LM) as regular situs have
been addressed (Mortazavi et al., 2014; Filho et al., 2021), but the success rate of ETV over

more than 5 years has not exceeded 70-80%. Regarding insufficient cases, visible membranes
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have been discussed, or disparities in reabsorption of the CSF postulated (Kehler and
Gliemroth, 2003). Most of the reports have excluded any confounding prospective value for
ventricular size parameters or signs indicating low reabsorption of CSF (Coulter et al., 2020).
It is widely known that even in successful ETV with regular outcome parameters, ventricular
size does not truly matter, and many children who have undergone ETV grow up to have
severely enlarged ventricles. MRI images are commonly assessed annually to exclude the
reclosure of the stoma. Recent data from prospective cohort studies have demonstrated that
the safety and efficacy of ETV compared to ventriculoperitoneal shunt diversion has been
proven to be significant (Pande et al., 2021). The therapeutic efficacy of ETV was similar, but

the complication rates of VPS were higher to those of ETV.

Therefore, itis necessary to analyse data with the focus on ETV failures, which cannot be easily
explained based on our current knowledge. For patients with obstruction of the CSF
compartments, creating a whole into the pathway to bypass the occlusion must be sufficiently

working.

Considering recently reported experiences regarding inspiration-modulated and cardiac-
triggered CSF flow (Dreha-Kulaczewski et al., 2015, 2017), (Takizawa et al., 2017) motion has
been observed in the spinal-to-rostral direction in healthy volunteers. Such motion can also
be observed after the successful opening of the stoma intraoperatively. We have therefore
postulated and demonstrated a CSF trapping mechanism for cases of obstructions (Ludwig et
al., 2020). MRI scans of spontaneously breathing young adults could be used to elucidate the
underlying physiological mechanism, as described previously (Dreha-Kulaczewski et al., 2015).
In summary, real-time MRI scans could show slow but sustainable CSF motion from the spine
to rostral part of the brain, whereas cardiac modulation enables fast but unsustainable
oscillatory pulsation of CSF through the aqueduct or opened stoma. This observation has often
been investigated or confirmed by several authors and has been accepted in recent literature
(Takizawa et al., 2017; Rasmussen et al., 2021).

Therefore, the main objective of the present study was to determine the implications of the
ETV success score for long-term follow-up with respect to imaging details in pre- and
postoperative MRI scans together with intraoperative details, ventricular size, clinical data and

educational milestones for any conflicting parameters.
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Patients and Methods

We conducted a prospective study on 58 children suffering from HC in a university medical
center between 2000 and 2020. The patients were recruited using our institutional HC
registry (Bock et al., 2018b). The diagnoses varied between pure aqueductal stenosis, tectal
or ventricular tumour obstruction, arachnoid cysts and Dandy Walker malformation showing
different grades of ventricle outlet obstruction. Some patients with normal pressure
hydrocephalus (NPH) (N=4) were treated by ETV as well. Ten patients had received a VPS
before ETV, and the indications for ETV were shunt failure together with signs of trapping
and ventricular enlargement. All patients were hospitalized in a neuropaediatric ward, and
each patient underwent MRI prior to ETV, intraoperative video documentation and a series
of control postoperative MRIs. All penetrations of the floor of the third ventricle were
performed using a 2.0-micron laser (Revolix, LisaLaser OHG, Katlenburg, Germany) assisted
by neuronavigation, as previous described (Schuhmann et al., 2019). All patients were
followed up regularly as outpatients for an average of 4.7 years. Pre- and postoperative head
circumferences were measured and ETVSS, open or obstructed aqueduct before
neuroendoscopy, spontaneously perforated septum pellucidum, periventricular lucency
(PVL) and downward bowing of the bottom of the third ventricle as different signs for the
time scale of obstruction were obtained. Ventricular diameters as ER and FOHR were
collected preoperatively and at 3 months post-surgery. Success of ETV was defined by
complete regression of symptoms and papilledema, the abatement of the disproportionate
increase of head circumferences, and reduction of behavioural disturbances. Analysis of
MRI parameters comprised flow void signals through the stoma or through the aqueduct.
We collected data on social and neuropsychological outcomes in terms of protected and
unprotected education. Four patients were measured pre- and postoperatively by real-time
MRI for CSF flow studies, in accordance with a previously described protocol (Dreha-

Kulaczewski et al., 2015, 2017).

