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     The 5 th  International Hydrocephalus Workshop was held May 20-23, 2010, in the Aegean 
island of Crete, Greece. The workshop was preceded by the 24 th  Annual Hellenic Congress of 
Neurosurgery and the 4 th  Annual Neurosurgery Nurses Meeting as well. This volume includes 
papers presented at the 5 th  Hydrocephalus Workshop which recent updates and new concepts 
in hydrocephalus were introduced. 

 Under the leadership of Dr. Anthony Marmarou there have been two previous Hydrocephalus 
Workshops on beautiful Greek islands, the 3 rd  International Hydrocephalus Workshop on the 
Island of Kos in 2001 and the 4 th  on the Island of Rhodes in 2007. The planning for the 5 th  
International Workshop was well along when unexpectedly Professor Marmarou died. His last 
wish was that his work and especially the tradition of International Hydrocephalus Workshops 
“continue.” With that in mind and with the help and support of the Hellenic Neurosurgical 
Society, the hydrocephalus study group at the Medical College of Virginia, the International 
Society for Hydrocephalus and Cerebrospinal Fluid Disorders and the very professional con-
gress organization of Artion, we were able to continue with Professor Marmarou’s vision of 
getting together the leaders in clinical and basic science research in the fi eld of 
hydrocephalus. 

 We believe that this workshop was a major turning point, and made a signifi cant contribu-
tion to the effort to ensure further understanding of timely diagnosis and treatment of hydro-
cephalus. The wide number of topics covered, including advances in management of both 
pediatric and adult hydrocephalus, identifying shunt responders, clinical experiences in endo-
scopic third ventriculostomy, clinical trials, pathophysiology, experimental studies, introduc-
ing the new classifi cation for hydrocephalus and the option of all workshop participants to 
become actively involved in its proceedings, guaranteed that this objective was achieved. 

 As Professor Kouzelis stated in his opening remarks, during this meeting, our participants 
were able to follow Ariadne’s lost thread through the ruins of the ancient Minoan labyrinth on 
the mythical island of Crete, and fi nd the much sought-after solution to the ancient Hippocratic 
riddle of hydrocephalus. 

 November 2011   Gunes A. Aygok and Harold L. Rekate  

 Preface 



  



 Acknowledgments 

 The meeting would not have been possible without the hard work of Despina Amarantidou as 
workshop coordinator, Matina Katsarou and Niki Chatziilia as organizing secretariat, Marianna 
Georgitseli, Maria Kantziari, Ioanna Kazantzidou as sponsorship and publications & website 
coordinators. 

 We would like to express our sincere thanks to the Hellenic Neurosurgical Society for their 
enormous support during the international hydrocephalus workshops and for their enthusiasm 
to continue Professor Marmarou’s tradition of hosting the international hydrocephalus 
workshops. 

 We would also like to thank Codman & Shurtleff and Dr. Sean Lilienfeld who serves as the 
vice president for clinical research & medical affairs of Codman & Shurtleff, for providing 
educational grant in support of the meeting. 

 The publication of this volume became possible with the commitment of Professor 
Hans-Jakob Steiger and the staff of Springer – Verlag. 



  



  Contents 

Importance of the Work of Professor Marmarou

Fifth International Hydrocephalus Workshop, Crete, Greece, May 20–23, 2010: 
Themes and Highlights . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1
Harold L. Rekate, Gunes A. Aygok, Kostantinos Kouzelis, Petra M. Klinge, 
and Michael Pollay

Modeling of CSF Dynamics: Legacy of Professor Anthony Marmarou . . . . . . . . . .  9
Marek Czosnyka, Zofi a Czosnyka, Kiran J. Agarwal-Harding, and John D. Pickard

Importance of Data, Especially from Randomized Controlled Trials

Ethical Considerations in Hydrocephalus Research That Involves 
Children and Adults . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  15
Michael A. Williams

Conservative Versus Surgical Management of Idiopathic Normal Pressure 
Hydrocephalus: A Prospective Double-Blind Randomized Controlled Trial: 
Study Protocol . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  21
Ahmed K. Toma, Marios C. Papadopoulos, Simon Stapleton, Neil D. Kitchen, 
and Laurence D. Watkins

Ten Years of Clinical Experience in the Use of Fixed-Pressure Versus 
Programmable Valves: A Retrospective Study of 159 Patients  . . . . . . . . . . . . . . . . .  25
Maria Mpakopoulou, Alexandros G. Brotis, Haralampos Gatos, 
Konstantinos Paterakis, and Kostas N. Fountas

Magnetic Resonance Imaging as a Powerful Tool 

Changes of Fractional Anisotropy and Apparent Diffusion Coeffi cient 
in Patients with Idiopathic Normal Pressure Hydrocephalus . . . . . . . . . . . . . . . . . . .  29
Koichiro Demura, Mitsuhito Mase, Tosiaki Miyati, Tomoshi Osawa, Manabu Hattori, 
Harumasa Kasai, Masaki Hara, Yuta Shibamoto, and Kazuo Yamada

Virchow-Robin Spaces in Idiopathic Normal Pressure Hydrocephalus: 
A Surrogate Imaging Marker for Coexisting Microvascular Disease? . . . . . . . . . . .  33
Andrew Tarnaris, J. Tamangani, O. Fayeye, D. Kombogiorgas, H. Murphy, 
Y.C. Gan, and G. Flint



x Contents

Quantifi cation of Normal CSF Flow Through the Aqueduct Using PC-Cine 
MRI at 3T  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  39
Eftychia Kapsalaki, Patricia Svolos, Ioannis Tsougos, Kyriaki Theodorou, 
Ioannis Fezoulidis, and Kostas N. Fountas

Correlation Between Tap Test and CSF Aqueductal Stroke Volume 
in Idiopathic Normal Pressure Hydrocephalus  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  43
Souraya El Sankari, A. Fichten, C. Gondry-Jouet, M. Czosnyka, D. Legars, 
H. Deramond, and Olivier Balédent

Basic Science: The Aquaporin Story

Overview of the CSF Dual Outfl ow System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  47
Michael Pollay

Hydrocephalus and Aquaporins: The Role of Aquaporin-1 . . . . . . . . . . . . . . . . . . . .  51
M.Y.S. Kalani, A.S. Filippidis, and H.L. Rekate

Hydrocephalus and Aquaporins: The Role of Aquaporin-4 . . . . . . . . . . . . . . . . . . . .  55
A.S. Filippidis, M.Y.S. Kalani, and H.L. Rekate

Effect of Acetazolamide on Aquaporin-1 and Fluid Flow in Cultured 
Choroid Plexus  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  59
Pouya A. Ameli, Meenu Madan, Srinivasulu Chigurupati, Amin Yu, 
Sic L. Chan, and Jogi V. Pattisapu

Experimental Studies: Hydrocephalus

Physical Phantom of Craniospinal Hydrodynamics  . . . . . . . . . . . . . . . . . . . . . . . . . .  65
R. Bouzerar, M. Czosnyka, Z. Czosnyka, and Olivier Balédent

Programmable Shunt Assistant Tested in Cambridge Shunt 
Evaluation Laboratory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  71
Marek Czosnyka, Zofi a Czosnyka, and John D. Pickard

Simulation of Existing and Future Electromechanical Shunt Valves 
in Combination with a Model for Brain Fluid Dynamics . . . . . . . . . . . . . . . . . . . . . .  77
Inga Margrit Elixmann, M. Walter, M. Kiefer, and S. Leonhardt

Examination of Deposits in Cerebrospinal Fluid Shunt Valves 
Using Scanning Electron Microscopy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  83
Constantinos Charalambides and Spyros Sgouros

Microstructural Alterations of Silicone Catheters in an Animal 
Experiment: Histopathology and SEM Findings . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  87
Regina Eymann, Yoo-Jin Kim, Rainer Maria Bohle, Sebastian Antes, 
Melanie Schmitt, Michael Dieter Menger, and Michael Kiefer



xiContents

Expression Analysis of High Mobility Group Box-1 Protein (HMGB-1) 
in the Cerebral Cortex, Hippocampus, and Cerebellum of the 
Congenital Hydrocephalus (H-Tx) Rat . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  91
Mitsuya Watanabe, Masakazu Miyajima, Madoka Nakajima, Hajime Arai,  
Ikuko Ogino, Sinji Nakamura, and Miyuki Kunichika

Brain Localization of Leucine-Rich a2-Glycoprotein and Its Role . . . . . . . . . . . . . .  97
Madoka Nakajima, M. Miyajima, I. Ogino, M. Watanabe, Y. Hagiwara, 
T. Segawa, K. Kobayashi, and H. Arai

Role of Artifi cial Cerebrospinal Fluid as Perfusate in Neuroendoscopic 
Surgery: A Basic Investigation  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  103
Masakazu Miyajima, Kazuaki Shimoji, Misuya Watanabe, Madoka Nakajima, 
Ikuko Ogino, and Hajime Arai

Subdural or Intraparenchymal Placement of Long-Term Telemetric 
Intracranial Pressure Measurement Devices? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  109
Melanie Schmitt, Regina Eymann, Sebastian Antes, and Michael Kiefer

Clinical Studies: Hydrocephalus

Twelve-Year Hospital Outcomes in Patients with Idiopathic 
Hydrocephalus . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  115
George Stranjalis, T. Kalamatianos, C. Koutsarnakis, M. Loufardaki, 
L. Stavrinou, and D.E. Sakas

What Is the Appropriate Shunt System for Normal Pressure Hydrocephalus? . . . .  119
Christos Chrissicopoulos, S. Mourgela, K. Kirgiannis, A. Sakellaropoulos, 
N. Ampertos, K. Petritsis, and A. Spanos

Indications for Endoscopic Third Ventriculostomy in Normal Pressure 
Hydrocephalus . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  123
Nikolaos Paidakakos, S. Borgarello, and M. Naddeo

Role of Endoscopic Third Ventriculostomy in Treatment of Selected 
Patients with Normal Pressure Hydrocephalus . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  129
Kostas N. Fountas, Eftychia Z. Kapsalaki, Konstantinos N. Paterakis, 
Gregory P. Lee, and Georgios M. Hadjigeorgiou

Endoscopic Third Ventriculostomy in Obstructive Hydrocephalus: 
Surgical Technique and Pitfalls . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  135
D. Bouramas, Nikolaos Paidakakos, F. Sotiriou, K. Kouzounias, 
M. Sklavounou, and N. Gekas

Benign Cerebral Aqueductal Stenosis in an Adult  . . . . . . . . . . . . . . . . . . . . . . . . . . .  141
Christos Chrissicopoulos, S. Mourgela, N. Ampertos, A. Sakellaropoulos, 
K. Kirgiannis, K. Petritsis, and A. Spanos



xii Contents

Effi cacy and Versatility of the 2-Micron Continuous Wave Laser 
in Neuroendoscopic Procedures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  143
Florian H. Ebner, Christoph Nagel, Marcos Tatagiba, and Martin U. Schuhmann

Complications of Endoscopic Third Ventriculostomy: A Systematic Review . . . . . .  149
Triantafyllos Bouras and Spyros Sgouros

Syndrome of Inappropriately Low-Pressure Acute Hydrocephalus (SILPAH) . . . .  155
Mark G. Hamilton and Angel V. Price

Lhermitte–Duclos Disease Presenting with Hydrocephalus . . . . . . . . . . . . . . . . . . . .  161
Mun Sul Yang, Choong Hyun Kim, Jin Hwan Cheong, and Jae Min Kim

Atypical Meningioma in the Posterior Fossa Associated with Colpocephaly 
and Agenesis of the Corpus Callosum . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  167
Jin Hwan Cheong, Choong Hyun Kim, Mun Sul Yang, and Jae Min Kim

Management of Intraventricular Hemorrhage in Preterm Infants 
with Low Birth Weight . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  173
Takayuki Inagaki, Takuya Kawaguchi, Takahiro Yamahara, Naoyuki Kitamura, 
Takashi Ryu, Yo Kinoshita, Yasuo Yamanouchi, Kazunari Kaneko, 
and Keiji Kawamoto

Pathophysiology of Brainstem Lesions Due to Overdrainage  . . . . . . . . . . . . . . . . . .  177
Sebastian Antes, Regina Eymann, Melanie Schmitt, and Michael Kiefer

Dynamics of Cerebrospinal Fluid Flow in Slit Ventricle Syndrome. . . . . . . . . . . . . .  181
Regina Eymann, Melanie Schmitt, Sebastian Antes, 
Mohammed Ghiat Shamdeen, and Michael Kiefer

Quality and Safety of Home ICP Monitoring Compared with In-Hospital 
Monitoring . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  187
Morten Andresen, Marianne Juhler, and Tina Nørgaard Munch

Author Index . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  193

Subject Index . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  195 



1G.A. Aygok and H.L. Rekate (eds.), Hydrocephalus, Acta Neurochirurgica Supplementum, Vol. 113, 
DOI: 10.1007/978-3-7091-0923-6_1, © Springer-Verlag/Wien 2012

  Abstract   The purpose of the Fifth International Hydrocephalus 
Workshop was to allow clinicians and basic science researchers 
to educate each other in the advances that have been and are 
being made in the understanding and treatment of hydrocepha-
lus and related disorders. This vision of the meeting was the 
work of Dr. Anthony Marmarou, who died a few months before 
the meeting was held. The presentations on all aspects of the 
study of hydrocephalus can be roughly grouped into seven 
basic themes. These themes are a summary of the important 
lifelong work of Professor Marmarou himself, including math-
ematical modeling, clinical selection of patients for the treat-
ment of normal pressure hydrocephalus, and the development 
of international guidelines for the management of this condi-
tion. Other themes included the gathering of data, and in par-
ticular, randomized controlled trials; the use of magnetic 
resonance imaging for basic research in hydrocephalus, basic 
science and in particular the role of aquaporins; reports on clin-
ical studies; and the late outcomes for patients treated in infancy. 
Finally, a report on the development of a consensus on the defi -
nition and classifi cation of hydrocephalus based on the point of 
obstruction to fl ow of cerebrospinal fl uid was presented.  

  Keywords   Hydrocephalus  •  Classifi cation  •  Normal  pressure 
hydrocephalus  •  Third ventriculostomy  •  MRI  •  Aquaporins    

   Introduction 

 Under the leadership of Professor Anthony Marmarou, there 
have been two previous Hydrocephalus Workshops on 
two beautiful Greek islands: the third International Hydro-
cephalus Workshop on the island of Kos in 2001 and the 
fourth on the island of Rhodes. The planning for the fi fth 
International Workshop was well along when, tragically, 
Professor Marmarou died. His last wish was that his work, 
and especially this meeting, should “continue.” With that 
in mind, and with the help and support of the Hellenic Neuro-
surgical Society and its president, Professor Konstantinos 
Kouzelis; the hydrocephalus group at the Medical College of 
Virginia with Professor Marmarou’s colleagues Drs. Gunes 
Aygok and Harold Young; and the professional organization, 
the Artion Company, we were able to continue with Professor 
Marmarou’s vision of bringing together the leaders in clini-
cal and basic science research in the fi eld of hydrocephalus. 
The Workshop was attended by almost 400 participants and 
by all measures was extremely successful. This success is a 
tribute to the vision of this leader in hydrocephalus. What 
follows is a brief summary of the themes that wound them-
selves throughout the meeting like the legendary thread of 
Ariadne in Cretan mythology. We will also attempt to explain 
what was accomplished during the 3 days of the Workshop. 
A comprehensive discussion of the entire program is beyond 
the scope of this summary, but we will attempt to emphasize 
the most important aspects.  

   Importance of the Work of Professor 
Marmarou 

 Professor Marmarou will be remembered for his continuing 
commitment to the study of intracranial pressure dynamics, 
and especially apropos of this meeting, hydrocephalus, over 
a 40-year career. The importance of his work was celebrated 
at this meeting relative to three areas of leadership. By his 
work on a novel mathematical model of intracranial pres-
sure dynamics that formed the basis of his Ph.D. thesis, 
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Professor Marmarou was responsible for providing students 
of intracranial pressure with a tool to understand the com-
plex interaction of elements within the central nervous sys-
tem. That tool was the pressure volume index (PVI). This 
measurement represents the amount of volume that must be 
added to the intracranial compartment to raise intracranial 
pressure by a factor of 10  [  9,   14,   15  ] . The ability of the PVI 
measurement to defi ne cerebral compliance and to deter-
mine the effect of abnormal cerebrospinal fl uid (CSF) 
dynamics on an individual was discussed by Dr. Marek 
Czosnyka and his colleagues from the University of 
Cambridge. The concept of PVI led to an improved under-
standing of the various forms of hydrocephalus, allowed 
improved prediction of outcome, and provided guidelines 
for management of increased intracranial pressure in trau-
matic brain injury. 

 Professor Marmarou directed a 3-year effort to develop 
guidelines for the diagnosis and management of normal 
pressure hydrocephalus (NPH). He led a continuing coop-
erative study on the level of evidence regarding all aspects 
of NPH among a large number of recognized experts in a 
number of fields. The outcome of this work was the pub-
lication of the Guidelines for the Diagnosis and 
Management of Normal Pressure Hydrocephalus, which 
was published as a special supplement to Neurosurgery 
 [  7,   8,   10  ] . The process and Professor Marmarou’s critical 
role in it were described by Dr. Petra Klinge of Brown 
University in the United States. These guidelines were 
published in 2005 and revolutionized the management of 
patients with NPH. 

 Dr. Gunes Aygok, who became Dr. Marmarou’s associate 
after training under his mentorship at the Medical College of 
Virginia (MCV) in Richmond, Virginia, described the work-
ing of the NPH assessment at the treatment program at MCV. 
Since 1992, under the leadership of Drs. Harold Young and 
Anthony Marmarou, this clinic has provided critical docu-
mentation of their approach to the diagnosis and manage-
ment of NPH and the value of their testing methods, 
including the 3-day lumbar drainage assessment and the 
high-volume tap test  [  1  ] . External lumbar drainage and the 
high-volume tap test has become a highly prognostic and 
safe procedure, with a sensitivity of 92% and a specifi city of 
80%, for identifying patients with NPH most likely to ben-
efi t from shunt surgery. CSF resistance testing provides a 
predictive accuracy of 72% and remains useful as an outpa-
tient supplementary test. The experience at MCV was pre-
sented at the third and fourth International Hydrocephalus 
Workshops by Dr. Marmarou. The most recent updates con-
cluded that despite the prevalence of confounding comor-
bidities in the elderly population, appropriate diagnosis 
coupled with supplementary testing allows clinicians to 
accurately identify shunt responders, leading to sustained 
long-term improvement.  

   Importance of Data, Especially 
from Randomized Controlled Trials 

 Two of the initial invited talks dealt with the importance of 
randomized controlled trials (RCTs). Dr. John Kestle has 
been involved in the design of very important RCTs related 
to both hydrocephalus and pediatric neurosurgical issues. He 
was one of the authors of the Shunt Design Trial comparing 
the results of three different shunt designs related to the out-
come of treatment for children treated with a fi rst shunt. Dr. 
Kestle reported that several large children’s hospitals with 
dedicated and active pediatric neurosurgical faculties have 
created a consortium to work together to perform clinical tri-
als on the treatment of hydrocephalus  [  6  ] . The fi rst step, as 
defi ned by Dr. Kestle, would be to standardize treatment 
across institutions and the entire faculty to obtain baseline 
information. Such baseline information is essential in the 
planning of RCTs and in the assessment of their feasibility, 
by providing information about the design of the trial, includ-
ing the number of participants that would be needed. Next, a 
proposed change to the protocol would be studied in an RCT. 
Proposals for study include the treatment of shunt infections, 
the use of antibiotic-impregnated catheters, and the manage-
ment of posthemorrhagic hydrocephalus of the premature 
newborn. Dr. Kestle not only emphasized the importance of 
committing ourselves to these RCTs but was also realistic 
about the diffi culties involved given the chronic nature of 
hydrocephalus and the relatively small numbers of cases 
from single institutions. 

 The second presentation was by Professor Shlomi 
Constantini  from Israel who reported on the challenges and 
successes related to the planning and execution of RCTs 
related to neuroendoscopy. With the encouragement of the 
International Federation of Neuroendoscopy, a prospective 
multicenter trial was completed related to the effi cacy of 
endoscopic third ventriculostomy (ETV) in the treatment of 
hydrocephalus related to subarachnoid hemorrhage and infec-
tion  [  16  ] . This important study showed that patients with 
either posthemorrhagic hydrocephalus or hydrocephalus after 
meningitis can be managed with ETV with a high-likelihood 
of success, but if both hemorrhage and infection are present, 
such treatment is likely to be futile. The same group of active 
centers has embarked on an RCT to study outcomes for pedi-
atric hydrocephalus, comparing a shunt group with an ETV 
group. We anxiously await the outcome of that study. 

 During the course of the Workshop, two well-structured 
RCTs were reported by oral presentation. In the fi rst presenta-
tion, Mr. Richard Edwards    and colleagues from Bristol in the 
United Kingdom reported a prospective trial of the use of ETV 
in the treatment of idiopathic NPH. This well-designed study, 
in which the analysts of the outcome measures were blinded to 
the treatment method of ETV or shunting with a programmable 
valve, was stopped early due to a lack of effi cacy of ETV. 
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While there were some early successes, all patients in the ETV 
group crossed over into the shunt group within the fi rst year. 
The discussion after the presentation emphasized the need to 
develop specifi c inclusion criteria if there are to be future stud-
ies on the use of ETV to treat idiopathic NPH. 

 A device-based effi cacy trial for the treatment of 
Alzheimer’s disease (AD) utilizing a specially designed 
shunt system to clear specifi c neurotoxins from patients was 
presented by Professor Silverberg from Brown University. 
The presentation was a post hoc analysis of the outcomes of 
the study, which is now closed due to the failure to show a 
benefi t from the shunt-clearance technique. Subsequent 
analysis showed that several problems with the study might 
have led to the negative outcome. Early AD patients received 
a positive benefi t from the shunting, but there were no 
improvements in patients with moderate and severe AD. The 
results suggest that if future studies are planned, only mild 
early AD patients should be studied. Furthermore, the shunt 
used in the study did not conform to the parameters chosen 
for rates of fl ow. Finally, the primary end points were insen-
sitive to the changes seen in the short period of the study. For 
large and expensive studies such as this one, it is essential to 
have clear expectations of the data related to the outcome 
measures that are to be used. 

 Finally, presentations on almost all of the other clinical 
studies concluded with the statement that an RCT is neces-
sary to assess these outcomes. There is a very small reservoir 
of energy and funding for a large number of RCTs in the 
context of hydrocephalus. It is unlikely that there will be 
RCTs to study most of the questions that need answering in 
this fi eld. Unless the leaders    in the fi eld commit to these 
studies in a cooperative way, we will not likely fi nd answers 
to these problems and progress in the near future.  

   Magnetic Resonance Imaging as a Powerful 
Tool for Investigating Basic Mechanisms 
of Hydrocephalus 

 In his invited presentation   , Dr. Norman Relkin from Cornell 
in New York discussed exciting developments related to the 
use of magnetic resonance imaging (MRI) as a research tool, 
not only in the diagnosis of hydrocephalus, but also in under-
standing the actual effects of the distortion caused by hydro-
cephalus and by the presumed changes in the chemical milieu 
of the brain in patients with hydrocephalus. 

 There were four other presentations on this exquisite 
potential tool for the study of what actually happens in 
hydrocephalus of various types. Professor Mitsuhito Mase 
and colleagues from Nagoya, Japan, presented their study on 
changes in fractional anisotropy (FA) in idiopathic NPH. 

After a tap test, there were signifi cant changes in FA in the 
idiopathic NPH patients. These results suggest that a packing 
effect may lead to decreased random water movement that 
can be reversed by draining CSF. 

 Subsequently Professor Sprung from Berlin, Germany, 
measured MR elastography and its importance in defi ning 
basic mechanisms in idiopathic NPH. This measurement 
relates to the viscoelastic properties of the living brain. He 
found changes in the viscoelastic properties of idiopathic 
NPH patients. While the changes did not relate to the sever-
ity of the disease, they did differ from age-matched controls 
and tended to improve after treatment with a shunt. 

 Dr. Niklas Lenfeldt    and colleagues from Umea in Sweden 
presented measured diffusion tensor imaging (DTI) in patients 
with idiopathic NPH before and after extended lumbar drain-
age. Again, in idiopathic NPH, FA was decreased, as shown 
by Prof. Mase. However, this fi nding was limited to specifi c 
white matter areas that may correspond to regions that relate 
specifi cally to clinically relevant fi ndings in such patients. 
These observations are clearly very important, but the mecha-
nisms involved and what actually happens related to the 
movement of water molecules still require explanation. 

 Finally, higher fi eld magnets are likely to lead to more 
elegant information related to the study of what is happening 
in the brain affected by hydrocephalus. Dr. Eftychia Kapsalaki 
and her colleagues at the University of Thessaly School of 
Medicine, in Larissa, Greece, used a 3-T magnet to study the 
complex geometry of the CSF circulation with great preci-
sion. The anatomy of the ventricle and subarachnoid space as 
well as the pulsatile action of the CSF can be defi ned pre-
cisely, giving insight into normal and abnormal fl ow dynam-
ics, points of obstruction, and water distribution. 

 These new techniques involving MRI are extremely excit-
ing in terms of defi ning what actually occurs in brains 
affected by hydrocephalus, with resolution approaching the 
cellular level. The discussions, however, pointed out a great 
challenge. Very few physicists or neuroradiologists partici-
pated in the Workshop. The language used in these studies is 
not comfortable for clinicians and neurobiologists who are 
not involved in MRI programming. Understanding the tech-
niques, their potentials, and their limitations requires hours 
of study, if indeed a dictionary of the terminology and dis-
cussion of the techniques used can be found. There are a lim-
ited number of scientists in this rapidly progressing fi eld and 
fewer still who have collaborators who understand the issues 
that require these tools for study. Perhaps the most compel-
ling achievement of the Workshop relates to creating an 
active dialogue among these individuals and scientists in 
other areas studying hydrocephalus. We strongly suggest 
that the small number of these physicist/neuroradiology 
leaders be identifi ed and recruited to participate actively with 
established investigators so that these tools can be made 
available and appropriate studies can be designed to test the 
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strength of the techniques and to develop testable hypotheses 
that can use these techniques.  

   Basic Science: The Aquaporin Story 

 The role of aquaporins (AQPs) in fl uid management has been 
recently defi ned in a number of articles (both the physical 
confi guration of AQPs and their biochemical and physiologi-
cal characteristics)  [  4  ] . At this meeting, there was a series of 
papers describing the role of the AQP water channels in 
water transport at the brain-barrier systems. 

 The fi rst two papers presented by Dr. M. Kalani and col-
leagues provided excellent reviews of the literature and dem-
onstrated the importance of AQP-1 and AQP-4 on water 
transport at the blood–brain and blood–CSF (choroid plexus) 
barriers, with emphasis on their potential role in ameliorat-
ing the effects associated with hydrocephalus. AQP-1, which 
is associated with water transport at the choroid plexus under 
normal physiological conditions, is down-regulated in hydro-
cephalus and up-regulated in cases of human choroid plexus 
tumors. These observations suggest a compensatory role for 
AQP-1 in hydrocephalus and the basis for excess CSF pro-
duction in choroid plexus papillomas. The second paper from 
this group reviewed the literature concerned with AQP-4 and 
its role in hydrocephalus. Based on their review, AQP-4 
expression is up-regulated at the blood–brain and blood–CSF 
barriers. They concluded that AQP-4 has an adaptive and 
protective role in hydrocephalus. 

 Skjolding and colleagues studied the changes in AQP-4 
expression on induced hydrocephalus in rats. Under normal 
conditions, AQP-4 is expressed in astrocytes and ependymal 
cells. In hydrocephalic animals, the periventricular AQP-4 is 
initially reduced and then elevated. This increase could rep-
resent a compensatory response. The differential roles of 
AQP-4 in hydrocephalus suggested to these authors that this 
protein may be a possible target for pharmacological agents. 

 Dr. Pouya Ameli and colleagues from Orlando, Florida, 
studied the effect of acetazolamide (AZA) on AQP-1 located 
in the apical membrane of the choroid plexus. They noted 
that AZA decreases CSF production, which could be due to 
an effect on AQP-1 expression in choroid plexus tissue. 
A monolayer of choroidal cells was produced for this study, 
and tissue viability and extent and direction of fl uid fl ow 
across the monolayer were documented. Treatment of the 
monolayer with 10  m m of AZA resulted in a reduction of the 
AQP-1 protein, which returned to baseline in 12 h. These 
results indicate the possible clinical utility of modulating 
AQP-1 protein expression in the choroid plexus by pharma-
cological agents in the treatment of hydrocephalus. 

 The general conclusion from all of these interesting pre-
sentations is that an understanding of CSF movement across 

the brain-barrier systems due to AQP-1 and AQP-4 may be 
important to our understanding of the pathophysiology of 
hydrocephalus and possible treatments by modulating the 
expression of these proteins.  

   Clinical Studies 

 One of the important subjects evaluated at this Workshop 
related to neuroendoscopy, particularly ETV. As mentioned 
earlier, an RCT is underway under Professor Constantini’s 
direction related to the effi cacy of ETV compared to ven-
tricular shunting in children. When completed, this RCT will 
add immeasurably to our understanding of the role of neu-
roendoscopy. In general, the work related to endoscopic 
management of hydrocephalus has been under the purview 
of the pediatric neurosurgeon. At this Workshop the empha-
sis was on the use of ETV to treat NPH. As discussed, in a 
well-controlled study, Edwards and his colleagues were 
unable to demonstrate prolonged improvement in patients 
with idiopathic NPH. Their intention-to-treat study selected 
patients based on the generally accepted criteria for idio-
pathic NPH and excluded patients with aqueductal stenosis 
and with clear-cut secondary NPH. 

 Dr. Nikolaos Paidakakos and his colleagues from Turin, 
Italy, performed both intraventricular and lumbar infusion 
tests and shunted patients, with no difference in the measure-
ment of resistance to CSF outfl ow from the ventricle and 
lumbar theca. Their study was neither randomized nor 
blinded, but their results did show a signifi cant improvement 
in the patient group undergoing ETV selected on the basis of 
a high ventricular resistance to CSF outfl ow but a normal 
lumbar resistance to outfl ow. The complication rate of ETV 
in these patients was signifi cantly lower than that of the 
shunted group. They had a large number of exclusion crite-
ria, but their most important inclusion criterion was a hyper-
dynamic pulse fl ow through the aqueduct as measured on a 
3-T MRI. Improvement in urinary continence and gait was 
substantial, but any improvement in cognitive diffi culties 
was less convincing. 

 A few pieces of information can be gleaned from these 
three presentations. If all patients with presumed NPH are 
treated with ETV, the results will be disappointing. The 
results of the second and third presentation support the prob-
ability that there is a subset of idiopathic NPH patients with 
a defi nable obstructive component to their hydrocephalus 
that may be treated effectively with ETV. The Paidakakos 
study shows that if high-grade stenosis is present at the 
aqueduct of Sylvius and differences between the outfl ow 
resistances measured above and below the aqueduct are 
shown, the patients can benefi t from ETV. In a study by 
Dr. Kostas Fountas and colleagues, the authors laid emphasis 
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on the rate of pulsatile fl ow through the aqueduct of Sylvius. 
This particular measurement remains controversial. The 
cause of this hyperdynamic fl ow is also somewhat contro-
versial. Further studies are needed to defi ne the role of ETV 
in idiopathic NPH and to understand why it works, if, indeed, 
it does. 

 In a study of autopsy material from patients who improved 
after shunting and who died from unrelated causes, Di Rocco 
and colleagues found a dense thickening of the arachnoid 
around the base of the brain and encompassing the cerebellar 
tonsils  [  3  ] . Before MRI was available, radionucleotide cis-
ternography was considered an effective tool in selecting 
patients for shunting. In this test if the protein-bound tracer 
entered the ventricles quickly but fl ow became restricted 
over the convexities and required several days to clear, the 
patient would be very likely to improve with a shunt  [  5,   11, 
  13  ] . Together, these two observations suggest that there is a 
resistance element between the spinal and cortical subarach-
noid space. In such a case the blockage would be proximal to 
the interpeduncular cistern, making this study potentially 
useful in choosing patients with idiopathic NPH who could 
be offered ETV. 

 Clinical studies for idiopathic NPH were also discussed. 
There has been tremendous effort since the Kos meeting, and 
the fi rst guidelines for the diagnosis and management of 
idiopathic NPH were introduced at the Workshop. Multiple 
lines of evidence presented by Dr. Graff-Radford indicated 
that hypertension and cerebrovascular disease are associated 
with NPH. Furthermore, coexisting comorbidities such as 
Alzheimer’s, Binswanger’s, or Parkinson’s disease have been 
identifi ed as independent covariables associated with idio-
pathic NPH. These fi ndings led to the classifi cation, imag-
ing, and supplementary tests recommended in the guidelines 
for patients suspected of having idiopathic NPH. As described 
by Dr. Michael Williams, in clinical studies of hydrocepha-
lus ethical considerations have to be addressed, and treat-
ment has to be offered to patients who fulfi ll the diagnostic 
criteria. All of these efforts will help increase the success 
rate of treatment in using the right shunt option. 

 Carsten Wikkelsø and colleagues presented preliminary 
data from an ongoing two-center (Oslo and Gothenburg), 
prospective, double-blind, randomized study of patients 
with idiopathic NPH comparing “fi xed” and adjustable 
shunts. The purpose of this trial was to answer the question 
of what we would like adjustable valves to do. They con-
cluded that treatment of the idiopathic NPH patients at the 
optimal pressure setting via an adjustable valve offered the 
best possible effect of shunting. This strategy also reduced 
the frequency of complications that often occur in patients 
treated with fi xed shunts and enabled the noninvasive treat-
ment of those complications. When revision was the con-
cern, adjustable valves were associated with a lower risk for 
shunt revision.  

   Late Outcomes for Patients Treated 
in Infancy 

 The issue of what happens to patients with hydrocephalus 
who are treated in infancy is troubling. Many, if not most, of 
these patients will need to change their care center when they 
become too old to receive care in their original children’s 
hospital. Three very important presentations at this Workshop 
dealt with this issue. 

 Persson and colleagues from Gothenburg, Sweden, pre-
sented the late follow-up of patients treated between 1967 and 
1978 and followed until now. All patients in the study were 
seen and underwent thorough assessments in the 1980s. To be 
included in the study, the patient had to have an IQ >73 mea-
sured at the time of entry. Of the 43 patients, 28 agreed to be 
part of this long-term outcome study. All had experienced shunt 
complications that required surgical intervention, and 41% also 
had cerebral palsy. Almost two-thirds of the patients had fi n-
ished secondary school and were working and living with a 
partner. The authors concluded that normally bright children 
who are shunted for hydrocephalus can grow up in Sweden to 
be productive citizens with relatively normal lives. The authors 
are planning to repeat these studies in more severely involved 
individuals, particularly those with spina bifi da. 

 Schuhmann and colleagues from Tubingen, Germany, 
sounded a somewhat cautious note regarding the long-term 
follow-up of shunted individuals. They identifi ed 15 children 
with long-term shunts and no evidence of overtly increased 
intracranial pressure or outward signs of shunt failure. The 
patients had enlarged ventricles and developmental delays. 
Investigation of intracranial pressure and CSF dynamics 
revealed signifi cantly abnormal parameters in 10 of the 15 
children. These ten children, who were offered and accepted 
treatment either with a shunt or ETV, showed cognitive 
improvement after treatment despite having been considered 
asymptomatic. 

 Juhler and colleagues in Copenhagen, Denmark, studied a 
group of patients who had undergone one or several shunt 
surgeries for presumed shunt malfunction where the symp-
toms related specifi cally to headache. At surgery it could not 
be determined with certainty that the shunts had actually 
failed. Based on the International Classifi cation of Headache 
Disorders-11 criteria, medication overuse headaches were 
diagnosed. The patients were referred to specialized head-
ache management clinics where the fi rst step is withdrawal 
of all pain medications. This procedure markedly improved 
their quality of life, signifi cantly decreased the severity and 
duration of their headaches, and markedly decreased their 
need for surgical intervention and utilization of medical 
resources. Medication overuse headaches are common in the 
young adult population of shunted individuals, and analge-
sics, especially narcotic analgesics, should be avoided at all 
costs in these individuals.  
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   Defi nition and Classifi cation 
of Hydrocephalus 

 At the fi rst meeting    of the International Society for Hydro-
cephalus and Cerebrospinal Fluid Disorders (ISHCSF) in 
Hannover, Germany, the president of this international work-
shop, Dr. Harold Rekate, presented a proposal to develop a 
consensus statement on a contemporary defi nition and clas-
sifi cation of hydrocephalus. In preparation for that meeting, 
he published his concepts in  Cerebrospinal Fluid Research 
(CSFR) , the online open-access journal devoted to research 
in hydrocephalus  [  12  ] . This proposal, by defi nition, was 
designed to serve as a “straw man” that would lead to a broad 
consensus on this important subject. 

 In the intervening 2 years, researchers and clinicians have 
met in Los Angeles at the International Society of Pediatric 
Neurosurgery meeting and in Phoenix, Arizona. As a result 
of these meetings, a consensus on the defi nition and classifi -
cation of hydrocephalus has been reached. It was impossible 
to obtain a consensus on a single defi nition of hydrocepha-
lus. Therefore, as in most dictionaries, more than one defi ni-
tion was needed. The two defi nitions are as follows:
   1.    Hydrocephalus is a condition characterized by a dynamic 

imbalance between the formation (production)  and 
absorption  of spinal fl uid resulting in an increase in the 
size of the fl uid cavities (ventricles) within the brain. 
Note: This defi nition would serve for general use of all 
readers.  

   2.    Hydrocephalus is a condition characterized by a dynamic 
imbalance between the formation (production)  and 
absorption  of spinal fl uid that results in an increase in the 

size of the fl uid cavities within the brain and, in some 
 situations, in an expansion of the spaces outside the brain, 
with or without an increase in the size of the ventricles. 
Note: This defi nition is most heuristic for those treating or 
studying this condition.     

 The currently accepted classifi cation of hydrocephalus was 
initially proposed by Dandy 97 years ago and has not been 
modifi ed since then  [  2  ] . The classifi cation originally pre-
sented in the  CSFR  was accepted by consensus with the fol-
lowing exception. Multiple sites of absorption of CSF after it 
fl ows into the cortical subarachnoid spaces were identifi ed 
and would require individual study, including the lymphatic 
system, nerve root sleeves, paranasal sinuses, and the brain 
itself. 

 The consensus is described briefl y in Fig.  1 . Dr. Michael 
Pollay’s invited presentation thoroughly evaluated the evi-
dence for pathways other than the dural venous sinuses, and 
these proven and potential sites are included in the fi gure. 
The utility of this classifi cation system to drive clinical deci-
sion-making, as well as its use to plan and analyze basic sci-
ence studies on animal models, was discussed thoroughly.   

   Conclusion 

 Professor Marmarou’s instructions to “continue” led to this 
very successful meeting. Much was accomplished and much 
is left to be done. Areas of both basic science and clinical 
research have been defi ned, and work in these areas continues. 

  Fig   . 1    The cerebrospinal fl uid 
(CSF) system as a circuit 
diagram of fl ow from point 
of production in the cerebral 
ventricles to its point of 
absorption into the systemic 
circulation. Potential sites of 
that absorption are noted in 
the diagram. (Used with 
permission from Barrow 
Neurological Institute)       
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Plans are well underway for the next hydrocephalus meeting 
under the auspices of the International Society for 
Hydrocephalus and Cerebrospinal Fluid Disorders (ISHCSF) 
to be held in Copenhagen from September 4–7th of this year. 
Thank you, Tony. 

 The following members of the Hydrocephalus Classifi c-
ation Study Group worked diligently to come up with this 
consensus statement:  

 Harold L. Rekate, M.D. 
(Chairman) 

 Phoenix, AZ, USA 

 Petra Klinge, M.D.  Providence, RI, USA 

 J. Patrick (Pat) McAllister, Ph.D.  Salt Lake City, UT, USA 

 Concezio Di Rocco, M.D.  Rome, Italy 

 Charles Teo, M.D.  Sydney, Australia 

 Shizuo Oi, M.D., Ph.D.  Juntendo University, Japan 

 Osamu Sato, M.D.  Tokyo, Japan 

 Marion (Jack) Walker, M.D.  Salt Lake City, Utah, USA 

 Michael Pollay, M.D.  Phoenix, AZ ,USA 

 Spyros Sgouros, M.D.  Athens, Greece 

 Conrad Johansson, Ph.D.  Providence, RI, USA 

 Martina Messing-Jünger, M.D.  Dusseldorf, Germany 

 John Picard, M.D.  Cambridge, UK 

 Gordon McComb, M.D.  Los Angeles, CA, USA 
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  Abstract      The mathematical model of cerebrospinal fl uid 
(CSF) pressure volume compensation, introduced by Anthony 
Marmarou in 1973 and modifi ed in later studies, provides a 
theoretical basis for differential diagnosis in hydrocephalus. 
The Servo-Controlled Constant Pressure    Test (Umea, Sweden) 
and Computerised Infusion Test (Cambridge, UK) are based 
on this model and are designed to compensate for inadequate 
accuracy of estimation of both the resistance to CSF outfl ow 
and elasticity of CSF pressure volume compensation. 

 Dr. Marmarou’s further works introduced the pressure volume 
index (PVI), a parameter used to describe CSF compensation in 
hydrocephalic children and adults. A similar technique has been 
also utilized in traumatic brain injury (TBI). 

 The presence of a vascular component of intracranial 
pressure (ICP) was a concept proposed in the 1980s. 
Marmarou demonstrated that only around 30% of cases of 
elevated ICP in patients with TBI could be explained by 
changes in CSF circulation. The remaining 70% of cases 
should be attributable to vascular components, which have 
been proposed as equivalent to raised brain venous pressure. 

 Professor Marmarou’s work has had a direct impact in the 
fi eld of contemporary clinical neurosciences, and many of 
his ideas are still being investigated actively today.  

  Keywords   Cerebrospinal fl uid  •  Intracranial pressure  • 
 Hydrocephalus  •  Mathematical modeling    

   Introduction 

 Models of cerebrospinal fl uid (CSF) circulation usually differ 
from models simulating brain tissue displacement. Anatomical 
structure and distribution of stress-strain in the tissue are not of 
interest here compared with the hydrodynamics of CSF fl ow. 
Dynamics of intracranial pressure (ICP) may be monitored inva-
sively in clinical practice with a pressure transducer, and dynam-
ics of CSF fl ow can be measured noninvasively with phase-coded 
magnetic resonance imaging (MRI). Therefore, models of CSF 
dynamics have an established clinical application in diagnosis 
and management of several diseases such as hydrocephalus, 
idiopathic intracranial hypertension, and syringomyelia. 

 Many theoretical/modeling studies on CSF dynamics were 
published before the 1970s  [  3,   6,   8,   10  ] . However, Professor 
Anthony Marmarou was one of the fi rst  [  11,   13  ]  who inte-
grated all components – CSF production, circulation, absorp-
tion, and storage – in one elegant theoretical structure 
expressed as an electrical circuit (see Fig.  1 ). He analyzed 
theoretically three basic maneuvers: bolus CSF withdrawal, 
addition, and constant rate infusion. This model has withstood 
the test of time and, with only a very few ‘cosmetic’ modifi ca-
tions, it is still used today. Consequently, hydrocephalus and 
other disorders of CSF circulation are now characterized 
using parameters from this model such as resistance to CSF 
outfl ow, elasticity, and pressure volume index (PVI). These 
parameters were introduced into clinical practice by Marmarou 
et al. in 1975  [  12  ] . He also proposed a mathematical explana-
tion of the linear relationship between pulse amplitude and 
mean ICP  [  12  ] , which was later elaborated by Avezaat and 
Eijndhoven  [  2  ] . In 1987   , he described the “vascular compo-
nent” of ICP  [  14  ] . In patients with traumatic brain injury 
(TBI), only 30% of cases of elevated ICP can be explained by 
changes in CSF circulation. Therefore, Marmarou concluded 
that the remaining 70% of cases of elevated ICP are derived 
from changes in the intracranial vascular component.  

 All three of these milestone achievements in the area of 
CSF dynamics are used today. The mathematical model of 
CSF dynamics will be presented briefl y in the next section 
followed by a synopsis of the legacy of Marmarou’s works in 
contemporary clinical neuroscience.  
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   Marmarou’s Model of CSF Dynamics 

 The mathematical model of CSF pressure volume compen-
sation, introduced by Marmarou  [  11,   13  ]  and modifi ed in 
later studies  [  2,   16  ] , provides a theoretical basis for differen-
tial diagnosis in hydrocephalus. 

 Under normal conditions, without long-term fl uctuations 
of the cerebral blood volume, production of CSF is balanced 
by its storage and reabsorption in the sagittal sinus:

        (1)  

  Production of CSF is assumed to be constant, although it 
may not always be the case. Reabsorption is proportional to 
the gradient between CSF pressure ( p ) and pressure in the 
sagittal sinuses ( p  

ss
 ):

        (2)  

   p  
ss
  is considered to be a constant parameter determined by 

central venous pressure. However, it is not certain whether 
an interaction between changes in CSF pressure and  p  

ss
  exists 

in all circumstances: in patients with benign intracranial 

hypertension  p  
ss
  is frequently elevated due to fi xed or  variable 

stenosis of transverse sinuses, and a similar situation can be 
seen in venous sinus thrombosis. 

 The coeffi cient  R  (symbol  R  
CSF

  is also used) refers to the 
resistance to CSF reabsorption or outfl ow (units: mmHg/
(mL/min)). 

 Storage of CSF is proportional to the cerebrospinal com-
pliance C (units: mL/mmHg) and the rate of change of CSF 
pressure d p /d t :

        (3)  

  The compliance of the cerebrospinal space is inversely 
proportional to the gradient of CSF pressure  p  and the refer-
ence pressure  p  

0
  ( 4 ):

        (4)  

  Some authors suggest that relationship ( 4 ) is valid only 
above a certain pressure level called the “optimal pressure” 
 [  16  ] . The coeffi cient E is termed the cerebral elasticity (or 
elastance coeffi cient) (unit: mL −1 ). Elevated elasticity 
(> 0.18 mL −1 ) signifi es a poor pressure volume compensatory 
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reserve  [  2  ] . This coeffi cient has recently been confi rmed to be 
useful in predicting a patient’s response to third  ventriculostomy 
 [  17  ] . Relationship ( 4 ) expresses the most important law of the 
cerebrospinal dynamic compensation: When the CSF pres-
sure increases, the compliance of the brain decreases. 

 A combination of ( 1 ) with ( 2 ) and ( 4 ) gives a fi nal equa-
tion ( 5 ):

        (5)  

where  I ( t ) is the rate of external volume addition and  p  
b
  is a 

baseline CSF pressure. 
 The model described by this equation may be presented in 

the form of its electric circuit equivalent  [  11  ]  (Fig.  1 ). 

 Equation ( 5 ) can be solved for various types of external 
 volume additions  I ( t ). The most common in clinical practice is
   (a) A constant infusion of CSF ( I ( t ) = 0 for  t  < 0 and  I ( t ) =  I  

inf
  for 

 t  > 0) – see Fig.  2 :

         (6)  

  The analytical curve ( 6 ) can be matched to the real record-
ing of the pressure during the test, which results in an estima-
tion of the unknown parameters:  R ,  E , and  p  

0
  (see Fig.  2a ).  

  (b) A bolus injection of CSF (volume  D  V ):
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  Fig. 2    Methods of identification of the model of cerebrospinal 
fluid (CSF) circulation during constant rate infusion study. ( a ) 
Recording of CSF pressure ( ICP ) versus time increasing during 
infusion with interpolated modeling curve (7) Infusion of constant 
rate of 1.5 mL/min starts from vertical line. ( b ) Recording of pulse 
amplitude ( AMP ) during infusion. Rise in AMP is usually well 
correlated with rise in ICP. ( c ) Pressure volume curve. On the 

 x -axis, effective volume increase is plotted (i.e., infusion and pro-
duction minus reabsorption of CSF). On  y -axis, the increase in 
pressure is measured as a gradient of current pressure minus refer-
ence pressure  p  

0
 , relative to baseline pressure  p  

b
 . ( d ) Linear rela-

tionship between pulse amplitude and mean ICP. Intercept of the 
line with  x -axis (ICP) theoretically indicates the reference pres-
sure  p  

0
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       (7)  

     The bolus injection can be used for calculation of the PVI, 
defi ned as the volume added externally to produce a tenfold 
increase in the pressure  [  12  ] :

        (8a,b)  

   p  
p
  in the formula (8a) is peak pressure recorded just after 

addition of the volume Δ V . The PVI is theoretically pro-
portional to the inverse of the brain elastance coeffi cient 

 E . The pressure volume compensatory reserve is insuffi -
cient when PVI <13 mL, and a PVI value above 26 mL 
signifi es an “over-compliant” brain. These norms are valid 
for the PVI calculated as an inverse of  E  (according to 8b) 
using slow infusion. If the bolus test is used, norms for 
PVI are higher (the threshold equivalent to 13 mL is around 
25 mL  [  15  ] ).    