Real-time phase-contrast flow MRI
All datasets were acquired on a 3 Tesla scanner (Magnetom Prisma Fit, Siemens Healthcare)
using real-time phase-contrast flow MRI based on highly undersampled radial FLASH

sequences as described (Unterberger and Holzapfel, 2014), (Joseph et al., 2012), (Dreha-
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Kulaczewski et al., 2015, 2017; Ludwig et al., 2021a) Measurements in sagittal or coronal
orientation to the stoma in the floor of the 3™ ventricle were conducted with a 64-channel

head coil.

Data Analysis

Real-time flow MRI datasets were quantitatively analysed using CaFuR software (Fraunhofer
Mevis, Bremen, Germany) (Chitiboi et al., 2014), which is designed to accomplish automatic
segmentation of flow signals in real-time image series as described before. The manual
definition of an initial ROI for the determination of through-plane flow was based on both
signal intensities in magnitude images and corresponding phase difference values in velocity
maps. Further data processing was performed using MATLAB (Mathworks, Massachusetts,

USA), including net flow calculation and data visualization.

Statistical analyses, including ANOVA, and the development of graphics were completed with

Statistica™ (TIBCO Software Inc. Palo Alto, CA 94304 USA).

Results

The age of the infants and adolescents at the time of endoscopic treatment varied between
newborns and 18 years (mean 7.76 yrs.). The diagnoses included aqueductal stenosis (11),
tectal or ventricular tumour obstruction (22), Dandy Walker malformation (9), arachnoid cysts
(4), NPH (4) and posthemorrhagic HC (5) (PHHC) (Table 1). Seven children were preterm, and

11 children were below 12 months old.

Preop MR-imaging parameters

The parameters bowing of the 3™ ventricle floor were seen in 72.4% of the images,
periventricular lucency in 37.9% and septal perforations in 48.3% (s. Fig 4). A significant
correlation was observed between bowing and PVL. Septal perforations were significantly

correlated with preoperative ventricular sizes (Table 3). The aqueduct was classified as open
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in 29.3% of patients before ETV (Table 3). These preoperative parameters were not stratified

singificantly based on for failure and educational results.

Intraoperative observations

During all ETVs, clear CSF-upward movement could be identified endoscipically, following a
typical pattern of cardiac pulsating movement superimposed by a strong inspiratory flow that
typically moves the rims of the created stoma and fragmentary particles (Fig. 5 and Video 1,
supplemental data), thus indicating net upward flow. The procedure was completed by
confirmation of a visible naked BA. Liliequist membranes were opened if necessary for

unhindered upward CSF flow (Table 1).

Postoperative clinical and MR-imaging parameters

ER | (mean 0.49) and FOHR | (mean 0.54) were reduced by mean 0.04 and 0.06 and a flow void
could be observed in 79% of patients 3 months postoperatively. In 11 patients the agueduct
which appeared obstructed on pre-op MRI by missing flow void showed a flow void on post-
op imaging. The disproportionate increase of head circumference abated in 79.4% of patients
during the follow up. Shunt insertion was carried out in 16 patients, indicated in cases of
developmental delay, prolonged subcutaneous CSF collection or persistent papilledema. ETV
had to be repeated in 2 patients due to missing flow void postoperatively. The mean interval
for shunt implantation after ETV was 97 days (max=18 months). In patients older than 1 year
of age, the success rate increased to 77%, compared to a success rate of 74% in all patients.
Statistical analysis revealed unprotected educational outcome (77.6%) and ETV failure being
significantly p<0.05 (Table 4) dependent on the preoperative and postoperative ventricular

scores but not dependent on the delta indices (Fig. 3).

Real-time MRI

Qualitative evaluation of the magnitude images of 3 patients showed distinct CSF flow
through the stoma in one of them. In the second patient only a faint flow signal could be
observed in the Monroi foramina (s. Fig. 1). The study in the third patient did not allow for

unambiguous assessment of flow, presumably due to the stoma being located outside the
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measurement slice.

Outcome

Protected education in kindergarten and school was necessary for 13 children (22.4%). The
rate related to successful ETV without further shunt dependency was 8/42 (19%). Protected
education was significantly correlated with ventricular volumetry, ETVSS and age (p<0.05).
ETVSS was not significantly correlated with terminated elevation of head circumference,

ventricular volumes, or postoperative open stoma (p<0.05) (Table 4).