 The formula ( 7 ) for time  t  = 0 describes the shape of the 
relationship between the effective volume increase  D  V  and 
the CSF pressure, called the pressure volume curve 
(Fig.  2c ):

        (9)  

  Finally, Eq. ( 7 ) can be helpful in the theoretical evaluation of 
the relationship between the pulse wave amplitude of ICP 
and the mean CSF pressure. If we presume that the rise in 
blood volume after a heart contraction is equivalent to a rapid 
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fl ow is high. Good response of shunt surgery was expected. ( c ) Cerebral 
brain atrophy: the base line pressure is low, but the resistance to CSF 
outfl ow is low. No vasogenic waves were recorded, and pulse amplitude 
does not respond. ( d ) Normal: the base line pressure, the resistance to 
CSF outfl ow, and other parameters are normal, and thus the result dem-
onstrates normal CSF circulation       
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bolus addition of CSF fl uid at the baseline pressure  p  
b
 , the 

pulse amplitude (AMP) can be expressed as:

        (10)  

  In almost all cases, when CSF pressure is being 
increased by the addition of an external volume, the pulse 
amplitude rises  [  2,   12  ]  – see Fig.  2b, d . The gradient of the 
regression line between AMP and  p  is proportional to the 
elasticity. The intercept, theoretically, marks the reference 
pressure  p  

0
 .  

   Synopsis of Clinical Applications 
of the Model 

    The Servo-Controlled Constant Pressure Infusion Test  [  • 7  ]  
is used for assessment of CSF disorders. Its aim is to eval-
uate the resistance to CSF outfl ow in a repetitive and reli-
able way.  

  Full identifi cation of the model, including elasticity, can • 
be made using a computerized constant rate infusion test 
 [  4  ]  supported by the dedicated software ICM+ (  http://
www.neurosurg.cam.ac.uk/icmplus/     ).  

  Use of the constant rate infusion test in many centers • 
contributed to a defi nition of profi les of ICP and its 
pulse amplitude in different possible clinical scenarios, 
including normal pressure hydrocephalus, brain atrophy, 
acute hydrocephalus, and in nondisturbed CSF circula-
tion (see Fig.  3 ).   
  Analysis of the constant rate infusion test in shunted • 
patients can be helpful in shunt assessment in vivo. The 
electrical circuit model proposed by Professor Marmarou, 
supplemented by a branch-defi ning nonlinear pressure 
fl ow performance curve, is presented in Fig.  1 . Direct 
knowledge of the curve, as assessed in shunt evaluation 
laboratories  [  1,   5  ]  allows in vivo identifi cation of the 
model and sensitive prediction whether the shunt is work-
ing properly, underdraining, or overdraining.  
  The proportional increase of the pulse waveform of • 
ICP with mean ICP, has been explained by Marmarou 
 [  12  ]  as a consequence of the exponential pressure vol-
ume curve. Although further works demonstrated that 
in a system with a good pressure volume compensa-
tory reserve, the pressure volume curve is linear  [  2, 
  16  ] , at higher pressures, the curve becomes exponen-
tial  [  2  ]  This led to analysis of a moving correlation 
coefficient (20-s to 2-min period) between mean ICP 
and AMP. The resulting RAP coefficient indicates the 
state of compensatory reserve. RAP = 0 suggests good 
compensatory reserve; RAP = 1, poor compensatory 
reserve  [  9  ] .  

  The idea of a vasogenic component of ICP led to modifi -• 
cation of Davson’s equation: ICP =  R  

CSF
  * CSF 

formation
  +  p  

ss
 + 

‘Arterial vasogenic component’ 
 The “arterial vasogenic component” is a component of • 
ICP which is derived by detection of pulsatile blood fl ow 
in nonlinear components of cerebrospinal space (intracra-
nial and arterial bed compliance, resistance of collapsible 
bridging veins, and autoregulation-controlled main cere-
brovascular resistance).     

   Conclusion 

 When Professor Marmarou was terminally ill and was asked 
by his coworkers what they should do in future years, he sim-
ply said “Continue” (Dr. G. Aygok, personal communica-
tion). There are certainly a lot of directions to continue in 
and many questions initiated by Anthony Marmarou in the 
fi eld of clinical neurosciences that remain unanswered.      
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      Ethical Considerations in Hydrocephalus Research 
That Involves Children and Adults       

         Michael   A.   Williams          

  Abstract      Those who conduct clinical research in hydro-
cephalus face ethical challenges. Research subjects include 
infants, children, unborn fetuses, and adults with diminished 
decision-making capacity. The aim of clinical research is to 
acquire knowledge that will improve the health of future 
patients, and one of the goals of research ethics is to prevent 
the exploitation of research subjects. 

 The history of hydrocephalus treatment is marked by 
innovation. Surgical innovation should be followed by surgi-
cal research so that the innovation is proven to be better than 
existing treatments before it becomes accepted practice. 

 Because the long-term effects of genetic, pharmacologic, 
and stem cell therapies on the developing brain are unknown, 
researchers have an obligation to conduct short- and long-
term research on children. Children should be asked for their 
assent or dissent. Assent is a child’s affi rmative agreement to 
participate in research. Absence of the child’s objection is 
not suffi cient; the child must say yes to participation in the 
research. A child’s refusal to participate in research should 
be respected. 

 In disorders with dementia, such as normal pressure 
hydrocephalus, decision-making capacity of the research 
subject should be assessed. If the subject lacks decision-
making capacity, a surrogate or guardian must provide con-
sent. Assent to participate in research should also be obtained 
from adults with cognitive impairment.  

  Keywords   Research ethics  •  Human experimentation  • 
 Human research subject protection  •  Research subjects  • 
 Hydrocephalus  •  Clinical trials, randomized    

   Introduction 

 The mission statement of the International Society for 
Hydrocephalus and Cerebrospinal Fluid Disorders (  www.
ishcsf.com    ) states that one of the Society’s aims is “to sup-
port guidelines, standardized methods, and  ethically con-
ducted clinical and basic research  in the hydrocephalus, 
CSF disorders, and related fi elds” [emphasis added]. 
Surprisingly, the topic of research ethics in the fi eld of hydro-
cephalus has received little attention, especially considering 
that active clinical research in hydrocephalus has been con-
ducted for over 50 years in infants, children, adolescents, 
adults, and the elderly. A PubMed search on May 15, 2010, 
of the terms  hydrocephalus  AND  research ethics  produced 
only six articles, none of which specifi cally addressed 
research ethics [Donnenfeld et al. Prenat Diagn 9:301–308, 
1989; Guiney Eur J Pediatr Surg 4(Suppl 1):5–9, 1994; 
Rushton Am J Nurs 104:54–63, 2004; Stivaros et al. 
Radiology 252:825–832, 2009; Zahuranec Neurology 
68:1651–1657, 2007; Zambelli et al. Childs Nerv Syst 
23:123–126, 2007]. In addition, to the best of the author’s 
knowledge and recollection, the topic of research ethics has 
never formally been discussed at any of the international 
hydrocephalus workshops or conferences held in the last 
decade. Considering that more clinical research in hydro-
cephalus is either underway or planned than at any other time 
in recent memory, it is imperative that we refl ect on the 
important ethical considerations in clinical research.  

   The Challenge 

 Clinical research in the area of hydrocephalus faces many 
ethical challenges. We come from a tradition of surgical 
innovation in hydrocephalus, but we have not conducted as 
much research on novel surgical methods as we should have. 
Our research subjects include infants, children, unborn 
fetuses, and adults with cognitive impairment and dimin-
ished decision-making capacity. On the horizon is research 
involving implanted stem cells that have an as-yet-unknown 
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infl uence on the brain. If stem cell research is to be conducted 
in infants or children, not only could the potential benefi t be 
long lasting — but so could any potential adverse effects. 
Biologics, pharmaceuticals, and stem cell treatments go 
beyond our usual research experience with surgical treatment 
and diagnostic modalities. Thus, we have new ethical consid-
erations to contemplate.  

   Distinctions Between the Ethics of Clinical 
Care and Clinical Research 

 The aim of clinical care is to maximize the health and well-
being of individual patients. Familiar ethical principles guide 
us:  benefi cence  — maximizing benefi t;  nonmalefi cence  — 
minimizing harm;  respect for autonomy  — allowing patients, 
 parents, or surrogates to accept or reject treatment recommen-
dations (informed consent); and  justice  — fair distribution of 
resources  [  3  ] . In clinical care, our only duty is to the patient 
we are treating. Generally, treatment choices follow best prac-
tices, as supported by research, practice guidelines such as the 
2005 idiopathic normal pressure hydrocephalus guidelines 
 [  17  ] , or precedence (“accepted wisdom”). 

 The aim of clinical research is to acquire clinically rele-
vant knowledge that will improve the health of  future  patients. 
The benefi ciary of research is society — not necessarily the 
human subjects who participate in the research. To phrase it 
candidly, research subjects are a means to the ends of clinical 
research. Researchers use research subjects to test hypothe-
ses. One of the primary goals of research ethics, therefore, is 
to prevent the exploitation of research subjects, a problem 
that has regrettably occurred in many instances in many 
countries over many years  [  9,   10  ] . 

 Some forms of ethically conducted research, such as 
phase I pharmaceutical studies, offer no benefi t to research 
subjects but can expose them to harm. This kind of research 
is permissible as long as efforts to prevent harm are in place 
and subjects are informed of the risks. Despite these precau-
tions, subjects are sometimes harmed. For example, in a 
2006 phase I trial of the anti-CD28 monoclonal antibody 
TGN1412, six healthy volunteers became critically ill due to 
a rapid and unexpected “cytokine storm  [  22  ] .” Fortunately, 
all survived. 

 A critical distinction exists between the ethics of clinical 
care and the ethics of clinical research. In clinical care, it is 
 ethically impermissible  to offer an intervention that has only 
risks and no expected benefi t. In clinical research, it is  ethi-
cally permissible  to conduct research with a drug, biologic, 
or procedure that has only risks and no expected benefi t, or 
that has risks and an unknown or unproven benefi t, as long as 
safeguards are in place. Indeed, research could not occur if 

investigations were limited to only those treatments or inter-
ventions that have known benefi t. The purpose of the research 
is to test the hypothesis that a new treatment has benefi t. 

 The framework for research ethics is suffi ciently different 
from the framework for clinical ethics that it bears explica-
tion. Emanuel and colleagues, in their 2000  JAMA  article, 
provide a systematic and coherent framework with seven 
requirements for determining whether clinical research is 
ethical. Although most researchers are familiar with two 
of the requirements — independent review and informed 
 consent — a research protocol should also have social or sci-
entifi c value, scientifi c validity, fair subject selection, a favor-
able risk–benefi t ratio, and respect for potential and enrolled 
subjects  [  10  ] .  

   Innovation 

 When faced with unusual circumstances that carry risk of 
harm or death to the patient for which no intervention has 
been established, surgeons may attempt innovative approaches 
based on the principles of benefi cence and informed consent, 
as applied to the clinical care of a specifi c patient. If the need 
for surgical innovation is encountered in mid-procedure, ide-
ally, the family’s consent should be sought; however, consent 
may be waived if the delay necessitated to obtain it would 
result in harm to the patient (principle of presumed consent 
for emergency treatment). Generally, innovation is needed in 
high-risk/high-reward scenarios. Innovation is not limited to 
surgical procedures. Intensivists and medical specialists can, 
and often do, innovate with off-label usage of medications, 
which is permissible under US law as long as the physician 
believes that the off-label use of the medication will benefi t 
the patient. 

 The history of hydrocephalus treatment is marked by 
innovation. John Holter’s invention of the fi rst practical 
shunt inserted by neurosurgeon Eugene Spitz is a well-
known example, as is Solomon Hakim’s insertion of a shunt 
in the fi rst few cases of normal pressure hydrocephalus 
(NPH)  [  2,   4  ] . The shunt for hydrocephalus    in infants and 
children was so obviously life-saving that research to test its 
effi cacy was not necessary. The same was thought to be true 
of shunt surgery for NPH; however, its use became so wide-
spread that it was often performed on patients who, in retro-
spect, did not have NPH. The complication rate rose so high 
that the very existence of NPH and its responsiveness to 
shunting was questioned. The emergence of endoscopic 
third ventriculostomy (ETV) in the 1990s was also a result 
of innovation, but until recently, ETV was not compared 
head-to-head with shunt surgery. The question we must 
answer today is, when should surgical innovation be 
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followed by surgical research so that the innovation is 
proven to be better than existing treatments before it becomes 
accepted practice? 

 The ethical rationale for requiring research on surgical 
innovations begins with the fact that medicine, as a profes-
sion, has an obligation to society to offer treatments that 
are proven to be safe and effective. To allow treatments to 
become the standard of care without randomized con-
trolled trials (RCTs) is to risk promoting unsafe and inef-
fective treatments. Thus, we have a strong obligation to 
use RCTs or similarly valid research designs for new sur-
gical interventions. 

 Research on new or innovative surgical procedures dif-
fers signifi cantly from research on new drugs and biologics. 
Although no surgical equivalent of phase I trials exists for 
humans, new techniques can be evaluated in animal models. 
RCTs in surgery are rarely conducted because of the atten-
dant challenges, including greater complexity than medical 
research protocols; variation in surgeon expertise and expe-
rience; necessity to involve the entire surgical team; diffi -
culty in defi ning signifi cant and meaningful outcomes; 
diffi culty in ensuring that procedures are performed the same 
way for every subject; effective blinding of surgeons and 
subjects to prevent bias in outcome assessment; ensuring 
randomization to prevent allocation bias; and choosing the 
best comparator — e.g., placebo versus another procedure 
versus medical intervention  [  6,   11  ] . 

 Most neurosurgical RCTs have involved implantation of 
complex devices, stem cells, or medication-releasing sys-
tems, such as in studies of deep-brain stimulation in parkin-
sonism, carmustine-impregnated polymer for glioblastoma 
multiforme  [  5  ] , shunting in Alzheimer’s disease  [  20  ] , and 
comparison of shunting versus ETV for infants under 
24 months with hydrocephalus  [  13  ] . 

 Recent articles by Farrokhyar et al., Cook, and those in the 
 Oxford Textbook of Clinical Research Ethics  present excel-
lent reviews on the challenges of surgical research  [  6,   9,   11  ] .  

   Research Involving Children and Cognitively 
Impaired Adults 

 Because hydrocephalus affects children, and because the 
physiology of children is not the same as that of adults, it is 
both scientifi cally and ethically imperative that new inter-
ventions be investigated and validated in children. Aside 
from the use of innovation in dire circumstances, an argu-
ment can be made that it is unethical to use unproven treat-
ments in children. Moreover, especially as the era of genetic, 
pharmacologic, and stem cell therapies for hydrocephalus 
is on the horizon and the long-term effects of these 

treatments on the developing brain are unknown, we have a 
strong obligation to conduct short- and long-term research 
on children. 

 The good news is that research involving children with 
hydrocephalus is increasing. The DRIFT trial of ventricular 
irrigation with fi brinolytic therapy has yielded provocative 
results, with fewer deaths or survivors with severe disabil-
ity, compared with controls, despite the increased rate of 
intraventricular bleeding; Kulkarni’s work on quality-of-
life indicators for children with hydrocephalus provides 
tools for evaluating long-term outcomes; and the 
Hydrocephalus Clinical Research Network is at the leading 
edge of cooperative research design and best-practices 
design  [  1,   15,   25,   26  ] . Still, much more research in infants 
and children is needed. 

 Recent research in adults with hydrocephalus has yielded 
important scientifi c information but has also required signifi -
cant research ethics considerations. Examples include (1) a 
blinded, placebo-controlled study of shunt surgery in a small 
cohort of elderly adults with extensive periventricular white 
matter disease and an average Mini-Mental State Examination 
score of 22.5  [  23  ] , which is a score low enough to be consid-
ered in the “gray zone” for ability to provide consent  [  14  ] , 
and (2) nonbenefi cial research on normal elderly human 
research subjects to determine reference values for CSF out-
fl ow resistance and intracranial pressure  [  16  ] . 

   Consent and Assent for Children 
and Cognitively Challenged Adults 

 By law in most jurisdictions, children are presumed incompe-
tent and unable to provide consent to research; thus, their par-
ents must provide consent. Depending on their age and their 
experience with health and illness, children may be capable 
of providing assent to research. Generally, children older than 
age 7 years should be asked for their assent or dissent. Assent 
is a child’s affi rmative agreement to participate in research. 
Absence of the child’s objection is not suffi cient; the child 
must say yes to participation in the research. Assent proce-
dures should be age and developmentally appropriate and, 
with institutional review board (IRB) approval, may some-
times be waived  [  7,   24  ] . 

 A child’s refusal to participate in research should be 
respected; it differs substantially from a child’s refusal to 
have treatment or surgery as part of the standard of care for 
which the parents have provided consent. Children can be 
“forced” to have shunt surgery, despite their apparent refusal 
because the procedure is specifi cally intended to benefi t their 
health; however, children cannot be “forced” to participate in 
research of an investigational treatment.  
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   Adults with Cognitive Impairment 

 Adults with cognitive impairment are considered a vulner-
able population in research and are afforded extra protec-
tions  [  18  ] . Especially in disorders with dementia, such as 
NPH, decision-making capacity should be assessed as part 
of the informed-consent process. If the potential research 
subject lacks decision-making capacity, a surrogate or 
guardian must provide consent. Further, a consensus is 
emerging that assent to participate in research should be 
obtained even from adults with cognitive impairment and 
that, as with children, adults’ refusal to participate should 
be respected, except when an IRB has approved a waiver of 
assent such as in low-risk procedures (e.g., blood tests) for 
which any discomfort is minimal and temporary. 

 Although it might be tempting to suggest that the increased 
effort required to safeguard vulnerable subjects is reason 
enough to exclude them from research participation, chil-
dren, cognitively impaired adults, and other vulnerable sub-
jects have an interest in the outcome of research, as they 
could benefi t from it. They also have an interest in research 
conducted on subjects who have the same disorders that they 
have. As part of respect for persons, we afford all subjects 
the opportunity to participate in research, unless a bona fi de 
exclusion criterion exists.   

   Conclusion 

 Good research design and research ethics go hand in hand. 
We come from a tradition in which innovation sometimes 
becomes accepted wisdom and the standard of care without 
careful research to prove that the innovation is better. Only 
we can effect the change in our clinician-scientist culture to 
make scientifi cally and ethically designed studies a require-
ment. If we are committed to the goal of improving the care 
of and the outcomes for our patients with hydrocephalus, 
then we must summon the strength and the perseverance to 
design, fund, implement, and publish the best scientifi cally 
and ethically designed research. We should engage patients 
and families, funding agencies, and industry partners in 
achieving this goal. 

 If we remember that the aim of clinical research is to 
acquire clinically relevant knowledge that will improve the 
health of future patients, then our deference and respect for 
research ethics will earn us the respect and support that we 
need to conduct the research that will lead to proven and 
improved methods for treating hydrocephalus.      

  Confl icts    of interest statement   Dr. Williams’s life partner holds 
stock in Medtronic.  
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  Abstract      There is no level I    evidence to indicate whether 
placement of a shunt is effective in the management of idio-
pathic normal pressure hydrocephalus (INPH), because no 
trial has as yet compared the placement of a shunt versus no 
shunt in a randomized controlled manner. We started recruit-
ing patients into a prospective double-blind randomized con-
trolled study aiming to provide class I evidence supporting or 
refuting the role of surgical management in INPH. Inclusion 
criterion was the diagnosis of probable INPH plus objective 
improvement of walking speed following 72 h of extended 
lumbar drainage. Patients with concomitant Alzheimer’s dis-
ease or vascular dementia were excluded. All patients 
included in the trial were to have a shunt placed with 
proGAV ®  adjustable valve. Patients were randomly assigned 
into two groups: group A was to have the shunt immediately 
adjusted to function, and group B was to have the shunt valve 
adjusted to the highest setting for 3 months then adjusted to 
function. Assessment of gait, cognitive function, and urinary 
symptoms were done before shunt insertion and at 3 months. 
Primary end point was to be an improvement in gait. 
Secondary end points were improvement in mental function 
or urinary function and incidence of complications. Final 
results are expected mid 2011.  

  Keywords   Normal pressure hydrocephalus  •  Adjustable  • 
 Programmable  •  CSF shunt  •  Clinical trial    

   Introduction 

 Normal pressure hydrocephalus (NPH) was fi rst described 
by Hakim and Adams in 1965  [  9  ] , yet despite 45 years of 
research and hundreds of peer-reviewed papers, its patho-
genesis and natural history are still unknown  [  15  ] . 

 Early clinical series reported a low rate of long-term sig-
nifi cant improvement and a high rate of complications  [  10, 
  15  ] . Consequently, many physicians and even some neuro-
surgeons  [  3,   4,   15  ] , are skeptical about the existence of NPH 
as a separate entity and have questioned the value of its sur-
gical management. 

 A Cochrane review of shunting for NPH concluded that 
there is no evidence to indicate whether placement of a shunt 
is effective in the management of NPH  [  6  ] . 

 Similarly the international guidelines for diagnosis and 
management of idiopathic normal pressure hydrocephalus 
(INPH) state that there is insuffi cient evidence to establish 
surgical management as a standard, since no trial has as yet 
compared the placement of a shunt versus no shunt in a ran-
domized controlled manner. Surgical diversion of cerebro-
spinal fl uid (CSF) is recommended as a guideline of 
management for patients in whom there is a favorable risk-
to-benefi t ratio  [  2,   14  ] . 

 We live in an evidence-based medicine era; we realized the 
need for a randomized clinical trial for assessing the effi cacy 
of shunting in the treatment of INPH. We set up this study; the 
aim is to provide class I evidence supporting or refuting 
the role of surgical management in INPH, and to answer the 
research question: Is there a role for surgical diversion of 
cerebrospinal fl uid (CSF) in the management of INPH? Our 
goal is to present the trial protocol in this manuscript.  
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   Methods 

   Inclusion Criteria 

    Diagnosis of probable INPH  [  • 14  ] :

   Clinical fi ndings of gait/balance disturbance, plus at  –
least one other area of impairment in cognition, uri-
nary symptoms, or both.  
  No evidence of an antecedent event such as head  –
trauma, intracerebral haemorrhage, meningitis, or 
other known causes of secondary hydrocephalus  
  No other neurological, psychiatric, or general medical  –
condition that is suffi cient to explain the presenting 
symptoms  
  A brain imaging study (CT or MRI) showing evidence  –
of ventricular enlargement (Evans’ index >0.3)  
  CSF opening pressure <18 mmHg.      –

  Objective improvement of walking speed following 72 h • 
of extended lumbar drainage.     

   Exclusion Criteria 

    Evidence of concomitant Alzheimer’s disease or vascular • 
dementia.     

   Trial Arms 

 All patients included in the trial will have a shunt insertion 
with proGAV ®  adjustable valve. All will have exactly the 
same management apart from the initial opening pressure of 
the valve for a set period of 3 months postoperatively. Patients 
will be randomly assigned into two groups. Patients will be 
blinded as to which group they are in.

   Group A: will have the shunt immediately adjusted to • 
function, based on previous experience of using proGAV 
valve in an NPH population  [  16  ] . (shunt valve opening 
pressure of 5 cmH 

2
 O).  

  Group B: will have the shunt valve adjusted on the highest • 
setting (20 cmH 

2
 O) for 3 months then adjusted to function 

(shunt valve opening pressure of 5 cmH 
2
 O).    

 This trial has been approved    by the The National Hospital 
for Neurology and Neurosurgery and Institute of Neurology 
Joint Research Ethics Committee. Patients were provided 
with a comprehensive information sheet and asked to sign a 
consent form. Next of kin of cognitively impaired patients 
were provided with a separate information sheet and asked to 

sign an assent form in accordance with ethics committee 
standards. Randomization has been done using random 
blocks, and results kept in opaque envelopes as (open shunt) 
or (closed shunt). Envelopes will be opened prior to surgery 
when the patient consented to participate in the trial   .  

   Baseline Measurements 

 Both groups were assessed prior to shunt insertion and at 
3 months by an assessor who was blinded to the patient’s 
group. Patients will be followed up at 6 months and 1 year, 
then annually following shunt insertion. Assessment was 
identical to that used in our unit for all NPH patients:

   Assessment of gait: 10-m timed walking test.  • 
  Neuropsychological assessment: neuropsychological • 
battery.  
  Urinary function: grading scale for urinary continence.     • 

   End Points 

 Primary: Improvement in gait: as determined by the timed 
walking test. 

 Secondary:

   Improvement in mental function: as determined by neu-• 
ropsychological testing  
  Improvement in urinary function  • 
  Incidence of complications.    • 

  Sample size calculations:  Following the results obtained 
from a small pilot sample, we estimate that patients in group 
B (closed) will walk 10% faster (at most), while those in 
group A (open) will walk 50% faster (at least). To get a level 
of signifi cance of 0.05 with 90% power, eight patients are 
needed in each arm.   

   Discussion 

 Simply comparing shunt insertion with no shunt insertion 
has the inherent limitation of possible placebo effect on 
patients and family, as well as inducing bias in outcome 
assessment and management. In addition, recruitment of a 
suspected INPH patient into a conservative arm might be dif-
fi cult. Doing a sham (placebo) surgery or simply randomiz-
ing patients to ligated or open shunt tube groups is 
controversial from an ethical point of view, since patients 
with a nonfunctioning shunt will be subjected to unnecessary 
surgery, with its potential complications and with no personal 
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benefi t; again, recruitment into such a trial could prove to be 
a challenge  [  2,   5,   7,   8,   11,   13  ] . 

 The ideal situation is to have a shunt valve system that can 
be opened and closed noninvasively; thus randomizing 
patients into open and closed shunt groups can be done with 
no added risk to the patient, with its advantages from an ethi-
cal and recruitment point of view. 

 The adjustable Miethke proGAV ®  shunt valve (Miethke 
GMBH & Co KG, Potsdam, Germany) has been in routine 
use in our unit for patients with INPH since 2007. It is com-
posed of two units: an adjustable unit and a non-adjustable 
gravitational shunt assistant that protects against overdrain-
age. The adjustable unit uses a ball-in-cone valve system. 
The opening pressure of the proGAV ®  can be adjusted from 
0 to 20 cmH 

2
 O, in increments of 1 cmH 

2
 O. The adjustment 

and verifi cation instruments allow resetting noninvasively in 
an outpatient clinic setting, without having to expose the 
patient to X-ray radiation. The “Active-Lock” mechanism 
protects the proGAV ®  against accidental readjustment by 
external magnetic fi elds up to a 3-T MRI scanner  [  1,   12  ] . 

 We considered a valve opening pressure of 20 cmH 
2
 O as the 

nearest available option to a closed shunt that can be opened at 
the end of the study period noninvasively without adding risk or 
discomfort to the patient. One might argue that this will not be a 
really closed shunt; however, we routinely measure CSF open-
ing pressure during lumbar drainage, and none of the patients 
included in the trial will have a pressure more than 20 cmH 

2
 O. 

The proGAV ®  shunt valve pressure-fl ow performance curves, 
and operating, opening, and closing pressures were verifi ed to 
fall within the limits specifi ed by the manufacturer, The operat-
ing pressure increased when the shunt assistant was in the verti-
cal position, as specifi ed  [  1  ] . Recruitment started in July 2008 
with an estimated time to fi nish the study by mid 2011.  

   Conclusion 

 The results of this prospective double-blind randomized con-
trolled study should provide class I evidence supporting or 
refuting the role of surgical diversion of cerebrospinal fl uid for 
the management of idiopathic normal pressure hydrocephalus.      

  Confl icts    of interest statement   A clinical research fellow post at the 
National Hospital for Neurology and Neurosurgery is supported by a 
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  Abstract    Aim:  The aim of this study was to present our 
10-year experience with the use of fi xed-pressure and pro-
grammable valves in the treatment of adult patients requiring 
cerebrospinal fl uid (CSF) diversion. 

  Material and methods:  Patients ( n  = 159; 89 male and 70 
female) suffering from hydrocephalus of various causes 
underwent CSF shunt implantation. Forty fi xed-pressure and 
119 programmable valves were initially implanted. 

  Results:  The observed revision rate was 40% in patients 
with fi xed-pressure valves. In 20% of these patients, a revi-
sion due to valve mechanism malfunction was undertaken, 
and the initial valve was replaced with a programmable one. 
The revision rate in the adjustable-pressure valve subgroup 
was 20%. The infection rate for the fi xed-pressure and pro-
grammable valve subgroups were 3%, and 1.7%, respec-
tively. Similarly, subdural fl uid collections were noticed in 
17% and 4% of patients with fi xed-pressure valves and pro-
grammable valves, respectively. 

  Conclusions:  The revision and over-drainage rates were 
signifi cantly lower when using programmable valves, and 
thus, this type of valve is preferred whenever CSF has to be 
diverted.  

  Keywords   Hydrocephalus  •  Outcome  •  Fixed-pressure 
valves  •  Programmable-pressure valves    

   Introduction 

 Hydrocephalus has traditionally been defi ned as the exces-
sive accumulation of cerebrospinal fl uid (CSF) within the 
brain cavities, as a consequence of abnormal CSF production, 
fl ow, or absorption  [  12  ] . The estimated prevalence of hydro-
cephalus has been reported to be as high as 1–1.5% in the 
general population  [  6  ] . 

 CSF diversion procedures and endoscopic third ventricu-
lostomy are the two major surgical treatment options. 
Nowadays, a great variety of shunt mechanisms and diversion 
pathways are available  [  2,   6,   10  ] . Shunt implantation is con-
sidered a routine procedure in everyday neurosurgical prac-
tice, but the valve-related complications still remain a major 
problem for the neurosurgeon  [  2,   4-  6  ] . The latter include, 
among others, undershunting or overshunting problems (sub-
dural fl uid collections, slit-ventricle syndrome), mechanical 
malfunctions, and infections  [  2,   3,   5,   6,   8,   12   13  ] . 

 The goal of the present study is to review the use of 
adjustable valves in the treatment of hydrocephalus, as it 
permits a noninvasive management of many shunt- and 
valve-related complications  [  1–  8,    15  ] . Toward this end, we 
collected data from adult patients who underwent CSF diver-
sion in a teaching hospital serving central Greece during the 
last 10 years.  

   Materials and Methods 

 In a retrospective study, we reviewed 159 consecutive patients 
treated in our institute from 2001 to 2010. The patients were 
all adults, with a mean age of 58.2 years (range 23–78 years), 
among whom 89 were men (56%) and 70 women (44%). The 
indications for CSF-shunt implantation are shown in Table  1 . 
All fi xed-pressure valves were Codman Hakim valves (DePui, 
Warsaw, IN, USA). Regarding the programmable valves, 110 
were Codman Hakim, 5 Miethke proGAV (Christoph Methike 
GMBH & CO KG, Potsdam, Germany), and 4 Sophysa 
(Sophysa, Orsay, France) (with an antisyphon device). 
A ventriculoatrial shunt was implanted in three cases, 
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lumboperitoneal in fi ve cases, while in all other cases a ven-
triculoperitoneal shunt was initially inserted.  

 The decision for the selection of the opening pressure 
for each patient was based on the underlying diagnosis and 
the radiological fi ndings, as these were demonstrated on 
computed tomography (CT) or magnetic resonance imag-
ing (MRI). In the group of patients with idiopathic normal 
pressure hydrocephalus (INPH), a tap test was performed 
with drainage of 30 mL of CSF, and in some cases, the 
opening pressure was recorded during a lumbar infusion 
test, to determine which patients were likely to benefi t from 
a shunt insertion  [  14  ] . Referring to the group of patients 
with adjustable-pressure valves, the determination of the 
initial pressure setting of the implanted valve was based on 
the intraoperative opening intracranial pressure. In uncer-
tain cases, we preferred to arbitrarily adopt a median initial 
pressure of 120 mmH 

2
 O, and then consequently modify it 

according to the clinical and imaging follow-up. 
 Patients were categorized into two groups according to 

the type of the implanted valve (fi xed-pressure valves vs. 
programmable valves). All patients with CSF shunts 
implanted prior to 2004 received fi xed-pressure valves, while 
those after that year carried programmable-pressure valves. 
The two groups were comparable in terms of age, sex, and 
etiology (Table  1 ). 

 The outcome of the CSF diversion was evaluated by 
assessing the patients’ neurological examination, their 

Mini-Mental State Examination, and their imaging fi nd-
ings  [  6  ] . All patients received a postoperative CT within 
48–72 h, to assure the proper placement of the ventricular 
catheter, and a shunt X-rays series. Clinical evaluation was 
obtained at 1, 3 6, 12, and 24 months, postoperatively. 
Radiological examination was required at 6 and 12 months 
or when there was a clinical deterioration. The minimum 
follow-up period was 12 months, while the mean follow-up 
time was 24 months.  

   Results 

   Fixed-Pressure Valve Group 

 In our cohort, 40 patients received fi xed-pressure valves 
(Table  1 ). Catheter-related complications such as obstruction, 
kinking, migration, or disconnection were observed in three 
patients (7.5%). Surgical revision with replacement of the prox-
imal or distal catheter was performed in these cases. The 
observed cumulative revision rate was 16/40 (40%), while the 
valve replacement rate was 13/40 (32.5%) (Tables  2  and  3 ). In 
addition, nine patients (22.5%) required replacement of their 
initially implanted valves due to undershunting or overshunt-
ing. Three patients underwent replacement of their initially 
implanted valve due to valve mechanism malfunction. One 
patient (2.5%) had his valve replaced because of an infection.    

   Programmable Valve Group 

 In our current series, 119 patients received programmable 
valves. One hundred and two patients required at least one 
adjustment of the initially programmed opening pressure. 
Pressure adjustment problems were encountered in one 
patient with a lumboperitoneal shunt, which was replaced 
by a ventriculoperitoneal one. Shunt-related subdural fl uid 
collections were observed in fi ve patients, while a symp-
tomatic slit-ventricle syndrome occurred in one patient. In 
these cases, pressure adjustment was possible with conse-
quent absorption of subdural effusions and resolution of 
the slit-ventricle-related symptoms, without any surgical 
interventions. Proximal or distal catheter-related malfunc-
tion requiring surgical revision, occurred in 19/119 
patients (16%). The cumulative valve replacement rate 
was 5.5% caused by valve malfunctioning, pressure 
adjustment diffi culties, and infections (Tables  2  and  3 ). 
Seventeen patients (15%) were never reprogrammed after 
the initial valve implantation, and their clinical and 
imaging examinations showed improvement of their 
condition.   

   Table 1    The description of the study groups   

 Fixed-
pressure 
valve group 

 Programmable-
pressure valve 
group 

 Whole study 
sample 

 Number of 
patients 

 40  119  159 

  Age  

 Mean years 
(range) 

 55.3 (23–73)  60.1 (35–78)  58.2 (23–78) 

  Sex  

 Male  21 (52.5%)  57 (48%)  89 (56%) 

 Female  19 (47.5%)  62 (52%)  70 (44%) 

  Etiology  

 Post-
hemorrhagic 
hydrocephalus 

 8 (20%)  34 (28.5%)  42 (27%) 

 Posttraumatic 
hydrocephalus 

 8 (20%)  11 (9.24%)  19 (22%) 

 Space-
occupying 
lesions 

 14 (35%)  32 (26.5%)  46 (28%) 

 INPH  10 (25%)  39 (32.7%)  49 (31%) 

 Pseudotumor 
cerebri 

 –  3 (2.5%)  3 (2%) 

   INPH  idiopathic normal pressure hydrocephalus  
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   Discussion 

 Treatment of hydrocephalus remains a controversial issue 
 [  1,   6,   9  ] . Despite the advances in CSF drainage techniques 
achieved in recent decades and the large number of different 
types of valves available nowadays, the optimal treatment of 
shunt-dependent patients still remains a problem. 

 Pollack et al. reported that the shunt system survival rate 
was 52% and 50% for the programmable and the fi xed-
pressure valves, respectively  [  11  ] . In contrast, we found that 
the shunt survival rate for the programmable valve group was 
79.9%, while this percentage for the fi xed-pressured valve 
group was only 60%. Interestingly, the single most common 
cause for surgical revision in the fi xed-pressured group was 

the need for setting a different opening pressure, accounting 
for 56% of the revisions in this group. The respective per-
centage in our programmable valve group was only 0.8%. 

 Similarly, the complication rate was signifi cantly lower in 
the programmable valve group in our study. The cumulative 
complication rate was 25.2% in the programmable-valve 
group, while the respective percentage in the fi xed-valve group 
was 57.5%. The most common complication we encountered 
in the adjustable-pressure group was catheter-related problems 
in 16% of our patients, while adjustment diffi culties (22.5%) 
and subdural collection formation (17.5%) were the most 
common complications in the fi xed-valve group. The infection 
rates observed in both groups seem to be comparable, with 
slightly increased rates among patients with fi xed-pressure 
valves (2.5% vs. 1.7%). 

 Programmable-pressure shunts seem to be superior to fi xed-
pressure systems, as they offer the ability to readjust the open-
ing pressure and to avoid overdrainage and/or underdrainage 
 [  3,   8,   15  ] . Moreover, the use of a programmable valve seems to 
be an independent factor that predisposes to a longer survival 
time of the shunt, as it spares the patient from further surgical 
interventions, caused by mismatching between the opening 
pressure and the patient’s CSF-fl ow dynamics  [  9,   11,   15  ] .  

   Conclusion 

 Data presented in this study indicate a clear advantage in 
using programmable valves in the treatment of patients 
requiring CSF diversion. The use of programmable-pressure 
valves enables the clinician to modify noninvasively the 
valve’s opening pressure, thus minimizing the overdrainage 
or underdrainage complications. More controlled modula-
tion of CSF-distorted hydrodynamics leads to a signifi cant 
improvement of the patient’s clinical status by means of 
avoiding new surgical interventions and decreasing the days 
and the fi nancial cost of hospitalization.      
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  Abstract   Since ventricular dilation and periventricular 
abnormal intensities are commonly seen in patients with 
idiopathic normal pressure hydrocephalus (INPH) on mag-
netic resonance imaging (MRI), dysfunction of white matter 
may have an important role in the mechanism causing symp-
toms of INPH. To clarify the pathophysiology of INPH, we 
analyzed axonal water dynamics using diffusion tensor MRI. 
Thirty-six patients with possible INPH were included. Regional 
fractional anisotropy (FA) and apparent diffusion coeffi cient 
(ADC) were measured in several white matter regions before 
and 24 h after a cerebrospinal fl uid tap test (CSF-TT). The 
patients were divided into two groups: patients who showed 
signifi cant improvements in neurological status after the 
CSF-TT (positive,  n  = 17) and those with no neurological 
improvement (negative,  n  = 19). After CSF-TT, ADC values 
were signifi cantly decreased in the frontal periventricular 
region and the body of the corpus callosum in the positive 
group ( p  < 0.05), whereas no signifi cant change was shown 
in the negative group. FA values were signifi cantly increased 
in the body of the corpus callosum in both groups after 
CSF-TT ( p  < 0.05). After CSF-TT, water molecules at the 
extracellular space could move to the intraventricular space, 
resulting in decreased ADC values. This suggests that 
changes of water dynamics in white matter may have a role 
in the mechanism causing symptoms of INPH.  

  Keywords   Idiopathic normal pressure hydrocephalus  • 
 Diffusion tensor imaging  •  Fractional anisotropy  •  Apparent 
diffusion coeffi cient  •  Tap test    

   Introduction 

 The diagnosis of idiopathic normal pressure hydrocephalus 
(INPH) is sometimes diffi cult, and many patients are inac-
curately diagnosed as suffering from Alzheimer’s disease or 
Parkinson’s disease. Recently, the cerebrospinal fl uid tap test 
(CSF-TT) has come to be considered an essential diagnostic 
test because of its simplicity and high specifi city to estimate 
shunt effi cacy. 

 The diffusion tensor MR (magnetic resonance) imaging 
(DTI) technique is based on the characteristics of barriers, 
including the myelin sheath and cell membrane, which 
restrict diffusion of water into brain tissue. As a consequence, 
water molecules diffuse faster along axonal paths than across 
them. Fractional anisotropy (FA) is a measure of the direc-
tionality of diffusion. Isotropic diffusion of water in multiple 
directions is measured by the apparent diffusion coeffi cient 
(ADC). In general, measures of diffusivity, such as ADC, are 
inversely related to FA  [  8,   9  ] . 

 In INPH patients, since ventricular dilation and periven-
tricular abnormal intensities are commonly seen on MR 
images, dysfunction of white matter involving axonal fi bers 
may have an important role in the causative mechanism of 
symptoms  [  5,   14  ] . But the mechanism of INPH symptoms 
remains unclear. To investigate the pathophysiology, we ana-
lyzed axonal water dynamics using DTI before and after 
CSF-TT.  

   Materials and Methods 

 Thirty-six patients with possible INPH who received a 
CSF-TT were included in this study. All examinations per-
formed in this study were regular routine tests for the 
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diagnosis of INPH except for MRI after the tap test. Informed 
consent was obtained to take part in this study from the 
patients or their family. Possible INPH was defi ned as hav-
ing more than one of the clinical triad: gait disturbance, 
cognitive impairment, and urinary incontinence with ven-
tricular dilation (Evans index >0.3). CSF-TT was performed 
until withdrawal of 30 mL of CSF or until CSF pressure 
reached 0 mmH 

2
 O. All patients underwent neurological 

examinations and MRI before and 24 h after CSF-TT. 
Neurological conditions were estimated by Mini-Mental 
State Examination (MMSE), the Frontal Assessment Battery 
(FAB), the 3-m Timed Up-and-Go Test, and the Japanese 
Normal Pressure Hydrocephalus Grading Scale–Revised 
(JNPHGS-R)  [  7,   11  ] . Positive CSF-TT was defi ned as 
improvement of MMSE or FAB score of more than four 
points or improvement of time in the 3-m Timed Up-and-Go 
Test of more than 10%. Then, the 36 patients were divided 
into two groups: the CSF-TT positive group ( n  = 17; mean 
age ± SD: 74.6 ± 6.31 years) and the CSF-TT negative group 
( n  = 19, 76.1 ± 5.20 years). 

 On a 1.5-T MRI system (Gyroscan Intera; Philips Medical 
Systems International, Best, The Netherlands), the DTI was 
obtained on the transverse plane using a multislice spin-echo 
single-shot echo planar imaging sequence with 15 axes dif-
fusion gradients (b factor of 0 and 860 s/mm 2 ). Scan param-
eters used were 10150.5/90 ms (TR/TE), 2.7 mm slice 
thickness (0 mm gap), 256 × 256 mm FOV, 2.69 × 2.69 × 
2.7 mm voxel size. ADC and FA maps were calculated, and 
regions of interest (ROIs) were manually set bilaterally in the 
frontal periventricular region (FPR), the posterior limb of the 
internal capsule (PIC), corona radiata (CR), and centrum 
semiovale (CSO). Location of FPR and PIC were determined 

on the axial image where pineal body was seen. Location of 
CR was determined as 15 mm above the previous image. 
Location of CSO was determined on the axial image where 
the top of the lateral ventricles were not visible. ROIs were 
round in shape and kept constant at about 60 mm 2 . Each 
parameter was averaged from regions of both sides. In three 
segments of the corpus callosum (genu, body, and splenium), 
ROIs were determined on the sagittal image near the mid-
line, which were round in shape and kept constant at about 
20 mm 2 . 

 Statistical analysis between the two groups was per-
formed by Mann-Whitney’s  U  test. ADC and FA analysis 
before and after the tap test in each group was performed by 
Wilcoxon signed-rank tests. Statistical signifi cance was pre-
set at  p  < 0.05.  

   Results 

 The pre-CSF-TT ADC values in the CR of the positive group 
were signifi cantly lower than those of the negative group. 
Mean pre-tap test ADC values of the positive group tended to 
be lower than those of the negative group, though the differ-
ence did not reach statistical signifi cance ( p  < 0.05) (Fig.  1 ). 
ADC values of the CSF-TT positive group were signifi cantly 
decreased in the frontal periventricular region and the body of 
the corpus callosum after CSF-TT ( p  < 0.05) (Fig.  2 ).   

 FA values in every region before CSF-TT were not sig-
nifi cantly different between the two groups. FA values were 
signifi cantly increased in the body of the corpus callosum of 
both groups after CSF-TT ( p  < 0.05) (Fig.  3 ).   
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  Fig. 1    Regions    of interest (ROIs) analysis of apparent diffusion coef-
fi cient (ADC) values in each region between the tap test positive and 
negative groups before tap test. The pre-tap test ADC values in the 
corona radiata of the positive group were signifi cantly lower than those 
of the negative group (* p  < 0.05). Mean pre-tap test ADC values of the 
positive group tended to be lower than those of the negative group, 

though the difference did not reach statistical signifi cance.  FPR  frontal 
periventricular region,  PIC  posterior limb of the internal capsule,  CR  
corona radiata,  CSO  centrum semiovale,  GCC  the genu of the corpus 
callosum,  SCC  the splenium of the corpus callosum,  BCC  the body of 
the corpus callosum,  N  negative group,  P  positive group       
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   Discussion 

 In patients with INPH, extracellular water content in the 
periventricular regions is increased because of diffusion of 
water due to transependymal reabsorption of CSF  [  1  ] . Therefore, 

ADC values in patients with INPH are higher than in normal 
control cases. Also the age and duration of disease affect the 
ADC values  [  13  ] . Reduced ADC values in the periventricular 
region after shunt surgery or endoscopic third ventriculostomy 
has been reported  [  1  ] , but not reported after CSF-TT. 
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of apparent diffusion coeffi cient (ADC) 
values of the positive group. ADC values 
in the frontal periventricular region and 
the body of the corpus callosum were 
signifi cantly decreased after tap test 
( *p  < 0.05).  B  before tap test,  A  after 
tap test       
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  Fig. 3    Regions of interest (ROIs) analysis 
of pre-tap test fractional anisotropy (FA) 
values in the tap test negative group ( a ) 
and the positive group ( b ). FA values 
in the body of the corpus callosum of both 
groups were signifi cantly increased after tap 
test ( *p  < 0.05)       
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 In the present study, ADC values were signifi cantly 
decreased after CSF-TT in the frontal periventricular region 
and the body of the corpus callosum in the positive group. 
It is supposed that water molecules in the extracellular space 
moved to the intraventricular space after CSF-TT, resulting 
in decreased ADC values. Extracellular water accumulation 
in brain tissue causes malfunction of nervous activity and of 
metabolism  [  4,   10  ] . Therefore, reduced extracellular water 
content might bring about neurological improvement after 
CSF-TT. 

 It is well known that FA shows a tendency to decline with 
age  [  8  ] . Neurodegenerative diseases such as multiple sclero-
sis, progressive supranuclear palsy, or brain edema in stroke 
also reduces FA values. Compression against axonal fi bers 
does not always reduce FA values. For homogeneously 
aligned white matter fi bers, mechanical pressure will cause 
higher packing of fi bers and increased fi ber density per unit 
area, resulting in increased FA values. Corpus callosum is 
the tissue most affected by the enlarged ventricles, because it 
is located just above them. In the literature, FA values of cor-
pus callosum in patients with hydrocephalus were lower than 
those of normal control cases. This result suggests that strong 
compression perpendicular to axonal fi bers reduces FA val-
ues  [  2,   3,   6,   12,   15  ] . 

 In the present study, FA values were signifi cantly increased 
in the body of the corpus callosum of both groups after 
CSF-TT. These results suggest that compression against 
axonal fi bers in the body of the corpus callosum was relieved 
by reduction of the CSF, and FA values increased. But the 
reduction of the CSF after CSF-TT might be too little to 
change FA values in other regions. The correlation between 
neurological alteration and increased FA values was diffi cult 
to explain because of the same statistical changes in both 
groups. It might refl ect morphological changes in the body 
of the corpus callosum.  

   Conclusion 

 After a tap test, ADC values in the periventricular regions 
reduced signifi cantly, and neurological symptoms improved 
simultaneously. This suggests that changes of water dynam-
ics in white matter may have a role in the mechanism causing 
symptoms of INPH.      

  Confl icts of interest statement   We declare that we have no confl ict 
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  Abstract    Background:  Virchow-Robin spaces (VRSs) surround 
perforating cerebral arteries and are reported to be found 
with increasing frequency with advancing age. In addition, 
some studies indicate an association between VRSs and vas-
cular dementias. The present study examined the incidence 
of VRSs in patients with idiopathic normal pressure hydro-
cephalus (INPH) and considered their use as a potential sur-
rogate imaging marker of coexisting microvascular disease 
in patients with this condition. 

  Methods:  The MRI incidence of VRS in the centrum 
semiovale (CS), basal ganglia (BG), mesencephalon (MES), 
and the subinsular (SI) region was measured in 12 patients 
with INPH and in 12 control subjects, using the scoring sys-
tem proposed by Patankar et al. (Am J Neuroradiology 
26:1512, 2005). Historical control data were also used for 
further comparison. 