Discussion

Current research has increasingly challenged the prevalent concepts of CSF dynamics. Despite
of mounting evidence, HC as a disturbance of certain parts of the glymphatic system is still not
widely accepted (Ludwig et al., 2021b). HC has been categorized into obstructive or
communicating types according to the historical classifications established by Dandy (Dandy,
1919). The current literature identifies CSF reabsorption in addition to Pacchioni granulations
by the CP itself. A second pathway leads from the basal cisterns, following the penetrating
arterial vessels towards the venous site of the Virchow Robin compartment into lymphatic
vessels of the meninges and cervical downstream (Nakada et al., 2017; Nakada and Kwee,
2019). Facilitated by insights into the aquaporin system, CSF reabsorption by differentially
located expression on cell membranes of the ependymal and astrocytic periventricular
networks has been identified. It can be considered that different pathways exist in parallel
depending on the disease and pathophysiology. We have presented a significant upward CSF
flow initiated by forced inspiration. Simultaneously venous blood is pooled from intracranial
to thoracic large venous vessels, which are balanced by upward CSF flow in accordance with
the Monro Kelly doctrine. The new concept has helped neurosurgeons to interpret the
intraoperative phenomenon, which they routinely observe during the opening of the floor of
the 3™ ventricle when CSF clearly moves upwards (Bock et al., 2019; Ludwig et al., 2020). This
observation could not be explained for a long time. Traditionally, it was assumed that CSF is
mainly secreted by the CP and distributed by bulk flow into the major pathways. It then mixes

and diffuses towards the arachnoid spaces of the lower posterior fossa, and finally reaches
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the cerebral subarachnoid spaces and meningeal venous and lymphatic vessels. This
interpretation extended the use of ETV with the adjuvant use of CPC, thereby reducing CSF
secretion and loading to be consistent with the expected malabsorption. Previous findings
related to the use of CPC to increase the success rates of ETV seem to support this approach
(Dewan et al., 2018).

It is important to consider recent meta-analyses that have shown the slight superiority of ETV
compared to VPS therapy with respect to safety and complications (Pande et al., 2021). It is
also important to consider that approximately 30% of cases cannot be treated sufficiently by
ETV despite a high preoperative success score

Measuring outcome parameters of ETV can be conducted by counting those cases in which
further shunt therapy was needed to sufficiently treat clinical symptoms , increasing head
circumference and reaching developmental milestones. Finally, educational performance in
kindergarten and school is an important stratifying parameter. In our study, the prospective
ETV success rate was 71% (mean), and 81% of the patients with successful ETV yielded
unprotected education. The main parameter for the success of ETV was not dependent on an
open stoma in postoperative MRI or on delta ER or delta FOHR, as expected. The remnant
postoperative ventricular morphometric indices ER and FOHR were highly significant. This
implies that in addition to opening all obstructions within the CSF pathways, necessary access
to the different elements of its absorption should exist. ETV seems to have a higher failure
rate if this is not sufficiently provided. Two different main principles for absorption exist. CSF
access to the subarachnoid spaces could be obtained by an open stoma, and an important
element of the resorptive capacity should function sufficiently. This has been discussed by
Rasmussen et al. as well as by our group (Ludwig et al., 2021b) (Rasmussen et al., 2021). To
enable this access, CSF must reach the absorbing network by entering the subarachnoid
cisterns and spaces to further follow along the penetrating vessels into the Virchow Robin
spaces (lliff et al., 2012),(Shetty and Zanirati, 2020). However, the pressure gradient between
subarachnoid spaces and the Virchow Robin space is not sufficient to induce fluid flow in the
pericapillary spaces (Martinac et al.,, 2021). Therefore, the second part of the system,
previously called the “minor pathway” (Oi and DiRocco, 2006), enables access to the
interstitial fluid compartment by peri-ependymal pathways into the subependymal interstitial
fluid system, thus reaching the Virchow Robin spaces as well (Bulat et al., 2008; Bulat and

Klarica, 2011; Casaca-Carreira et al., 2018; Nakada and Kwee, 2019) and serving as a preload
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volume. The large glial astrocytic compartment of this system equipped with AQP4 pores
requires sufficient fluid supply as “preloading” volume and to enable peristaltic fluid
propagation along penetrating pial vessels and capillaries. This perivascular part of the CSF
volume might come in sufficient contact with the glial system after successful ETV and thereby
enable upward flow. If this astrocytic and interstitial system is not able to fulfil these
requirements on the microscale, disturbances of fluid absorption could be expected. The
preliminary results of the real-time MRI of CSF movements, suggest that a successful ETV was
associated with marked inspiratory CSF flow whether through the stoma itself into the 3™
ventricle or through the Monroi foramina into the lateral ventricles (Dreha-Kulaczewski et al.,
2015) (Dreha-Kulaczewski et al., 2017) (Casaca-Carreira et al., 2018), (Whish et al., 2015). From
this point of view, it seems important to establish a sufficient parenchymal thickness by
ventricular decompression. The importance of sufficient postoperative morphometric indices
might be one of the reasons some reports indicate an increased success rate of ETV by

applying a routine lumbar drain for multiple days (Watkins et al., 2017).