  Results:  All 12 INPH patients had clearly visible VRSs, 
distributed in the CS (all 12), basal ganglia (11/12), SI region 
(9/12), and MES region (6/12). The mean Patankar scores of 
the INPH group were BG 2.25, CS 1.66, SI 0.91, and ME 
0.5. The respective scores for our control group were 1.41, 
1.5, 1.16, and 0.16, and for historical controls were 1.46, 
0.51, 0.96, and 0.51. There were, however, no statistically 
signifi cant differences between the INPH patients and either 
of the control groups. No correlation was found between age 
and the overall incidence of VRS. 

  Conclusion:  This preliminary study suggests that there 
may be a higher incidence of VRSs in patients with INPH, 

when compared with normal patients of similar age, but our 
small numbers prevent us from demonstrating statistical sig-
nifi cance, and larger studies are clearly required.  

  Keywords   Normal Pressure Hydrocephalus  •  Virchow-Robin 
spaces  •  Imaging    

   Introduction 

 Various explanations have been proposed regarding the devel-
opment of the syndrome of idiopathic normal pressure hydro-
cephalus (INPH), the most prevalent being chronic ischemia, 
disturbance of cerebrospinal fl uid (CSF) dynamics  [  18  ] , and, 
more recently, disturbance of neuronal metabolism  [  7  ] . None 
of the above is able to explain fully the development and pro-
gression of the syndrome. The relationship of INPH to vascular 
disease  [  3,   4,   8  ] , cerebral blood fl ow  [  10,   12,   21  ] , and ischemia 
 [  4,   5,   9  ]  has been well documented, but, unfortunately, mag-
netic resonance (MR) imaging is not yet able to differentiate 
clearly between INPH and vascular dementia  [  20  ] . 

 Virchow-Robin spaces (VRSs), fi rst described in 1851 
and 1859, are enlarged perivascular spaces accompanying 
penetrating intracerebral arteries  [  1  ] . Dilation of these spaces 
is usually perceived as being associated with aging and has 
been suggested as a potential indicator of cerebral microvas-
cular disease  [  14  ] . Increased VRSs have certainly been 
linked with impaired cognitive function  [  11  ] . The aim of this 
study was to investigate the extent of VRSs in patients with 
INPH and to examine their potential use as a marker of coin-
cident microvascular disease in these patients.  

   Materials and Methods 

 Twelve patients with INPH and with preoperative MR 
imaging were identifi ed from the records of adult hydro-
cephalus patients treated in our unit. The 12 patients 
were    selected from a larger cohort, because they had both 
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preoperative imaging and lumbar infusion studies available. 
The diagnosis of INPH was based on history, examination, 
an Evans index >0.3, together with the demonstration of 
normal cerebrospinal fl uid (CSF) pressure and increased 
CSF outfl ow resistance (R 

out
 ) during a lumbar infusion test 

(LIT). An R 
out

  value larger than 15 mmHg/mL/min was 
considered pathological. Another 12 patients, who under-
went imaging as part of screening for other, unrelated 
neurological disorders, or hearing loss, were selected as 
the control group. All control patients were found to be 
negative for any intracranial abnormality or neurological 
disorder. Vasculopathy risk factors were recorded for both 
groups. 

 The two groups were imaged with either a 1.5-Tesla 
(1.5 T) Siemens or 1.5 T GE machine, both using a dedi-
cated head coil. The key sequences used to assess VRS 
were axial T1W, axial T2W, and either proton density or 
axial fl uid attenuation inversion recovery (FLAIR) sequences. 
In a few patients, sagittal or coronal images were used in 
the analysis, if the axial images were not conclusive. As 
the analysis was retrospective, some imaging parameters 
(echo time, repetition time, and inversion time) were vari-
able between different patients. However, slice thickness 
was constant at 5 mm for all sequences. Similarly, all 
images had a matrix of 256 × 256 and a fi eld of view 230 × 
230 mm. Images were viewed on dedicated GE PACS 
workstations and reviewed by a single neuroradiologist 
(J.T.) (Fig.  1 ).  

 The VRS scoring system proposed by Patankar et al. 
(Fig.  2 ) was applied to all patients  [  14  ] . In that study, the 
dementia patients and control subjects were imaged using 
a 1.5 T unit (Philips Medical Systems, Best, the Netherlands) 
and a birdcage head coil receiver. The imaging protocol 
included the following axial sequences:  [  1  ]  fl uid-attenuated 
inversion recovery (FLAIR, TR/TE/TI = 11,000/140/2600, 

section thickness 3.0 mm, no intersection gap)  [  2  ] , 
T1-weighted inversion recovery (TR/TE/TI = 6850/18/300, 
section thickness 3.0 mm)  [  3  ] , variable echo, fast spin echo 
(TR/TE1/TE2 = 5500/20/90, section thickness 3.0 mm), and 
 [  4  ]  high-resolution 3D T1-weighted fast fi eld-echo (TR/
TE = 24/18, section thickness 0.89 mm, fl ip angle 30°). For 
all sequences, the matrix was 256 × 256, and the FOV was 
230 × 230 mm. In brief, an ordinal score was given for each 
anatomical region examined: basal ganglia (BG), subinsular 
(SI) region, mesencephalon (MES), and centrum semiovale 
(CS) (Fig.  2 ). To qualify as VRSs, the identifi ed features 
had to mirror the signal characteristics of CSF on all 
sequences, and there had to be an absence of gliotic changes 
and volume loss in association with the presumed perivas-
cular spaces. High signal intensity regions were fi rst identi-
fi ed within the four regions of interest on the axial T2W 
images. T1W and FLAIR (or proton density) sequences 
   were then investigated to make sure the corresponding 
areas had the expected low signal intensity. Nonparametric 
tests (Mann–Whitney’s  U  test and Spearman’s rank corre-
lation test) were used to assess for signifi cant differences 
between our INPH and our control groups. The means and 
standard deviations were reported for numerical values. 
The level of signifi cance was set at 0.05.   

   Results 

 Epidemiological characteristics and vascular comorbidities 
are presented in Table  1 . Lumbar infusion studies in the INPH 
group revealed a mean opening pressure of 13.7 (± 2.96) mmHg 
and mean Rout of 15.6 (± 9.15) mmHg/mL/min.  

 All 12 INPH patients had visible VRSs in the CS. Eleven 
out of 12 patients had VRSs in basal ganglia, 9 in the SI 

a b c

  Fig   . 1    ( a ) T2W MRI of basal ganglia of control subject: no Virchow-Robin spaces (VRSs) seen. ( b ,  c ) T2-weighted and FLAIR of idiopathic normal 
pressure hydrocephalus (INPH) patient: VRSs evident ( red arrows )       
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region, and 6 in the MES region. Table  2  shows the VRS 
scores of the study and control groups, together with the his-
torical control group of Patankar et al.  [  14  ]  ( n  = 35, age 
72.8 ± 6.56 years). The INPH group had a higher score than 
the control and historical control in the CS and BG, a lower 
score than the control group in the SI region, and higher 
score than the control in the mesencephalon. The differences 
between our two study groups were not, however, statisti-
cally signifi cant.  

 No correlation was found between age and VRS 
scores in either of the study groups. No correlation 
between VRS score and vascular risk factors was found 
in different anatomical regions. No correlation was 
found with Evans index, CSF opening pressure or Rout 
in the INPH group.  

   Discussion 

 It would appear that in this study the absence of any correla-
tion    with vascular risk factors does not support VRSs as an 
imaging marker for microvascular disease. There was no link 
with the degree of ventriculomegaly present nor was there any 
correlation with physiological measurements made during 
lumbar CSF infusion studies. The incidence of VRSs in our 
INPH patients was higher than in our control group in three 
out of four anatomical regions and in two out of four regions 
when comparison was made with historical controls, but none 
of these differences reached statistical signifi cance, which 
clearly limits our ability to interpret the overall fi ndings. 

VIRCHOW ROBIN SPACE CLASSIFICATION as presented by Patankar et al.

Centrum semiovale.

Mesencephalon.

Subinsular region lateral to lentiform nucleus.

Basal ganglia scheme 1:

Basal ganglia scheme 2:

0 = none.
1 = less than 5 per slide.
2 = more than 5 on one or both slides.

0 = none.
1 = less than 5 per side.
2 = more than 5 on one or both sides.

0 = present only in the substantia innominata, and fewer than 5 on either side.
1 = more than 5 in the substantia innominata on either side or any VRS in the lentiform nucleus.
2 = VRS in the caudate nucleus on either side.

0 = present only in the substantia innominata, and fewer than 5 on either side.
1 = only in the substantia innominata or more than 5 dilated VRS on either side.
2 = less than 5 in the lentiform nucleus on either side.
3 = 5−10 VRS in the lentiform nucleus or fewer than 5 in the caudate nucleus on either side.
4 = more than 10 in the lentiform and less than 5 in the caudate nucleus on either side.
5 = more than 10 in the lentiform and less than 5 in the caudate nucleus on either side.

0 = absent.
1 = present.

  Fig. 2    The grading system by Patankar 
et al.  [  14  ] . Basal ganglia (BG) scheme 1 
was excluded from the assessment       

   Table 1    Epidemiological characteristics of patient groups   

 Control 
( n  = 12) 

 INPH 
( n  = 12) 

  p  Value 

 Sex (M:F)  10:2  7:5 

 Age  70.3 (3.7)  70 (7.4)  n.s. 

 Hypertension  5  8  n.s. (0.087) 

 Diabetes mellitus  4  1  n.s. 

 Transient 
ischemic attack 

 1  0  n.s. 

 Cerebrovascular 
accident 

 2  0  n.s. 

 Myocardial 
infarction 

 0  0  n.s. 

 Smoking  3  4  n.s. 

 Evans index  0.27  0.43  <0.001 

   INPH  idiopathic normal pressure hydrocephalus,  n.s.  nonsignifi cant  

   Table 2    VRS scores by anatomical region   

 Region/
Patankar 
score 

 Control  Historical 
controls a  

 INPH   p  Value 

 CS (0–2)  1.5?  0.51?  1.66  n.s. 

 SI region (0–1)  1.16  0.96  0.91  n.s. 

 BG (0–5)  1.41  1.46  2.25  n.s. (0.059) 

 MES (0–1)  0.16?  0.51?  0.5  n.s. 

   BG  basal ganglia,  CS  centrum semiovale,  INPH  idiopathic normal pres-
sure hydrocephalus,  MES  mesencephalon.  n.s.  nonsignifi cant,  SI  
subinsular 

  a Historical group ( n  = 35) as presented by Patankar et al.  [  14  ]   

 



36 A. Tarnarls et al.

 On the other hand, VRSs which contain interstitial fl uid 
(ISF) are thought to be the main channels for bulk fl ow of ISF 
in grey matter  [  22  ] . It may be, therefore, that dilation of VRS 
in INPH results from disturbed bulk fl ow of brain ISF, in 
which case we might expect their size and incidence to cor-
relate with INPH, rather than with vascular or other comor-
bidities. We know that there is continuity of ISF and CSF 
spaces, and that, when raised CSF pressure occurs, there is 
retrograde fl ow of CSF into the brain  [  6,   16  ] . Following per-
fusion of the ventriculocisternal space with horseradish per-
oxidase, Rennels et al. observed rapid periarterial fl ow of ISF, 
from CSF compartments into the brain  [  1,   17  ] . Proescholdt 
et al. have shown that an injection of [ 14 C]-inulin in awake 
rats, via chronically implanted cannulae into the lateral ven-
tricles, leads to preferential downstream distribution through-
out the ISF, especially within the hypothalamus and the 
brainstem  [  15  ] . Abnormal bulk fl ow of ISF along VRSs may 
therefore be a consequence of the underlying alteration of 
CSF dynamics in INPH. Even though CSF pressure is not 
constantly or pathologically raised in INPH, intermittently 
raised pressure in this group of patients does occur, especially 
at night  [  19  ] . The reduced compliance associated with INPH 
leads to increased arterial pulsations, which in turn result in 
increased perivascular shear stress  [  2  ]  and which may, there-
fore, be the causative factor for the increased incidence of 
VRSs in INPH. It may be that the alteration in pulsatility in 
INPH leads to preferential bulk fl ow of ISF along routes of 
reduced resistance, i.e., perivascular spaces  [  13  ] .  

   Conclusion 

 This preliminary study suggests that there may be a higher 
incidence of VRSs in patients with INPH, when compared 
with normal control patients and that regional anatomical dif-
ferences exist, but the small numbers in our study prevent us 
from demonstrating statistical signifi cance. A larger study is 
clearly needed to evaluate the clinical use of VRSs as surro-
gate markers of coexisting microvascular disease in INPH. 
Not only a larger study but also proper selection criteria for 
the study population and the utilization of identical tools 
(MRI imaging parameters) are necessary. At present, it 
remains unclear as to whether VRSs develop as a result of the 
microangiopathy known to coexist in many cases of INPH or 
whether they result from underlying disturbances of CSF 
dynamics. A larger study, with correlation of volumetric mea-
surement of ischemic regions (DWMHs, PVHs) and regional 
pulsatility calculations, is also warranted.      

  Confl icts of interest statement   We declare that we have no confl ict 
of interest   .  
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  Abstract    Introduction:  Quantifi cation of cerebrospinal fl uid 
(CSF) fl ow through the cerebral aqueduct is of paramount 
importance in patients with hydrocephalus. The purpose of 
this study was to evaluate the normal CSF fl ow measure-
ments at three different anatomical levels of the aqueduct 
utilizing 3-Tesla (3 T) magnetic resonance imaging. 

  Materials and methods:  The CSF hydrodynamics in 22 
healthy volunteers were evaluated. Phase-contrast cine MRI was 
performed on a 3 T General Electric MR system (GE Medical 
Systems, Milwaukee, WI, USA). A cardiac-gated, fl ow-com-
pensated GRE sequence with fl ow encoding was used, and the 
aqueduct was visualized using a sagittal T1 FLAIR sequence. 
Velocity maps were acquired at three different anatomical lev-
els. Region-of-interest (ROI) analysis was performed. 

  Results:  CSF fl ow velocities were slightly increased at the 
upper in comparison with the lower part of the aqueduct. The 
mean values for the peak positive and negative velocity and 
the mean average fl ow were calculated for both ROIs. 

  Discussion/Conclusions:  CSF peak positive velocity, peak 
negative velocity, and mean fl ow through the aqueduct were 
calculated in 22 young healthy volunteers performed at 3 T. 
Our measurements did not show signifi cant difference com-
pared with the reported measurements obtained at 1.5 T. 
Slight differences were observed in the CSF hydrodynamic 
measurements, depending on the anatomical level of the 
aqueduct; however, they did not vary signifi cantly.  

  Keywords   PC Cine MRI  •  CSF fl ow  •  Aqueduct  • 
 Hydrocephalus  •  Velocity  •  3 T    

   Introduction 

 The mechanical coupling between the cerebral blood fl ow 
and the cerebrospinal fl uid (CSF) fl ow throughout the cardiac 
cycle (CC) is of great importance. Cerebral blood volume 
variations, which are produced during the CC, cause the oscil-
latory movement of the CSF bidirectionally within the cranio-
spinal axis. Phase-contrast (PC) cine magnetic resonance 
imaging (MRI) provides a noninvasive and rapid evaluation 
of CSF hydrodynamics. Using cardiac-gating, this technique 
is extremely sensitive in evaluating CSF fl ow dynamics and 
more accurate than conventional MRI to evaluate CSF fl ow 
 [  6,   7,   12,   14,   15  ] . MR images are sensitized to velocity 
changes in a specifi c direction, while signals from stationary 
protons and from motion in other directions are ruled out  [  13  ] . 
The utilization of higher fi eld MR systems, such as 3 T, rein-
forces the potential dynamics of PC-cine MRI. 

 CSF fl ow measurements at the various parts of the aque-
duct contribute to the diagnosis and therapeutic decisions of 
patients with hydrocephalus  [  3,   8  ] . However, the clinical 
application    of CSF fl ow dynamics analysis has been restricted 
due to the fact that the normal CSF fl ow values measured in 
healthy volunteers have shown wide variation  [  5,   10  ] . 

 Knowledge of normal CSF fl ow through the aqueduct is 
of paramount importance in differentiating those patients 
with hyperdynamic CSF fl ow and/or functional obstruction 
of the aqueduct. It has been previously postulated that nor-
mal pressure hydrocephalus patients with such characteris-
tics may be good surgical candidates for shunting and benefi t 
from such a procedure. 

 The purpose of our current study was to evaluate the nor-
mal CSF fl ow measurements in healthy volunteers, at three 
different anatomical levels of the aqueduct, on a 3 T MR 
System and compare these measurements with the results 
performed on 1.5 T. Moreover, estimation of user dependency 
with variation of region-of-interest (ROI) analysis was also 
performed.  
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   Materials and Methods 

 Twenty-two healthy volunteers, aged 19–37 years (mean age 
26.1), participated in this study. Two-dimensional phase-
contrast cine MRI was performed on a 3 T whole-body MR 
system (GE Medical Systems, Milwaukee, WI, USA) using 
a neurovascular eight-channel coil. A sagittal T1 FLAIR 
sequence was used to visualize the aqueduct and to select the 
anatomical levels for fl ow quantifi cation (Fig.  1 ). A cardiac-
gated, fl ow-compensated, gradient echo sequence with fl ow 
encoding of 10 cm/s on the slice-selective direction was used 
with the following parameters: TR = 30 ms, TE = 8.8 ms, 
NEX = 1, fl ip angle = 20°, FOV = 16 × 16, slice thickness 
4 mm, and acquisition time 3.5 min. Measurements were 
performed at three different anatomical levels of the aque-
duct: the inlet, the ampulla, and the pars posterior. The total 
duration of the study was approximately 15 min.  

 Flow quantifi cation was carried out using the software 
provided by the manufacturer (GE Report Card version 3.6) 
in CSF fl ow mode. In the latest version of this tool, the set-
ting of a background to calculate fl ow velocity is not required, 
and therefore, no background subtraction was implemented. 

 ROI analysis was performed to measure the CSF hydrody-
namics. In all cases, the ROI placement was performed inde-
pendently by two of the authors (P.S., I.T.). The CSF 
parameters evaluated were the peak positive velocity (PPV) in 
cm/s, the peak negative velocity (PNV) in cm/s, and the 
average fl ow (AF) in ml/beat on the phase images. Each fl ow 

measurement   , at the three different aqueductal levels, con-
sisted of one ROI placed exactly at the edge of the aqueduct 
(ROI_1), and a second, slightly larger one (ROI_2), to evalu-
ate user-dependent potential variations in the fl ow measure-
ments. A background baseline ROI was set at the level of the 
midbrain to produce a distinct line (zero fl ow) separating the 
positive from the negative fl ow (Fig.  2 ). The mean value and 
the standard deviation for PPV, PNV, and AF were computed 
in the three different anatomical levels of the cerebral aque-
duct using the SPSS 13.0 package. The results were evaluated 
depending on the anatomical location and compared with 
published measurements obtained by 1.5 T MR systems, 
respectively.   

   Results 

 During the CC the CSF fl ow curves showed a typical sinu-
soidal pattern in all of the healthy volunteers, representing 
the pulsatory CSF movement (Fig.  1 ). The mean values and 
standard deviations of the PPVs, PNVs, and AFs at the three 
different anatomical levels of the cerebral aqueduct are 
shown in Table  1 . In the published literature, various studies 
performed on 1.5 T MRI units, present their results of mea-
surements of CSF fl ow at various levels of the aqueduct. 
These measurements were used as a reference for our results 
performed at 3 T. Table  2  shows the mean values for Stroke 
Volume and Peak Velocities in healthy volunteers as reported 
in the literature.    

  Fig. 1    Sagittal T1 FLAIR image showing the positioning of the local-
izers placed to measure cerebrospinal fl uid (CSF) hydrodynamics at 
each anatomical level of the aqueduct ( a ) inlet, ( b ) ampulla, and ( c ) pars 
posterior       

  Fig. 2    Region-of-interest (ROI) analysis on the axial phase-contrast 
cine MR images. ROI_1 ( red ) placed exactly at the edge of the visual-
ized aqueduct, ROI_2 ( blue ) concentrically placed around ROI_1, and 
Baseline ROI ( green ) placed at the level of the midbrain (zero fl ow)       
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        Discussion 
 In our study, quantifi cation of CSF hydrodynamic parame-
ters using PC-cine MRI on a 3 T MRI system was conducted. 
The objectives of our study were to examine the potential 
user-dependency of the measurements of different ROI sizes, 
the variation of the measurements depending on the anatomic 
location of the aqueduct, and whether the velocity and fl ow 
values obtained on a 3 T MRI system differ from the ones 
acquired at 1.5 T 

 CSF fl ow may be evaluated qualitatively by using 
increased signal intensity at the level of the aqueduct. 
Qualitative measurement is dependent on many parameters 
that may alter normal signal intensity and thus limit the clini-
cal signifi cance of this method. On the other hand, quantita-
tive CSF measurements are more accurate and reproducible, 
as long as several parameters are taken into consideration. 
Various studies have tried to evaluate the most appropriate 
location for measuring CSF fl ow through the aqueduct, 
which is most likely the middle part  [  1,   2,   4,   5,   9,   16,   17  ] . 
These studies were performed on 1.5 T MRI scanners. We 
performed our measurements at three anatomical levels of 
the aqueduct and not only the ampulla. An initial analysis of 
our results showed that the mean PPV and PNV were 
increased at the upper compared with the lower part of the 
aqueduct. However, comparing the mean PPV and mean 
PNV between ROI_1 and ROI_2 at the same anatomical 
level, and making the appropriate corrections for the differ-
ent ROI sizes, no differences were actually observed. On the 
contrary, fl ow measurements were infl uenced by the area of 
the ROI being greater in ROI_2 than ROI_1, while the mea-
sured velocities were not. In quantitative measurement of 
CSF, the most important technical limitation is the accurate 
ROI placement exactly at the margins of the aqueduct.  

   Conclusion 

 CSF hydrodynamics can be quantitatively evaluated using 
phase-contrast cine MRI. It is of paramount importance to 
accurately defi ne the normal range of fl ow parameters to 
diagnose pathological conditions and possibly identify 
patients, with dilated ventricular systems, who may or may 
not benefi t from shunt placement. 

   Table 1    Mean average fl ow and mean peak positive and peak negative velocity at the different anatomical levels of the cerebral aqueduct   

 Anatomical 
level 

 ROI (mm 2 )  Mean AF (±SD) 
(mL/beat) 

 Mean PPV (±SD) 
(cm/s) 

 Mean PNV (±SD) 
(cm/s) 

 Mean ROI Area 
(±SD) (mm 2 ) 

 Inlet  ROI_1  0.034 ± 0.018  9.46 ± 0.671  −8.24 ± 2.011*  3.66 ± 1.343 

 ROI_2  0.055 ± 0.022  9.46 ± 0.671  −8.24 ± 2.011  5.97 ± 1.810 

 Baseline  0.004 ± 0.003  1.78 ± 0.267  −0.01 ± 0.014  0.53 ± 0.286 

 Ampulla  ROI_1  0.036 ± 0.010  8.71 ± 1.134  −7.02 ± 2.825  3.61 ± 0.552 

 ROI_2  0.055 ± 0.016  8.71 ± 1.134  −7.02 ± 2.825  5.47 ± 0.949 

 Baseline  0.004 ± 0.002  1.85 ± 0.090  −0.00 ± 0.00  0.42 ± 0.186 

 Pars posterior  ROI_1  0.031 ± 0.016  8.01 ± 1.470  −5.54 ± 2.915  4.33 ± 1.802 

 ROI_2  0.047 ± 0.021  8.01 ± 1.470  −5.54 ± 2.915  6.68 ± 2.647 

 Baseline  0.003 ± 0.002  1.57 ± 0.274  −0.07 ± 0.101  0.46 ± 0.274 

   AF  average fl ow,  PPV  peak positive velocity (diastolic),  PNV  peak negative velocity (systolic),  SD  standard deviation,  ROI_1  region of interest 
precisely on the edge of the aqueduct,  ROI_2  region of interest around ROI_1,  Baseline  region of interest at the midbrain (zero fl ow).  Minus ( − ) 
sign  indicates the direction of the fl ow (craniocaudal – systolic)  

 Table 2    Mean published stroke volume/fl ow and peak velocities values 
in healthy volunteers in various studies performed at 1.5 T  

 Author  SV/AF (±SD) 
(mL/beat) 

 PPV 
(±SD) 
(cm/s) 

 PNV (±SD) 
(cm/s) 

 Lee et al. 
2004  [  11 ]   

 0.02 ± 0.0125 (inlet)  –  3.39 ± 1.61 
(inlet) 

 0.03 ± 0.0132 
(ampulla) 

 3.65 ± 1.59 
(ampulla) 

 0.02 ± 0.0125 (pars 
posterior) 

 4.08 ± 1.99 
(pars 
posterior) 

 Stoquart-El 
Sankari 
et al.  [  16  ]  

 0.048 ± 0.023 
(ampulla) 

 –  – 

 Stoquart-El 
Sankari 
et al.  [  17  ]  

 0.044 ± 0.025 
(ampulla) 

 –  – 

 Abbey 
et al.  [  1  ]  

 0.017 ± 0.010 
(ampulla) 

 2.48 ± 0.60  3.24 ± 1.08 

 Algin et al. 
 [  2  ]  

 0.039 ± 0.039 
(ampulla) 

 –  4.78 ± 2.48 

  SV  stroke volume,  AF  average fl ow,  PPV  peak positive fl ow (diastolic), 
 PNV  peak negative velocity (systolic),  SD  standard deviation 
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 Overall, our measurements performed on a 3 T MRI system 
did not vary signifi cantly with the measurements obtained on 
1.5 T MRI systems, and our results will be used as reference 
data in the evaluation of cases of obstructive and normal pres-
sure hydrocephalus.      

  Confl icts of interest statement   We declare that we have no confl ict 
of interest   .  
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  Abstract    Introduction:  The diagnosis and management of 
idiopathic normal pressure hydrocephalus (INPH) remains 
unclear despite the development of guidelines. In addition, 
the role of cerebrospinal fl uid (CSF) aqueductal stroke vol-
ume (ASV) remains unspecifi ed. 

  Objectives:  The aim of this study was to compare the 
results of the tap test (TT) and ASV in patients with possible 
INPH. 

 Materials and Methods: Among 21 patients investigated 
with both TT and phase-contrast (PC) MRI, we identifi ed two 
groups, with either (1) a positive TT (PTT) or (2) a negative one 

(NTT), and we compared their ASV as measured by PC-MRI. 
ASV cutoff value was set at 70  m L/cardiac cycle (mean value 
+2 standard deviations    in age-matched healthy subjects). 

  Results:  In the PTT group ( n  = 9), the mean ASV was 
175 ± 71  m L. Among these patients, four were shunted, and 
improved after surgery. In the NTT group, two patients were 
fi nally diagnosed with aqueductal stenosis and excluded. 
Among the remaining patients ( n  = 10), the mean ASV was 
96 ± 93  m L ( p  < 0.05). However, three of these patients pre-
sented with hyperdynamic ASV, and an associated neurode-
generative disorder was diagnosed. Two patients had 
ventriculoperitoneal shunting despite their NTT, and 
improved. 

  Discussion/Conclusions:  In our patient population, the 
noninvasive measurement of hyperdynamic ASV correlated 
with PTT, suggesting PC-MRI could be utilized to select 
those patients who would benefi t from shunting. ASV may 
therefore be an interesting supplemental diagnosis tool.  

  Keywords   Idiopathic Normal Pressure Hydrocephalus  • 
 CSF removal test  •  Phase Contrast-MRI  •  Aqueductal Stroke 
Volume  •  Shunt responsiveness    

   Introduction 

 The diagnosis and management of idiopathic normal pres-
sure hydrocephalus (INPH) remains problematic. Moreover, 
the value of supplemental tests in predicting the success of 
ventriculoperitoneal shunting remains unclear. The guide-
lines for diagnosis and management of INPH  [  5  ]  tried to 
address these issues, and it was concluded that cerebrospinal 
fl uid (CSF) tap test (TT) can reasonably be performed ini-
tially, because of its easiness, but should not be used as an 
exclusionary test, because of its low sensitivity (between 
21% and 61%). Although they have greater sensitivity or 
positive predictive value, infusion test and external lumbar 
drainage (72 h) are less widely performed for different rea-
sons (fear of complications, lack of personal experience, and 
costs of hospitalization). In contrast, phase-contrast MRI 
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(PC-MRI) presents an interesting noninvasive tool, but 
results concerning its effi ciency in the evaluation of shunt 
responsiveness are controversial. Aqueductal CSF fl ow void 
 [  2  ]  and aqueductal velocity measurements  [  3  ]  have failed to 
prove any signifi cant association with improvement after 
shunting. On the other hand, other studies have suggested 
that aqueductal CSF fl ow parameters could predict the shunt 
responsiveness  [  2,   4  ] , but cutoff values were variable among 
studies, and further evidence was required. 

 In our institution, quantitative    CSF fl ow measurements 
using PC-MRI are routinely performed and our aim was to 
compare these data with the CSF tap test results, and evalu-
ate their support to shunt responsiveness prediction.  

   Materials and Methods 

   Patients 

 This retrospective study involved patients admitted to the 
Neurosurgery Department diagnosed for communicant hydro-
cephalus between June 2006 and April 2008. The inclusion 
criteria were the following: adults (1) aged over 60 years, (2) 
presenting with one or more symptoms of the classical triad 
(gait, urinary, or cognitive disorders), (3) with an insidious 
onset, (4) without any antecedent event such as head trauma, 
intracerebral hemorrhage, meningitis, or other known causes 
of secondary hydrocephalus, and (5) with ventricular enlarge-
ment on cerebral MRI (Evan’s ratio >0.3), without macro-
scopic signs of obstruction to CSF fl ow. As the CSF opening 
pressure is not necessarily measured in our institution for 
chronic hydrocephalus, these patients were classifi ed as “pos-
sible INPH” according to the published guidelines  [  5  ] . 

 All patients in this study were investigated utilizing a CSF 
TT and phase-contrast MRI (PC-MRI) measurement of CSF 
dynamics. Patients were clinically evaluated by a senior neu-
rosurgeon before and after the TT. The surgical option was 
considered on a clinical basis and on the positive response to 
TT. Among the nonresponders, the surgical option was con-
sidered if the clinical triad was present, with suggestive brain 
MRI, without associated neurodegenerative disorders. 
Postoperative follow-up was continued for 9–12 months, and 
improvement was clinically assessed, utilizing timed walk-
ing test and the Mini-Mental State Examination.  

   CSF Tap Test 

 CSF TT was performed on patients with a needle inserted in 
the lower lumbar region, and the removal of 40–50 mL of 

CSF. The clinical evaluation (timed walking test and Mini-
Mental State Examination) was performed as usual before and 
3–4 h after CSF removal, and the patients and their caregivers 
were asked to assess changes in clinical symptoms that 
occurred in this period. (To assess the change, a patient has to 
be evaluated before and after the TT. Did you utilize timed 
walking test and Mini-Mental State Examination before the 
tap test   ?) Any transient or long-lasting improvement was con-
sidered a positive TT. Patients were therefore divided into two 
groups: those with a positive TT (PTT) and those with a nega-
tive one (NTT).  

   Phase-Contrast MRI 

 All MRI exams were performed with a standardized imaging 
protocol, using a 3-Tesla (3 T) machine, and fl ow images 
were acquired with a 2D fast cine PC-MRI pulse sequence 
with retrospective peripheral gating, so that the 32 frames 
analyzed covered the entire cardiac cycle (CC). The MRI 
parameters were as described in previous publications  [  7  ] . 
Velocity (encoding) sensitization was set at 10 cm/s for the 
aqueduct (adjusted to 5 cm/s if no fl ow was detected, or 
increased to 20 cm/s if there was any aliasing) and 5 cm/s for 
the cervical subarachnoid spaces (SAS) and the prepontine 
cistern. Sections through these different levels for each fl ow 
series are represented on Fig.  1 . The acquisition time for 
each fl ow series was about 1 min and 30 s on the 3 T machine, 
with a slight fl uctuation that depended on the participant’s 
heart rate.  

 Data were analyzed using an in-house image processing 
software  [  1  ]  with an optimized CSF fl ows segmentation 
algorithm, which automatically extracts the region of interest 
(ROI) at each level. 

 Then, the CSF fl ow curves were generated versus the 32 
segments of the CC, and the integration of this curve pro-
vided the CSF stroke volume, which represents the CSF vol-
ume displaced in both directions through the considered ROI 
at each level  [  1,   7  ] .  

   Statistical Analysis 

 Demographic and clinical data were retrospectively collected 
for all patients. We also reported if a surgical procedure was 
performed, and its outcome. All clinical and PC-MRI results 
were compared between groups (PTT and NTT), using the 
 t -test or Mann–Whitney test, for parametric and nonparamet-
ric data, retrospectively. The level for statistical signifi cance 
was set at 0.05.   
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   Results 

 Clinical and PC-MRI results were summarized in Table  1 . 
The aqueductal stroke volumes (ASV) ranged from 72 to 
286  m L in patients with PTT. These values were greater than 
the cutoff value considered as the mean value in a healthy 
age-matched population  [  7  ] , which equalled 70  m L. Among 
these nine patients with PTT, four were shunted and had a 
positive outcome (survey of 9–12 months). The remaining 
fi ve patients did not undergo surgery, due to general condi-
tions (myasthenia, respiratory or cardiac contraindications) 
or associated vascular dementia.  

 Among 12 patients with a NTT, two had a fi nal diagnosis 
of aqueductal stenosis, as their aqueductal SV was null. They 
were therefore excluded from the analysis. They underwent 
an endoscopic third ventriculostomy and improved after sur-
gery. Four patients with NTT had an ASV ranging from 34 to 
56  m L, and their diagnosis was frontotemporal dementia, 
based on the clinical and imaging investigation. Two patients 
had highly increased ASV (152 and 297  m L), and thus, 
although their TT was negative, they were shunted, and their 
medical assessment at 6 and 24 months showed clinical 

improvement. Finally, despite clinically possible INPH and 
increased ASV, four patients with NTT were not operated 
on. Three of them had associated neurodegenerative diseases 

   Table 1    Clinical and phase-contrast MRI results are represented in the 
negative tap test (NTT) and positive TT (PTT) groups   

 Negative 
TT ( n  = 10) 

 Positive 
TT ( n  = 9) 

  p  value 

 Age (mean ± SD)  75 ± 8  71 ± 3  NS 

 Sex ratio: females  7 (70%)  1 (11%)  <0.01 

 Gait  8 (80%)  9 (100%)  NS 

 Cognitive  8 (80%)  9 (100%)  NS 

 Bladder  6 (60%)  7 (78%)  NS 

 One of triad  2 (20%)  1 (11%)  NS 

 Two of triad  4 (40%)  2 (22%)  NS 

 Complete triad  4 (40%)  7 (78%)  <0.05 

 Aqueductal CSF SV  96 ± 93  m L  175 ± 71  m L  <0.05 

 Cervical CSF SV  390 ± 137  m L  468 ± 153  m L  NS 

 Prepontine CSF SV  269 ± 134  m L  262 ± 171  m L  NS 

   SD  standard deviation,  CSF  cerebrospinal fl uid,  SV  stroke volume,  NS  
nonsignifi cant  

  Fig. 1    Phase-contrast (PC) MRI 
acquisition. Sagittal scout view 
was used as localizer to select the 
anatomical levels for fl ow 
quantifi cation. The acquisition 
planes were selected perpendicu-
lar to the presumed direction of 
the fl ow, and acquired at the 
aqueductal (1), prepontine cistern 
(2), and intracerebral subarach-
noidian (3) cerebrospinal fl uid 
(CSF) levels       

 



46 S.E.Sankari et al.

(Alzheimer’s [AD], Parkinson’s, or vascular disease), and 
one had severe dementia.  

   Discussion 

 Our study is limited due to the small size of the patient popu-
lation and the low proportion of shunted patients (6 among 
21), which prevents reliable calculation of sensitivity/speci-
fi city and predictive values. However, this retrospective study 
suggests that PC-MRI is a useful tool, which can supplement 
CSF TT in selecting those patients who would benefi t from 
ventriculoperitoneal shunting. 

 In addition, although normally considered as differential 
diagnoses, INPH and other nonsurgical neurodegenerative 
diseases (such as AD or Parkinson’s disease) may coexist. 
Moreover, they share common risk factors, such as hyperten-
sion, identifi ed both in INPH and vascular dementia  [  6  ] . In 
addition, MRI may fail to distinguish the underlying reasons 
which cause white matter abnormalities in these patient pop-
ulations  [  8  ] . 

 In some patients presenting with symptoms    of both dis-
eases, the decision to shunt may be restrained because of 
associated dementia due to AD; for instance, high ASV may 
tempt neurosurgeons to conduct surgery to improve clinical 
symptoms related to INPH on the one hand, and on the other 
hand to hamper the deterioration due of AD symptoms 
related to its association with INPH. 

 Finally, we stress the importance of predefi ned cutoff val-
ues, based on normal SV measured in healthy age-matched 
controls, as has been investigated in a previous work  [  7  ] . 
Actually, discrepancies regarding the accurate support of 
ASV in predicting shunt responsiveness are mainly due to 
heterogeneous thresholds in the literature. We believe that 
identifying the defi nition of normal cutoff values in each cen-
ter according to the type of scanning machine, the sequence 
parameters, and the protocol used is a mandatory requisite.  

   Conclusion 

 According to the INPH guidelines  [  5  ] , “to date, a single stan-
dard for the prognostic evaluation is lacking.” PC-MRI pres-
ents the advantages of being a rapid (5-min) and noninvasive 

complementary tool. Further prospective studies are needed in 
larger populations with a greater proportion of shunted patients, 
to compare the prognostic value of CSF TT with PC-MRI data. 
Moreover, ASV should be evaluated in presurgical and post-
surgical assessments, to better apprehend the mechanisms of 
improvement in CSF dynamics after shunting in INPH.      
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  Abstract   It was fi rmly established in the mid-twentieth 
century that the arachnoid villi represented an open path-
way between the subarachnoid space and the dural venous 
sinuses. Intracellular and extracellular pathways within the 
villous structure provided the conduit for cerebrospinal 
fl uid (CSF) and particulate matter. The importance of the 
lymphatic system was established by the demonstration of 
CSF tracers entering the nasal lymphatic system via the 
perineural subarachnoid space enveloping the olfactory 
nerve rootlets. It appears that because of the late develop-
ment of the arachnoid villus (AV) system, the lymphatic 
outfl ow system is the more dominant one in the young ani-
mal, but in the mature animal the importance of both sys-
tems appears equal. In general, the lymphatic system in 
lower animals appears dominant, but in the case of pri-
mates, this may not be the case. The global outfl ow system 
has a defi nite opening pressure of ca. 50–70 mm of water, 
and the balance between production of CSF and absorption 
occurs at a resting pressure of ca. 115 mm water. The 
bicompartmental CSF outfl ow curves obtained from hydro-
cephalic patients support the presence of a dual outfl ow 
system utilized in normal CSF drainage.  

  Keywords   CSF dual outfl ow systems  •  Arachnoid villi  • 
 Nasal perineural CSF drainage  •  CSF drainage dynamics  • 
 CSF outfl ow obstruction    

   In the Beginning 

 Historically the two important studies in the evolution of our 
understanding of the two systems responsible for cerebrospi-
nal fl uid (CSF) drainage are the original observations of 
Pacchioni in 1705 and the observed dual outfl ow of CSF 
tracer as described in 1875 by Key and Retzius. 

 The former was able to visualize the arachnoid granula-
tions in relationship to the superior sagittal sinus, while the 
latter observed the penetration of a colored tracer into both 
the lacuna lateralis and the nasal lymphatic system.  

   The Cranial and Spinal Arachnoid Villi 

 The original view of Weed was that the arachnoid villus was 
a blind semipermeable diverticulum though which CSF 
passed into cerebral venous blood due to both a hydrostatic 
and osmotic gradient. This was later refuted by Davson and 
Segal who observed that the outfl ow of CSF was not greatly 
affected when CSF and plasma protein concentration were 
equal and the 3–5 mmHg hydrostatic gradient between the 
CSF and venous blood was responsible for normal CSF out-
fl ow  [  5  ] . The modern era began with the fi ndings of Welch 
and colleagues that the primate arachnoid villi (AV) con-
sisted of open endothelial tubes that collapsed when the 
hydrostatic gradient between the subarachnoid CSF was 
reversed  [  17  ] . Flow occurred at a defi nitive opening pressure 
(OP) as the hydrostatic gradient was established. Using the 
AV laden wall of the green monkey as an occluding mem-
brane in a perfusion chamber, they demonstrated an OP of 
between 30 and 50 cm H 

2
 O and an outfl ow curve (CSF to 

sinus) that increased with perfusion pressure. Flow in the 
reverse direction was markedly restricted. Particulate matter 
passed with some ease across the villi laden membrane. The 
particle size up to 7.5  m m appeared to pass with ease. 
Grzybowski and her associates demonstrated, using human 
AV in an in vitro and ex vivo perfusion system, a similar 
asymmetry of fl uid movement with a defi nitive OP and open 
fl ow utilizing normal hydrostatic gradients with the ability to 
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pass particulate matter  [  9  ] . The anatomical basis for the open 
pathway AV system revealed differences between primates 
and lower animals  [  16  ] . In primates, trans villus fl ow was 
demonstrated to be primarily intracellular via both paracel-
lular and intracellular (primarily via vacuoles) mechanisms, 
which became apparent by both transmission and scanning 
electron microscopy with tissue fi xed under pressure  [  5 ,  15  ] . 
While both intracellular and paracellular mechanisms were 
observed in lower animals, the intracellular mechanism was 
primarily by pinocytosis  [  16  ] . 

 The spinal AV have demonstrated similar properties as 
the cranial villi. They are sporadically found in the subarach-
noid projections along the dorsal root adjacent to the dorsal 
root ganglion  [  18  ] . In primates they are more commonly 
found in the lower spinal areas. Some actually penetrate the 
dura to enter directly into the spinal veins, although most end 
in the extradural space, often in relation to lymphatic and 
venous structures. Clusters of arachnoidal cells are also seen 
within the subarachnoid space at the blind end near the dor-
sal root ganglion. The outfl ow of CSF from the spinal com-
partment has been reported  to be 15 and 25% of total CSF 
outfl ow, although a study in healthy individuals reported it 
be considerably higher. It appears that greater percentages of 
outfl ow from the spinal compartment are noted primarily in 
humans  [  2,   6  ] .  

   Functional Morphology of the Lymphatic 
Outfl ow System 

 Early CSF tracer studies, in a variety of animal species, demon-
strated signifi cant accumulation in the nasal and cervical lym-
phatics. It has also been shown that the nasal lymphatic pathways 
are important for CSF drainage and as pathways for the cerebral 
immune response to antigens  [  3  ] . Although a perineural suba-
rachnoid space is found along many of the cranial nerves, the 
projections with the olfactory rootlets are the most important. 

 The more recent studies on the role of the lymphatic sys-
tem in CSF drainage have fi rmly established the structural 
anatomy and the functional capability of this outfl ow system. 
In a variety of animals, the egress of microfi l into the lym-
phatic system is via the olfactory nerve rootlets with direct 
communication with the lymphatic vessels. In a series of 
studies in sheep, the Toronto group measured the volumetric 
capacity not only of the nasal lymphatic outfl ow system, but 
by physical isolation, that of the cranial and spinal AV out-
fl ow systems  [  1,   2  ] .    At 22 h, the recovery from the lymphatic 
and AV outfl ow was 25.1% and 20.8%, respectively  [  1  ] . 
After increasing the intracranial pressure 10 cm of water 
above the OP, the clearance from the CSF was nearly equal 
for the lymphatic and AV drainage systems  [  2  ] . Obstructing 
the nasal lymphatic outfl ow was also noted to signifi cantly 

lead to an increase in outfl ow resistance in the sheep model. 
A higher pressure was required to reach normal fl ow, which 
suggests that the cranial and spinal AV drainage pathways 
represented a high-pressure outfl ow system. Eliminating the 
spinal compartment further increased outfl ow resistance with 
an associated fall in the rate of CSF drainage. It was also 
noted in these studies that the global drainage of CSF is 
almost the same in fetal, neonatal, and adult sheep. The over-
all conclusion from these studies on sheep is that the lym-
phatic system is dominant in early life with an increase in 
utilization of the AV outfl ow system in the maturing animal.  

   Alternate Sites for CSF Absorption 

 The choroid plexus has been suggested as a possible site for 
CSF absorption. There is no evidence, either anatomical or 
physiological, to support this view. Direct observation of the 
exposed surface of the arachnoid membrane gives no evidence 
of net CSF movement over the entire membrane but only at the 
AV structures themselves. It has been recently shown that the 
dural membrane is very vascular and contains fl uid channels, 
which might offer in the immature AV system an alternate CSF 
drainage pathway  [  14  ] . This is an interesting possibility but 
needs to be further clarifi ed. The question of the role of the 
blood–brain barrier (cerebral capillary endothelium) is not 
settled, although water transport has been associated with the 
glucose and protein cotransporters at this interface. It is also 
not clear what role aquaporin 4 at the adjacent glial end feet 
may have in transendothelial water movement, but the proxim-
ity to the capillary wall suggests a possible role in blood–brain 
barrier water transport  [  11  ] . In the case of hydrocephalus, the 
aquaporins and the cotransporters are upgraded.  

   Consequences of Morphologic Changes 
in CSF Outfl ow Structures 

 The congenital absence or paucity of AV in association with 
hydrocephalus has been reported in humans. Similarly, ana-
tomical abnormalities of the olfactory nasal lymphatic sys-
tem in malformations of the bony skull base have also been 
associated with hydrocephalus, but the intactness of the total 
CSF outfl ow systems was not evaluated. It has been reported 
that following cranial base surgery, some 8% of patients 
develop hydrocephalus. It is assumed this is due to the 
obstructing or severing of the olfactory nerve rootlet CSF 
pathways, although entry of blood and other contaminants 
into the subarachnoid space may also affect other elements 
of the global outfl ow systems. My experience has been that 
traumatic injuries of the anterior fossa and removal of tumors 
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in this region have rarely resulted in hydrocephalus. The 
mucopolysaccharide accumulation in the AV secondary to 
dietary defi ciency of vitamin A in rabbits, calves, and infants 
(secondary to cystic fi brosis) is also associated with the 
development of hydrocephalus. 

 Hydrocephalus may be the consequence of meningitis and 
subarachnoid hemorrhage, but it is hard to separate the indi-
vidual changes in the various components comprising the total 
CSF outfl ow system. In general, defi ning the relative role of 
the AV, lymphatic outfl ow system, and subarachnoid space is 
not possible, since each site is not evaluated at the same time. 

 Some evidence for a dual system has been derived from 
studies in the total CSF drainage system in humans with 
hydrocephalus. Sokolowski constructed in normal and 
hydrocephalic patients, outfl ow curves using the bolus injec-
tion method  [  13  ] . The confi guration of the semilogarithmic 
plots of volume versus time, in which the peak pressure rep-
resents primarily compliance and the outfl ow is a measure 
of CSF absorption   . In normal patients, the relationship is 
mostly linear, while in hydrocephalic patients, the break in 
the curve suggests two separate compartments. In another 
study in hydrocephalic patients, using a ventricular perfu-
sion method, two types of outfl ow patterns were observed 
 [  10  ] . The type 1 absorption defect consisted of an elevated 
OP >160 mm CSF pressure but a normal rate of fl uid absorp-
tion of 0.0069 mL/min/mm. The type 2 absorption defect 
had a normal OP but a decreased rate of fl uid absorption of 
0.0026 mL/min/mm. These two studies might indicate a 
dual system with only one of the systems affected  [  10,   13  ] . 
The perceived high and low outfl ow system suggested from 
these studies appears to agree with studies in sheep after 
separating the nasal lymphatic outfl ow system from the cra-
nial and spinal compartments  

   Dynamics of the Total CSF Drainage System 

 The relationship between CSF formation and drainage has 
been studied in humans. At a rate of 0.37 mL/min for CSF 
formation, the intercept of fl ow and rate of absorption occurs 
at a normal resting pressure of ca. 112 mm CSF pressure  [  4  ] . 
Over a wide range of pressures seen clinically, the CSF 
pressure relationship with that of the venous pressure in the 
sagittal sinus remains stable. In a series of curves represent-
ing increasing rate of ventricular perfusion, a steady state 
can be reached between CSF pressure and time when the 
rate of perfusion is at or below 1.0 mL/min  [  12  ] . After that 
point, there is no steady state reached between volume and 
time, post injection. Presumably the CSF pressure at this 
rate of infusion leads to collapse of the cranial venous sys-
tem and loss of the CSF-venous pressure differential with 
cessation of absorption. The pressure at this rate of infusion 

reached >900 mmH 
2
 O. Ekstedt found the relationship 

between CSF outfl ow and pressure to be rectilinear up to a 
CSF pressure of ca. 6 kPa (61 cmH 

2
 O), after reaching a CSF 

pressure of ca. 60 mmH 
2
 O required to initiate CSF outfl ow 

 [  8  ] . This suggested to him that the AV once opened are not 
further distended by pressure. It is apparent now that the 
outfl ow resistance and conductance that he measured in 
humans represents both the outfl ow via the cranial and spi-
nal AV and the olfactory lymphatic outfl ow system. This 
suggests that the values for the total system outfl ow resis-
tance (R 

o
 ) and absorptive capacity may represent a com-

bined average value for both pathways. The maximum 
capacity of the CSF drainage systems to handle the volume 
of CSF produced before developing ventriculomegaly has 
not been fully defi ned. The response of the CSF system to 
elevated rates of CSF formation (overproduction) has been 
studied in a child with hydrocephalus associated with a 
choroid plexus papilloma, using a ventriculolumbar perfu-
sion system  [  7  ] . In this patient, the rate of CSF formation 
was four times (1.43 mL/min) that seen normally in children 
(normal ~ 0.35 mL/min). The rate of absorption ( V  

a
 ) in this 

case was measured at 130 mmH 
2
 O and found to be 0.59 mL/

min, which is almost equal to that found in normal children 
with an unobstructed pathway ( V  

a
  = 0.61 mL/min). Following 

the removal of the choroid plexus tumor, the intracranial 
pressure in the child returned to normal, and the head size 
fell to the 50th percentile for age.  