Conclusion

Current research has increasingly challenged the prevalent concepts of CSF dynamics. HC,
even being purely obstructive, might be one of the factors which disturb the complex
glymphatic system. We have added our view of respiration-driven CSF upwards dynamics and
the occurrence of trapping and valve mechanisms, which can explain many results of HC
therapy. Our results after ETV showed that despite open stoma on postoperative MRI,
successful outcomes and unprotected education depend on the postoperative achievable
ventricular size. Therefore, according to our data, open stoma after ETV seems to be a
necessary but not sufficient condition. Preloading access of surplus CSF to a patent astrocytic

glymphatic system appears to be the second crucial condition.

Ethical approval: Ethical review committee: University Medical Center Ethical Board

Approval number: 12/9/17
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Tables and Figures:

Cause N %

OH 54 93.10
LH 4 6.90
Tumour 22 37.93
AS 11 18.97
Malformation 9 15.52
PHHC 5 8.62
NPH 4 6.90
Arachnoid cyst 4 6.90
Other 3 5.17

Table 1: Overview of the pathologies and causes of ETV, obstructive hydrocephalus (OH),

loculated hydrocephalus (LH), and aqueductal stenosis (AS).
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Min Max Mean N %

Preoperative  PVL 22 37.93

Bowing 42 72.41

Open aq pre 17 29.3

Septal 28 48.28

perforation

ETVSS 10 90 71

Age 0.1 18 7.76

Preterm 7 12.0
Intraoperation Upward flow 58 100.00

Naked BA 52 89.66

Opened LM 27 46.55
Postoperation Open stoma MRI 37/48 79

Open aq post 11/48 22.9

Head circ. stop 31/39 79.4

FOHR 0.36 0.77 0.54

FOHRII 0.34 0.71 0.51

Delta-FOHR 0 1.2 0.08

Evans R 0.31 0.76 0.49

Evans Rl 0.31 0.7 0.47

Delta-Evans R 0.06 0.14 0.03

VPS pre 09/58 15.5
VPS post 25/58 43.1
Protected education 13/58 22.4
Protected ed/successful 08/42 19.0
ETV

ETV failure 16/58 27.5
ETV failure > 1 yr of age 11/47 23.4

Table 2: Overview of the results of all parameters: periventricular lucency (PVL)
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PVL Septal Perforation
34 ventr. bowing 0.012 no
EvansR | no 0.001
FOHR | no 0.001

Table 3: Statistically significant (p<0.05) correlations of preoperative imaging results and

significant (p<0.05) periventricular lucency (PVL).

ER I FOHRI Delta ER Delta Age ETVSS
FOHR

Education 0.022 0.022 no no 0.001 <0.001
Failure 0.04 0.04 no no 0.026 0.002
Openstoma no no no no 0.017 no
Head Cstop no no 0.001 0.001 no no
Bowing no no no no no no
Naked BA no no no no no no
Liliequist M.  no no no no no no

Table 4: Overview of statistical parameter analysis of postoperative p values, significant

p<0.05
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Fig. 1: Preop MRI (A) showing tectal tumour stenosis in a 15 years old male, widened
ventricles with PVL, bowing of floor of third ventricle and lamina terminalis; ER: 0.44; FOHR
0.53. (B) 3 months later still hydrocephalic despite reduced PVL and reduced ER 0.3 and
FOHR 0.38. Real time MRI with sparsely flow signals not crossing the level of the Monroi
foramen despite visible venous downward flow and CSF flow upwards at spinal level C3 (C)
during forced inspiration, magnitude image (right) and phase contrast velocity map (left).
Magnitude image displays flow (CSF and epidural veins) in subarachnoid space qualitatively.
The pc image indicates upward flow of CSF (bright) and simultaneous downward flow (dark)
in epidural veins.
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Fig. 2: Missing upward CSF flow before (left) and visible flow void inside the 3™ ventricle

passing the Monroi foramen (right) after successful ETV, reduced FOHR 3 months after ETV
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Figure 3: Significant correlation between postoperative ventricular sizes and ETV failure. Delta

indices were not significantly correlated (N=48, p=0.04).

Fig. 4: Bowing floor of the 3™ ventricle as a sign of a pressure gradient, open hyperdynamic

CSF flow through the aqueduct and parachute sign in a patient with NPH
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Fig. 5: Typical aspect on the opened floor of the 3™ ventricle with upward CSF flow, indicated

by stoma rims moving upward
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