   Conclusion 

 It can be concluded from this study that even with an intact 
outfl ow system, there is a maximum level of absorptive 
capacity with excess fl uid formation, but the level after which 
a steady state between pressure and fl ow is not obtainable 
has not been established in humans. The perfusion studies by 
Mann and colleagues in the dog demonstrated that the ability 
of the CSF system to reach a new steady state is exceeded 
when the infusion into the CSF space is  ³ 1.0 mL/min  [  12  ] .      
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  Abstract    Introduction:  Aquaporins (AQPs) are membrane 
proteins that facilitate water and small solute movement in 
tissues. Hydrocephalus is a major central nervous system 
disorder associated with defective cerebrospinal fl uid (CSF) 
turnover. Aquaporin-1 (AQP1) is a water channel located 
mainly at the choroid plexus epithelium and plays an active 
role in CSF production. The aim of this study is to review the 
pertinent literature concerning the role of aquaporin-1 in the 
pathophysiology of hydrocephalus. 

  Methods:  We performed a MEDLINE search using the 
terms  aquaporin  AND  hydrocephalus.  The results of the 
search were further refi ned to exclude studies not related to 
aquaporin-1. 

  Results:  Five studies were identifi ed. Three of these studies 
utilized an animal model, while only two studies referred to a 
few human cases of hydrocephalus. Most of the studies indi-
cate that there is a down-regulation of AQP1 expression in 
choroid plexus in models of hydrocephalus. A small series of 
human choroid plexus tumors showed that AQP1 expression is 
up-regulated. In cases of human choroid plexus tumors, there 
are indications that AQP1 may have alternative physiologic 
roles, but it is not clear whether this is associated with a spe-
cifi c type of hydrocephalus or the genetic burden of the tumor. 

  Conclusion:  There has been a paucity of research on the 
link between aquaporins and hydrocephalus. Most studies 
have relied on animal models. An adaptive and protective 
role of AQP1 as a regulator of CSF production is proposed in 
the pathophysiology of hydrocephalus. Further research is 
needed to clarify if this association exists in humans.  

  Keywords   Aquaporin  •  AQP1  •  Cerebrospinal fl uid (CSF)  • 
 Hydrocephalus  •  Water channel    

   Introduction 

 The pathophysiology of hydrocephalus relies mainly on the 
delicate equilibrium between the production, the absorption, 
and the circulation of cerebrospinal fl uid (CSF). CSF con-
sists mostly of water. Water homeostasis is signifi cant in the 
physiology of the central nervous system  [  6  ] . Aquaporins 
(AQPs) are transmembrane proteins that regulate the move-
ment of water and small solutes through the cell membrane, 
contributing to water homeostasis  [  1,   22,   23  ] . AQP1 and 
AQP4 are expressed in abundance in the central nervous sys-
tem, while AQP4 shows the highest expression pattern of 
any member of the AQP family  [  23  ] . The presence of AQPs 
in the central nervous system and especially the high expres-
sion of AQP1 at the ventricular side of the choroid plexus 
epithelium  [  12,   13,   18  ]  is stimulating research in the fi eld of 
CSF and water turnover hydrocephalus  [  2,   23  ] . 

 The aim of this study is to review the pertinent literature 
concerning the role of AQP1 in cerebrospinal fl uid turnover 
and the pathophysiology of hydrocephalus. The information 
obtained from this process will be used to clarify any poten-
tial association between AQP1 and hydrocephalus.  

   Methods 

 We performed a MEDLINE search using the terms  aquaporin  
AND  hydrocephalus.  The results of the search were further 
refi ned to exclude studies not related to AQP1. The studies 
were divided according to the species and models used.  

   Results 

 The expression of the AQP1 water channel at the ventricular 
side of the choroid plexus, as the literature indicates, led 
Oshio and colleagues to study the CSF production and intrac-
ranial pressure (ICP) in mice lacking AQP1 expression 
(AQP1 knockout) and wild-type mice  [  14,   15  ]  (Table  1    ). 
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The production of CSF was reduced by 20–25% in AQP1-
knockout mice. ICP was also 56% reduced in AQP1-knockout 
compared with wild-type mice. The osmotic water permea-
bility of the choroid epithelium cells was reduced fi vefold. 
The authors also pointed out that the systemic effects of loss 
of AQP1 expression in the kidneys in AQP1-knockout mice 
were responsible for the lower central venous pressure in this 
group. The lower central venous pressure in AQP1-knockout 
mice was the major contributor to reduction of CSF produc-
tion and ICP, although the loss of AQP1 from the choroid 
plexus also made a signifi cant contribution  [  14,   15  ] .  

 Paul and colleagues studied the expression of AQP1 and 
AQP4 in congenital hydrocephalic H-Tx rats with polymerase 
chain reaction (quantitative RT-PCR   ), Western blot, immu-
nohistochemistry, and ELISA  [  16  ] . They also found that 
AQP1 expression was signifi cantly decreased in choroid 
plexus of H-Tx rats, while AQP4 expression was increased 
in the whole brain and cortex and slightly decreased in the 
choroid plexus. 

 Longatti and colleagues, Mobasheri and Marples, as well as 
Praetorius and Nielsen confi rmed the presence of AQP1 at the 
ventricular side of the choroid plexus in humans  [  8,   12,   18  ] . 
Interestingly, some reports indicate that AQP1 expression is 
down-regulated in hydrocephalus. Smith et al. report a case of 
a 15-month-old girl with choroid plexus hyperplasia. Choroid 

plexus hyperplasia is a rare case of nonobstructive hydro-
cephalus related to CSF hyperproduction by choroid plexuses 
 [  20  ] . The choroid plexus was excised, and immunohistochem-
istry revealed a dramatic decrease in immunoreactivity of 
AQP1 of the specimen compared with controls. 

 Longatti et al. reported a series of nine patients with chor-
oid plexus tumors. The observed expression levels of AQP1 
were not homogenous in cases with a choroid plexus tumor 
and hydrocephalus. AQP1 showed a strong expression in 
four cases of choroid plexus papillomas with hydrocephalus 
(obstructive in three and communicating in one), while weak 
expression was observed in one case of choroid plexus carci-
noma complicated by obstructive hydrocephalus  [  7,   20  ] .  

   Discussion 

 AQP1 is highly expressed at the ventricular surface of the 
choroid plexus epithelium in mice, rats, humans, and other 
species  [  2,   8,   12,   13,   18,   21  ] . AQP1 expression has also been 
reported at the basolateral (blood side) of the choroid plexus 
epithelium in rodents and humans but shows a weaker pattern 
 [  12,   13  ] . The higher ventricular expression of AQP1 is thought 
to play a signifi cant role in transcellular transport of water 
molecules for the production of CSF  [  2,   8,   12,   13,   18,   21  ] . The 
weak basolateral expression of AQP1 at the choroid plexus 
could explain how water molecules enter the choroid plexus 
cells and are subsequently fi ltered into the ventricle to produce 
CSF  [  3,   5,   8,   17,   18,   21  ] . The polarized expression of AQP1 at 
the choroid plexus has been confi rmed in humans  [  8,   12,   18  ] . 
Since AQP1 distribution is dominant in choroid plexus, and it 
demonstrates a specifi c localization at the ventricular side fac-
ing CSF, its role in the production of CSF was highly suspect 
and gave rise to studies of AQP1 and hydrocephalus. 

 Few studies concerning AQP1 and hydrocephalus exist. 
Most of these studies rely on animal models such as congeni-
tal hydrocephalic rats (H-Tx rats), kaolin-induced hydro-
cephalus in rats or AQP1-knockout mice. Human studies are 
based on few observations in cases of hydrocephalus associ-
ated with choroid plexus hyperplasia or choroid plexus 
tumors. Few studies show that AQP1 expression is down-
regulated in hydrocephalus or that the loss of AQP1 lowers 
SF production and ICP  [  14–  16,   20  ] . One study was not able 
to identify any changes  [  9  ] , while one human study by 
Longatti et al.  [  7  ]  indicated mostly a strong expression in 
choroid plexus tumors with hydrocephalus. Currently, the 
patterns of expression of AQP1 in hydrocephalus are not 
clear in the literature. Thus, the results concerning the expres-
sion of AQP1 in hydrocephalus or its contribution to CSF 
production and ICP should be interpreted with caution and 
used only as indications of the role of AQP1 in hydrocephalus 
and not as facts. 

   Table 1    Studies concerning hydrocephalus and aquaporin-1   

 Studies  Species  Method  AQPs 
studied 

 Results 

 Mao et al.  [  9  ]   Rats  Kaolin inj.  AQPs 1,4,9  AQP1 w/o 
a 
significant 
change in 
HCP 

 Paul et al. 
 [  16  ]  

 Rats  H-Tx, 
choroid 
plexus 
culture 

 AQPs 1,4  AQP1 low 
/AQP4 
high 

 Oshio et al. 
 [  15  ]  

 Mice  AQP1-KO  AQP1  Lower 
ICP, lower 
CSF 
production 

 Smith et al. 
 [  20  ]  

 Humans  Choroid 
plexus 
hyperpla-
sia, case 
report 

 AQP1  Down-
regulated 

 Longatti 
et al.  [  7  ]  

 Humans  Choroid 
plexus 
tumors 
series 

 AQP1  Mostly 
strong 
expression 
in tumors 
with 
hydro-
cephalus 

   AQP  aquaporin,  HCP  hydrocephalus,  obstr  obstructive,  AQP4-KO  
aquaporin-4 knockout mice,  H-Tx  congenital hydrocephalic rats,  ICP  
intracranial pressure  
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 Although further research should be conducted, these pre-
liminary data indicate that AQP1 is usually down-regulated 
in cases of hydrocephalus  [  16,   20  ] . It is possible that a feed-
back mechanism exists, and this is the proposed explanation. 
This mechanism should regulate the expression of AQP1 in 
choroid plexus in the presence of hydrocephalus as an adap-
tation process. Adaptive feedback mechanisms exist and 
regulate the expression of AQP1 in the choroid plexus under 
specifi c circumstances – e.g., low gravity reduces the amount 
of AQP1 in the choroid plexus  [  10  ] . In addition, AQP1 
expression is down-regulated in cases of compromised cere-
bral perfusion  [  4,   10,   11  ] , while Silverberg et al. demon-
strated that CSF production is reduced in patients with 
chronic hydrocephalus  [  19  ] . AQP1 down-regulation in the 
choroid plexus in cases of hydrocephalus could be an adap-
tive protective mechanism to lower the production of CSF 
and reduce the increased ICP. This effect was observed in 
AQP1-knockout mice in a study by Oshio et al.  [  14,   15  ]  
AQP1 loss could lead to reduction of CSF production and 
ICP. Interestingly, the results in the study of Oshio et al. indi-
cated that systemic effects on the kidneys, where AQP1 is 
normally present, and reduction of central venous pressure 
could also contribute to this phenomenon apart from the loss 
of AQP1 at the choroid plexus  [  14,   15  ] . 

 Other studies did not identify the down-regulation of 
AQP1 in hydrocephalus. The study of Mao et al. used a 
kaolin-induced hydrocephalus model in rats  [  9  ] . There were 
no signifi cant changes in AQP1 expression after the induc-
tion of hydrocephalus. Longatti et al. in a series of human 
choroid plexus tumors found mixed expression patterns of 
AQP1 in cases complicated by hydrocephalus  [  7  ] . AQP1 
showed strong expression in four cases of choroid plexus 
papillomas with hydrocephalus (obstructive in three and 
communicating in one) while weak expression was observed 
in one case of choroid plexus carcinoma complicated by 
obstructive hydrocephalus. It is not clear whether this is 
associated with a specifi c type of hydrocephalus or the 
genetic burden of the tumor. The small number of human 
cases reported, the heterogeneous expression of AQP1 in 
these cases, and the use of immunohistochemistry (a qualita-
tive method) not accompanied by quantitative methods such 
as immunofl uorescence, Western blot, or RT-PCR protocols 
cannot reveal the real patterns of expression of AQP1 in 
humans with hydrocephalus at present.  

   Conclusion 

 In summary, aquaporins, and especially AQP1 could possi-
bly play a signifi cant role in hydrocephalus as this is indi-
cated in AQP1 expression studies in animal models of 
hydrocephalus and a few human case reports. Most of these 

studies show a down-regulation of AQP1 expression in 
hydrocephalus suggesting an adaptive feedback mechanism 
that acts to lower the production of CSF and ICP. Other stud-
ies failed to confi rm these observations. Further research 
studies should be conducted to provide a clear picture of the 
role of AQP1 in hydrocephalus subtypes, validate the obser-
vations in humans, and provide the background for transla-
tional research strategies.      
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  Abstract    Introduction:  Aquaporins (AQPs) are membrane 
proteins that facilitate water and small solute movement in 
tissues. Hydrocephalus is the major central nervous system 
disorder associated with defective cerebrospinal fl uid turn-
over. Aquaporin-4 (AQP4) is a water channel located mainly 
at the blood–brain barrier (BBB) and blood–cerebrospinal 
fl uid (CSF) interfaces and is associated with the elimination 
of cerebral edema via these routes. The aim of this study is to 
review the pertinent literature concerning the role of AQP4 
in the pathophysiology of hydrocephalus. 

  Methods:  We performed a MEDLINE search using the 
terms  aquaporin  AND  hydrocephalus.  The results of the 
search were further refi ned to exclude studies not related to 
aquaporin-4. 

  Results:  Six studies were identifi ed. All studies utilized 
an animal model such as AQP4-knockout mice, H-Tx rats, 
and kaolin and L-α-lysophosphatidylcholine (LPC) stearoyl  
injection models of hydrocephalus. Most studies indicate 
that there is an up-regulation of AQP4 expression at the 
BBB and blood–CSF interfaces in cases of hydrocephalus. 
One study, reported sporadic cases of obstructive hydro-
cephalus in a subgroup of AQP4-knockout mice. 

  Conclusions:  Few publications have studied the association 
between aquaporins and hydrocephalus. Currently, all the exist-
ing studies rely on animal models. An adaptive and protective 
role of AQP4 to increase the resolution of the “hydrocephalic” 
edema at the BBB and blood–CSF interfaces is proposed in the 
pathophysiology of hydrocephalus. Further research is needed 
to clarify if this association exists in humans.  

  Keywords   Aquaporin  •  AQP4  •  Cerebrospinal fl uid (CSF)  • 
 Hydrocephalus  •  Water channel    

   Introduction 

 The pathophysiology of hydrocephalus relies mainly on the 
delicate equilibrium between production, absorption, and cir-
culation of cerebrospinal fl uid (CSF). Cerebrospinal fl uid 
consists mostly of water. Water homeostasis is signifi cant in 
the physiology of the central nervous system  [  9  ] . Aquaporins 
(AQPs) are transmembrane proteins that regulate the move-
ment of water and small solutes through the cell membrane, 
contributing to water homeostasis  [  1,   25,   28  ] . AQP1 and 
AQP4 are expressed in abundance in the central nervous sys-
tem, while AQP4 shows the highest expression pattern of any 
other member of the AQP family  [  28  ] . The presence of AQPs 
in the central nervous system provides a background and a 
trigger for research in the fi eld of CSF and water turnover 
especially in brain edema and hydrocephalus  [  4,   14,   28  ] . 

 The aim of this study is to review the pertinent literature 
concerning the role of AQP4 in cerebrospinal fl uid turnover 
and pathophysiology of hydrocephalus. The information 
obtained from this process will be used to clarify any poten-
tial association between AQP4 and hydrocephalus, defi ne 
further experimental approaches, and focus on key pathophys-
iological steps as candidates for pharmacological treatment.  

   Methods 

 We performed a MEDLINE search using the terms  aqua-
porin  AND  hydrocephalus.  The results of the search were 
further refi ned to exclude studies not related to AQP4. 
Animal studies were identifi ed and categorized according to 
species and models used.  

   Results 

 Six studies were identifi ed. The animal models used were 
AQP4-knockout mice, H-Tx rats, and kaolin and L-α-
lysophosphatidylcholine (LPC) stearoyl  injection models of 
hydrocephalus. 
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 Bloch and colleagues, used AQP4-knockout mice and 
wild-type mice and reproduced obstructive hydrocephalus 
with kaolin injection in the cisterna magna  [  5  ] . Signifi cant 
ventriculomegaly, and increased intracranial pressure (ICP) 
and brain water content (increased by 2–3%) were observed 
in the AQP4-knockout mice group  [  5  ] . The increased brain 
water content in AQP4-knockout mice indicated the exis-
tence of “hydrocephalic edema.” A 5-day survival study 
revealed that 84% of the wild-type mice survived compared 
with 66% of AQP4-knockout mice, indicating that hydro-
cephalus induced by kaolin injection was much more severe 
in mice that do not express AQP4. The authors also used a 
computational model to reconfi rm the observations obtained 
and predicted that the severity of hydrocephalus will be much 
more reduced when AQP4 expression increases. A protective 
role of AQP4 concerning hydrocephalus was suggested  [  5  ] . 

 Mao and colleagues also used a kaolin injection hydro-
cephalus model to study AQP4 changes in normal rat brains 
that fi nally developed severe hydrocephalus  [  13  ] . Kaolin 
injection resulted in up-regulation of AQP4 expression 
3–4 weeks later. High expression areas of AQP4 were identi-
fi ed in perivascular areas, parietal cerebrum and hippocam-
pus, ependymal lining and glia limitans. AQP4 levels do not 
increase signifi cantly until rats become 7 weeks old, while 
elevated expression can be observed for up to 9 months indi-
cating a time-sensitive and pressure or extracellular fl uid 
(due to transparenchymal fl ow of CSF in hydrocephalus) 
adaptive mechanism. The white matter demonstrated signifi -
cant edema and showed evidence of fragmentation in the 
youngest group of hydrocephalic rats, while it was atrophic 
in the older group  [  13  ] . 

 The congenital hydrocephalic rat (H-Tx rat) is an estab-
lished animal model of hydrocephalus. Paul et al. and Shen 
et al. studied the expression of AQP4 in this animal model 
 [  21,   24  ] . Areas of AQP4 overexpression were identifi ed. 
AQP4 was highly expressed at the ependymal lining, the end-
feet processes of pericapillary astrocytes, and the subpial zone 
in H-Tx rats and indicated an adaptive mechanism. Shen et al. 
further discussed the role of AQP4 in the pathophysiology of 
a subset H-Tx rat group with “arrested hydrocephalus”  [  24  ] . 
This interpretation and the defi nition of “arrested hydroceph-
alus” were mainly based on the higher survival of animals 
expressing more AQP4, without providing any evidence about 
the severity of ventriculomegaly  [  15  ] . 

 Communicating infl ammatory hydrocephalus was mod-
eled in rats using L-α-lysophosphatidylcholine (LPC) stearoyl 
injections. Tourdias et al. studied the AQP4 expression in this 
model  [  27  ] . AQP4 was also up-regulated at the blood–CSF 
and blood–brain barrier interfaces in hydrocephalic rat brains 
compared with controls  [  27  ] . Magnetic resonance studies in 
these rats revealed a signifi cantly bigger apparent diffusion 
coeffi cient (APC) and larger CSF volumes, which were cor-
related with elevated expression of AQP4. 

 Feng and colleagues published an interesting observation 
concerning AQP4-knockout mice  [  7  ] . In a series of 612 
AQP4-knockout mice, a percentage of 9.6% demonstrated 
obstructive hydrocephalus. The level of cerebral aqueduct 
was identifi ed as the site of obstruction, leading to aqueduc-
tal stenosis. Marked ependymal disorganization was present 
at the site of stenosis. The authors attributed the presence of 
sporadic obstructive hydrocephalus in a subset of AQP4-
knockout mice, to AQP4 polymorphisms that could contrib-
ute to the development of aqueductal stenosis  [  7,   28  ] .  

   Discussion 

 Hydrocephalus is a disease of the central nervous system 
with a pathophysiology associated with the disruption of the 
delicate equilibrium between CSF production, absorption, 
and circulation. CSF physiology is linked to water circula-
tion and distribution in the central nervous system, since 
CSF consists mostly of water. Aquaporins are water chan-
nels with a signifi cant role in water homeostasis in various 
systems as well as the central nervous system  [  9  ] . Currently 
there are no studies concerning hydrocephalus and AQP4 in 
humans. The association between aquaporins and hydro-
cephalus is demonstrated in studies (Table  1 ) based mainly 
in animal models like AQP4-knockout mice, kaolin- or LPC-
induced hydrocephalus in rats, and congenitally hydrocepha-
lic rats (H-Tx rats). Thus, the knowledge concerning the role 
of AQP4 in hydrocephalus derives mainly from the labora-
tory. Whether the results obtained can be revalidated in 
humans is not known.  

   Table 1    Studies concerning aquaporin-4 and hydrocephalus   

 Studies  Species  Method  AQPs 
studied 

 Results 

 Shen 
et al.  [  24  ]  

 Rats  H-Tx  AQP4  Upregulated 

 Mao 
et al.  [  13  ]  

 Rats  Kaolin 
injected 

 AQPs 1,4,9  AQP4 
upregulated 

 Tourdias 
et al.  [  27  ]  

 Rats  LPC injected 
infl ammatory 
HCP 

 AQP4  Upregulated 

 Paul et al. 
 [  21  ]  

 Rats  H-Tx, choroid 
plexus culture 

 AQPs 1,4  AQP1 low/
AQP4 high 

 Bloch 
et al.  [  5  ]  

 Mice  AQP4-KO, 
kaolin 
injected 

 AQP4  Higher ICP, 
CSF volume, 
lower 
survival in 
AQP4-KO 

 Feng 
et al.  [  7  ]  

 Mice  AQP4-KO  AQP4  Sporadic 
obstr HCP 

   AQP  aquaporin,  HCP  hydrocephalus,  obstr  obstructive,  AQP4-KO  
aquaporin-4 knockout mice,  H-Tx  congenital hydrocephalic rats,  ICP  
intracranial pressure,  LPC L-α-lysophosphatidylcholine stearoyl      
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 Most hydrocephalus studies show that AQP4 expression is 
up-regulated in the blood–CSF and blood–brain barriers 
 [  13,   21,   24,   27  ] . Whether this up-regulation is linked to the 
cause of hydrocephalus or depicts an adaptive feedback 
mechanism that tries to resolve the hydrocephalic changes 
needs further clarifi cation. Few clues exist that could help us 
understand the pathophysiology underlying AQP4 up-regula-
tion in hydrocephalus models. In the study of Bloch et al.  [  5  ] , 
AQP4-knockout mice survived for a shorter time than wild-
type mice when hydrocephalus was induced by kaolin injec-
tion in the cisterna magna. This observation indicates that the 
presence of AQP4 could act protectively in this context. The 
signifi cant role of AQP4 in the clearance of excess brain 
water and specifi cally vasogenic brain edema has been docu-
mented in multiple other studies  [  2,   3,   8,   12,   14,   17–  20,   23, 
  26  ] . These studies provide us with clues about the potential 
role of AQP4 in hydrocephalus as an adaptive mechanism 
that is up-regulated to aid the resolution of excess brain water 
termed “hydrocephalic edema” by Klatzo et al.  [  10  ] . This 
type of interstitial brain edema is subsequent to impaired CSF 
turnover and increased ICP. It is observed as transependymal 
CSF fl ow in neuroimaging studies of hydrocephalus  [  10,   25  ] . 
The role of AQPs in relation to the resolution of the “hydro-
cephalic edema” could be signifi cant and shed more light on 
the pathophysiology and treatment of hydrocephalus. 

 An interesting perspective is the identifi cation of the sites 
of “hydrocephalic edema” clearance related to AQP4 contri-
bution. Aquaporins are highly expressed at known sites of 
CSF production and absorption such as the choroid plexus 
and extrachoroidal sites and ependymal cells, glia limitans 
interna, and CSF circulation at the cortical subarachnoid 
space such as in the glia limitans externa, subpial zone, and 
meninges. In addition, AQP4 is highly expressed at the end-
feet of the astrocyte processes that are part of the blood–brain 
barrier  [  4,   6,   11,   16,   22,   25,   28  ] . In the studies of AQP4 and 
brain edema, three brain edema clearance pathways have 
been identifi ed  [  25  ] . The fi rst one is the brain parenchyma-
ventricular pathway, which drives excess water in the ven-
tricles. The second one is the brain parenchyma–brain 
cortex–subarachnoid space pathway driving excess water to 
the subarachnoid space, and the last is the brain parenchyma–
astrocyte endfeet processes–brain capillaries pathway driv-
ing excess water from the brain to the systemic circulation. 
The pathway that is used to resolve the “hydrocephalic 
edema” via an AQP4-mediated route is currently unknown.  

   Conclusion 

 The results obtained from animal studies indicate that 
AQP4 plays a distinct role in hydrocephalus. An adaptive 
feedback mechanism is proposed. Indications exist about the 

up-regulation of AQP4, which acts protectively in cases of 
hydrocephalus and provides a pathway for “hydrocephalic 
edema” clearance. The results should be revalidated in human 
studies to provide a useful armamentarium in the treatment 
of hydrocephalus and aid in the design of a new class of drugs 
that deal with the regulation of AQPs in hydrocephalus.      

  Confl icts of interest statement   We declare that we have no confl ict 
of interest   .  
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  Abstract   Acetazolamide (AZA), used in treatment of early or 
infantile hydrocephalus, is effective in some cases, while its 
effect on the choroid plexus (CP) remains ill-defi ned. The drug 
reversibly inhibits aquaporin-4 (AQP4), the most ubiquitous 
“water pore” in the brain, and perhaps modulation of AQP1 
(located apically on CP cells) by AZA may reduce cerebrospi-
nal fl uid (CSF) production. We sought to elucidate the effect 
of AZA on AQP1 and fl uid fl ow in CP cell cultures. 

 CP tissue culture from 10-day Sprague–Dawley rats and a 
TRCSF-B cell line were grown on Transwell permeable supports 
and treated with 100  m M AZA. Fluid assays to assess direction 
and extent of fl uid fl ow, and AQP1 expression patterns by immu-
noblot, Immuncytochemistry (ICC)   , and quantitative reverse tran-
scriptase polymerase chain reaction (qRT-PCR) were performed. 

 Immunoblots and ICC analyses showed a decrease in AQP1 
protein shortly after AZA treatment (lowest at 12 h), with tran-
sient AQP1 reduction mediated by mRNA expression (lowest 
at 6 h). Transwell fl uid assays indicated a fl uid shift at 2 h, 
before signifi cant changes in AQP1 mRNA or protein levels. 

 Timing of AZA effect on AQP1 suggests the drug alters 
protein transcription, while affecting fl uid fl ow by a concomi-
tant method. It is plausible that other mechanisms account for 
these phenomena, as the processes may occur independently.  

  Keywords   Acetazolamide  •  Aquaporin-1  •  Hydrocephalus  • 
 Choroid plexus  •  TRCSF-B  •  Cerebrospinal fl uid    

   Introduction 

 Hydrocephalus is a disorder caused by an excessive accumu-
lation of cerebrospinal fl uid (CSF) within the cranial cavity, 
often causing developmental and functional defi cits in the 
pediatric age group. Recent literature suggests that hydro-
cephalus accounts for 1.8% of days in children’s hospitals 
(0.6% of admissions) and 3.1% of all pediatric hospital 
charges  [  26  ] . 

 Acetazolamide (AZA) is a carbonic anhydrase (CA) 
inhibitor used as an initial treatment in certain cases of early 
or infantile hydrocephalus, glaucoma, idiopathic intracranial 
hypertension, and seizures  [  3,   4,   12,   31  ] . Understanding the 
role of choroid plexus (CP) in CSF production or absorption 
is necessary to effectively treat hydrocephalus, and elucidat-
ing the effects of AZA on this structure may provide future 
therapeutic targets for such fl uid disorders  [  7  ] . 

 Aquaporins (AQPs) are ubiquitously expressed cellular 
pores capable of transporting water, ions, and small non-
polar molecules  [  1,   2  ] . The brain expresses 6 aquaporin iso-
forms (AQP1, AQP3, AQP4, AQP5, AQP8, and AQP9)  [  2, 
  14,   22,   32,   34  ] , of which three have been signifi cantly char-
acterized (AQP1, AQP4, AQP9). AQP4 is predominant in the 
brain, while AQP1 is of particular interest for its abundance 
in CP cells  [  9,   36  ] . The high expression levels of AQP1 in the 
apical layer of CP cells implies a role in CSF production, 
fl uid fl ow, and injury response  [  21,   37  ] . Interestingly, the role 
of AQP1 in these mechanisms is controversial, since AZA 
also decreases CSF production in AQP1-null mice  [  25  ] . 

 Our goal was to determine the relationships between 
AZA, AQP1, and fl uid fl ow, and we postulated that AZA 
alters active AQP1 levels in CP cells (via alterations in 
expression and/or function), by a mechanism unrelated to 
changes in fl uid fl ow.  

   Methods 

 All protocols were approved by the Institutional Animal 
Care Committee at our institution. 
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   Tissue Culture 

 CP tissue was harvested from lateral and fourth ventricles 
and digested in 0.25% trypsin. The solution was passed 
through a 100  m m cell strainer and stored in culture medium 
 [  6,   8  ] . Cells were maintained at 37°C, 5% CO 

2
  on laminin-

coated cultureware, and the medium was changed every 
24–48 h. Primary cultures were grown in DMEM:F12 with 
10% FBS, 4 mM glutamine, 5  m g/mL insulin, 10U/mL 
Penicillin, 0.1 mg/mL streptomycin, 10 ng/mL EGF, 5  m g/
mL Insulin, 5  m g/mL transferrin, and 5 ng/mL sodium sele-
nite. For the fi rst 96 h of culture, 4uM cytosine arabinoside 
was supplemented to reduce fi broblast contamination. The 
immortalized CP cell line (TRCSF-B) cell line was grown 
according to published guidelines, and the medium was 
changed every 24–48 h  [  28  ] .  

   Reverse Transcriptase Polymerase Chain 
Reaction (RT-PCR) 

 CP primary culture was treated with either 1× fl uid assay 
buffer (FAB) alone or with 100  m M AZA (A6011; Sigma). 
Baseline wells treated with vehicle were harvested at 24 h. 
RNA was harvested with RLT buffer (Qiagen) and the 
RNeasy kit (Qiagen, Germantown, MD, USA) at 1, 3, 6, 12, 
and 24 h. cDNA was prepared with the iScript kit (Bio-Rad). 
Analysis of AQP1 mRNA via qRT-PCR utilized primers 
described below, with 18S as an internal control.  

 AQP1 F: 
CCCTCTTCGTCTTCATCAGC 

 18S F: 
GTAACCCGTTGAACCCCATT 

 AQP1 R: 
GTTGAGGTGAGCACCACT GA 

 18S R: 
CCATCCAATCGGTAGTAGCG 

   Immunoblot 

 Cells were treated with fetal bovine serum (FBS) media, FAB 
(baseline), or 100  m M AZA in FAB for 6, 12, and 24 h, and 
lysed with Laemlli buffer. Blocking was done with 5% milk/
PBS-T/0.05% Tween-20 and probed with anti-AQP1 Ab 
(AQP11-A; Alpha Diagnostics) and goat anti-rabbit 1:5,000 
secondary Ab (sc-2004; Santa Cruz Biotechnology). Anti- b -
Actin (A1978; Sigma, Saint Louis, MO, USA) and goat anti-
mouse (sc-2020; Santa Cruz Biotechnology) were also used.  

   Fluid Assay 

 Monolayer confl uence was assessed by Lucifer Yellow pas-
sage assay and trans-epithelial electrical resistance (TEER) 

(EVOm2 machine; World Precision Instruments). Ten percent 
FBS medium was exchanged for 0.5% FBS medium 1 day 
prior to assay. Fluid assay was done in FAB (15 mM NaHCO3, 
15 mM HEPES, 0.5 mM Na 

2
 HPO4, 0.5 mM NaH 

2
 PO4, 

17.5 mM glucose, 122 mM NaCl, 4 mM KCl, 1 mM CaCl 
2
 , 

1 mM MgCl 
2
 , 5  m g/mL insulin, pH 7.3) following Hakvoort    

et al.  [  8  ] . Apical and basolateral fl uids were harvested at 2, 6, 
12, and 24 h. Baseline wells were harvested at 2 h. All mea-
sures were in triplicate and averaged. The follow equation for 
fl uid fl ow was used: V 

sec
  = [(CFD 

i
  – CFD 

a
 ) ÷ CFD 

i
 ] × V 

0
 . 

Where V 
sec

  = volume secreted ( m L/h); CFD 
i
  = initial fl uores-

cent reading; CFD 
a
  = fi nal fl uorescent reading; V 

0
  = initial vol-

ume of fl uid applied to transwell membrane (350  m L).  

   Immunocytochemistry 

 Transwell membranes were fi xed at 4% PFA and blocked 
with 10% goat serum/0.1% Triton X-100 prior to incubation 
with 1:200 primary Ab (AQP1, AQP11-A; Alpha Diagnostics; 
Kir 7.1, sc-22440; Santa Cruz Biotechnology). Incubation 
with 1:200 secondary Ab (Goat Anti-Rabbit Alexa Fluor 488 
or Goat Anti-Mouse Alexa Fluor 568), and nuclear staining 
with Hoescht 33362 was done. Membranes were mounted 
with fl uorsave (345789; Calbiochem).   

   Results 

 Immunoblots revealed that treated cells displayed a decrease 
and subsequent return of AQP1 protein expression, as com-
pared with baseline, when harvested at 2, 6, 12, and 24 h. 
This trend implies a relationship between AZA and AQP1 
expression mechanisms (Fig.  1 ). Immunoblots correlated 
with the immunocytochemistry images, which revealed ini-
tial decrease and subsequent punctate resurgence of AQP1 
protein (Fig.  2 ).   

 RT-PCR using AQP1 primers and 18S (loading control) 
illustrated a trend in mRNA expression similar to that seen in 
the immunoblot and immunocytochemistry, suggesting that 
previously observed alterations in protein expression were 
mediated by AQP1 mRNA levels. It appears AZA affects 
AQP1 expression via a mechanism that decreases AQP1 
mRNA (Fig.  1 ). 

 Fluid assay with AZA was performed on confl uent tran-
swells seeded with CP primary culture or TRCSF-B cell line. 
Both primary culture and cell line showed immediate shift in 
fl uid transport away from the apical chamber. The fl uid shift 
occurs earlier than the decrease in AQP1 expression, indicat-
ing that the shift in fl uid fl ow after AZA treatment is mini-
mally related to AQP1 levels (Fig.  3 ).   
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   Discussion 

 Aquaporins play a key role in several neurologic disorders and 
understanding their physiology is important for effective med-
ical management  [  15,   24,   25,   35  ] . The majority of the brain’s 
AQP1 is located at the apical membrane of the CSF-producing 
CP, which is of particular interest in hydrocephalus  [  11,   23  ] . 
Decreased AQP1 expression levels in rat CP have been cor-
related with reduced CSF production, and AQP1-null mice 
display a 25% reduction in CSF production  [  20,   24,   25  ] . 

 A diuretic which inhibits CA, AZA is used in the treat-
ment of multiple fl uid disorders  [  3,   12  ] . The drug inhibits 
AQP4, and in hydrocephalic states, AZA possibly reduces 
CSF production by inhibiting AQP1  [  5,   17  ] . Although it has 
a negligible effect on purifi ed AQP1 protein, CSF production 
is decreased in AQP1-null mice receiving the drug, raising 
questions about its mechanism of action  [  25,   27  ] . The rela-
tionship between AZA, AQP1, and CSF production is con-
troversial, and this study was undertaken to further elucidate 
these relationships. 

 Immunoblots and ICC of AZA-treated CP cells revealed a 
continual decrease in AQP1 protein over 12 h, before return 
to baseline levels at 24 h (Figs.  1  and  2 ). Interestingly, a 
rebound phenomenon was seen at 24 h with a notable increase 
in mRNA levels and a modest increase in protein, similar to 
prior rodent studies  [  20  ] . 

 At later time points, ICC images showed an increase in 
punctate AQP1 within the cell, suggesting AZA regulation 
of AQP1 may occur at the level of transcription (Fig.  2 ). 
RT-PCR results demonstrate a maximum decrease in AQP1 
mRNA levels at 6 h that corresponds temporally to the illus-
trated decreases in AQP1 protein at 12 h (Fig.  1 ). This would 
imply that the effect of AZA on AQP1 does not involve direct 
interaction of drug with protein, corresponding to previous 
reports of AZA inability to inhibit purifi ed AQP1  [  27  ] . 

 Primary CP cells grown in transwells identifi ed AZA-
induced fl uid fl ow change at 2 h (Fig.  3 ). This decrease in apical 

fl ow suggests less CSF production, but occurs earlier than the 
decreases in both AQP1 mRNA and protein expression. Notably, 
the apical fl uid fl ow was decreased at 2 h without correspond-
ing increase in basolateral fl uid fl ow, suggesting retention of 
fl uid by CP cells during AZA treatment. This is consistent with 
the changes in cell morphology (large, round cells seen in 
immunocytochemistry) (Fig.  2 ). AZA has previously been 
shown to increase cell volume and water retention  [  10  ] . 

 The TRCSF-B cell line expressed very low levels of 
AQP1 protein, and was therefore used as a negative control 
for AQP1-rich CP primary culture cells. Transwell studies of 
confl uent TRCSF-B cells demonstrated similar fl uid fl ow 
characteristics (as seen in primary culture) despite the lack of 
AQP1 protein (Fig.  3 ). 

 Initial changes in AQP1 expression appear unrelated to 
fl uid fl ow alterations as observed by the timing of these 
events. Previous data are contradictory regarding AZA–
AQP1 interactions, and these fi ndings may be partially rec-
onciled with our data suggesting AZA alters fl uid fl ow early, 
with delayed effect on AQP1 expression  [  5,   17,   25  ] . To our 
knowledge, we are the fi rst to show that AZA treatment 
affects AQP1 levels in a manner unrelated to fl uid fl ow. 

 In recent studies, soluble adenylyl cyclase (sAC) is activated 
by the presence of bicarbonate ion  [  30  ] . Interestingly, it has also 
been shown that increases in Protein Kinase A (PKA)    activity 
increases AQP1 levels  [  18,   19,   29  ] . In the lung, PKA-mediated 
thyroid transcription factor-1 (TTF-1) phosphorylation is acti-
vated by cAMP  [  16  ] . TTF-1 is coexpressed with AQP1 in rat CP, 
which enhances transcription of the aquaporin  [  13  ] . Thus, it is 
possible for AZA (a known inhibitor of CA) to modulate adeny-
lyl cyclase and affect AQP1 expression in a manner independent 
of fl uid fl ow  [  12  ] . These pathways offer a potential reason for the 
delayed overexpression of AQP1 observed in these experiments. 

 Acetazolamide treatment of CP monolayers decreases the 
apical fl uid fl ow and leads to an associated fall and subse-
quent resurgence in the levels of AQP1 at both the protein 
and RNA levels. This drug-induced change in AQP1 
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expression may be mediated by adenylyl cyclase, cAMP, 
PKA, and TTF-1, perhaps causing the observed rebound 
increase in the water channel protein.  

   Conclusion 

 AZA affects CP fl uid fl ow via a mechanism initially inde-
pendent of AQP1 expression, and future studies should focus 
on the relationship between AZA and AQP1 as well as AZA 
and apical fl uid fl ow. Improved understanding of such mech-
anisms will facilitate drug development for treating brain 
fl uid disorders (including hydrocephalus)  [  7,   33  ] .      
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  Abstract    Introduction:  Inside the craniospinal system, 
blood, and cerebrospinal fl uid (CSF) interactions occurring 
through volume exchanges are still not well understood. We 
built a physical model of this global hydrodynamic system. 
The main objective was to study, in controlled conditions, 
CSF–blood interactions to better understand the phenome-
non underlying pathogenesis of hydrocephalus. 

  Materials and methods:  A structure representing the cra-
nium is connected to the spinal channel. The cranium is 
divided into compartments mimicking anatomical regions 
such as ventricles or aqueduct cerebri. Resistive and compli-
ant characteristics of blood and CSF compartments can be 
assessed or measured using pressure and fl ow sensors incor-
porated in the model. An arterial blood fl ow input is gener-
ated by a programmable pump. Flows and pressures inside 
the system are simultaneously recorded. 

  Results:  Preliminary results show that the model can 
mimic venous and CSF fl ows in response to arterial pressure 
input. Pulse waveforms and volume fl ows were measured and 
confi rmed that they partially replicated the data previously 
obtained with phase-contrast magnetic resonance imaging. 
The phantom shows that CSF oscillations directly result from 
arteriovenous fl ow, and intracranial pressure measurements 
show that the model obeys an exponential relationship 
between pressure and intracranial volume expansion. 

  Conclusion:  The phantom will be useful to investigate the 
hydrodynamic hypotheses underlying development of 
hydrocephalus.  

  Keywords   Cranio spinal hydrodynamics  •  CSF fl ow  •  Blood 
fl ow  •  Physical model    

   Introduction 

 The craniospinal system consists of a rigid cranial box and a 
compliant spinal compartment. Arterial blood fl ow, which is 
not constant but pulsatile during the cardiac cycle, is not instan-
taneously compensated by venous outfl ow. This instantaneous 
difference between arterial and venous fl ows leads to an intrac-
ranial blood volume change during a cardiac cycle  [  6  ] . To 
compensate for this temporal blood volume expansion, cere-
brospinal fl uid (CSF) volume fl ushes into the spinal compart-
ment during systole and returns to the cranium during diastole 
 [  4,   8,   14  ] . 

 Marmarou and colleagues established an exponential 
relationship  [  18  ]  between cerebral volume increase and 
intracranial pressure (ICP). Infusion tests and cerebral pres-
sure monitoring are still using this approach. Different stud-
ies have tried to simulate ICP, blood, and CSF interactions 
using lumped parameter, pressure volume, mathematical, or 
computational fl uid dynamic (CFD) models  [  1,   3,   10,   16,   18, 
  20,   21,   24  ] . These approaches have led to signifi cant insights 
into interactions between fl uid, tissue, and pressure inside 
the craniospinal system. 

 These interactions between the considered fl uids and 
structures are actually so complex that numerical approaches 
can hardly apprehend the system in its complexity. Electrical 
analog models are restrictive and limited because they do not 
take into account the actual fl uid mechanical principles. At 
present, engineers still have diffi culties linking a CFD 
approach with boundary deformation of vessels or tissues. It 
is likely that we will have to wait a few years before obtain-
ing a global CFD model of craniospinal hydrodynamics. 

 Using phase-contrast magnetic resonance imaging 
(PC-MRI), noninvasive direct measurements of CSF and 
cerebral blood fl ows are feasible  [  11–  13,   19  ] . Many stud-
ies have established normal values of cerebral fl ows in 
healthy populations  [  6,   22,   23  ]  and have shown alterations 
of these fl ows in pathological conditions such as hydro-
cephalus  [  5,   7,   9,   17  ] . 

 The objective of this work was to design a physical, “real-
istic phantom” of the global craniospinal fl uid dynamics and 
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to study, in strictly controlled conditions, its feasibility using 
the dynamic response of CSF to arterial input fl ow.  

   Materials and Methods 

 Based on the anatomy of the craniospinal system, we have 
developed a phantom (Fig.  1 ). A polycarbonate structure 
representing the cranium (cranial volume = 2,000 mL) is con-
nected to the spinal channel (spinal volume = 200 mL) end-
ing in a calibrated compliance. The cranium is divided into 
various compartments, mimicking the simplifi ed anatomical 
regions such as ventricles and aqueduct cerebri.  

 The ventricular volume was 50 mL and the brain volume 
nearly 500 mL. Deformable parts are represented by rub-
ber-like hyperelastic materials. Realistic cerebral arterial 
blood fl ow is generated by a numerically accurate program-
mable pump. Flows and pressures inside the system are 
simultaneously recorded. Resistances and compliances of 
blood and CSF compartments can be assessed or measured 
separately using the pressure and fl ow sensors incorporated 
in the model. The sensors were plugged into a data acquisi-
tion interface, and measurements were recorded on a com-
puter. The temporal resolution of the measurements system 
was 1 ms.  

   Results 

 Measurements of compliance in stand-alone compartments 
showed an exponential behaviour of pressure as a function of 
infused volume as described by Marmarou et al.  [  18  ]  in 
humans. 

 The curves depicted in Fig.  2  represent the comparison 
between CSF and blood fl ows measured inside the phantom 
(continuous lines) with PC-MRI reference data (dashed 
lines). These results show that cerebral arterial fl ow is accu-
rately generated by the pump and that the venous outfl ow 
response generated by the phantom is in good agreement 
with PC-MRI measurements. Ventricular CSF fl ow (aque-
duct) oscillates, and the curve correlates with the physiologi-
cal PC-MRI curve. Spinal CSF fl ow amplitudes are also in 
the normal range but present additional oscillations during 
the diastolic phase of the cardiac cycle.  

 We have made measurements using horizontal and upright 
positions of the phantom. Pressure and fl ow curves are repre-
sented in the spinal and cerebral compartments during two 
cardiac cycles for each confi guration (Fig.  3 ). For the hori-
zontal position, ICP and spinal pressures were equivalent.

 As in humans, aqueductal CSF fl ow presented a temporal 
delay compared with cervical CSF fl ow. For the vertical 
position, owing to gravity, the phantom showed elevated spi-
nal pressure in comparison with ICP. In addition, CSF oscil-
lation amplitudes in the aqueduct were signifi cantly increased 
(40%), mainly during the fl ushing period. The change of 
pressure distribution also markedly modifi ed the shape of the 
spinal fl ow curve.  

 We have also studied the infl uence of the cardiac fre-
quency (N 

1
  = 0.8 Hz and N 

2
  = 1.25 Hz). The main conse-

quence of the frequency increase affected the spinal 
compartment where CSF fl ow and pressure amplitudes were 
markedly increased, whereas all the other curves were not 
signifi cantly affected.  

   Discussion 

 We have built a realistic physical model of the global cranio-
spinal hydrodynamics that takes the major features of cere-
bral dynamics into account. 
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  Fig. 1    Schematic drawing of the physical model. Measurement loca-
tions for fl ow and pressure are indicated. Compliant parts are also 
pointed out       
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 Using a generated physiological arterial input fl ow, pre-
liminary results have shown that the phantom was able to 
replicate CSF oscillations and venous outfl ows in agreement 
with PC-MRI measurements in adults. The infl uence of body 
position as well as cardiac heart rate on the measured param-
eters was signifi cant. This strengthens the conclusion that 
our model is sensitive enough to detect variations of the 
dynamical parameters governing cerebral dynamics. The 
changes observed after switching from horizontal to vertical 
posture were in complete agreement with the observations of 
Alperin et al.  [  2  ]  and Kim et al.  [  15  ]  in human experiments. 
Indeed, Alperin et al.  [  2  ]  showed that measured spinal CSF 
fl ow as well as a modeled mean ICP value decreased from 
one posture to another. The measured ICP waveform in 
patients also decreased according to Kim et al.  [  15  ] . In addi-
tion, we also showed that aqueductal flow increased con-
comitantly with the previous observations.  

   Conclusion 

 After this feasibility study, much remains to be done to 
fully mimic human cerebral fl uid–tissue interactions. 
Nevertheless, we strongly believe that this physical model 
will help us to explain and understand the impact of hydro-
dynamics in hydrocephalus. We also think that this should 
be helpful to study cerebral infusion and shunt material 
behaviour under pulsatile conditions by quantifying the 
relationship between fl ow dynamics and pressure waves 
inside the system. 

 In the future, this MRI-compatible phantom will be 
used to explore the opportunity to develop PC-MRI as a 
noninvasive tool for ICP measurements and to explore 
new ways of understanding the mechanisms underlying 
cerebral pathologies.      
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  Abstract    Objective:  The programmable Shunt Assistant 
(capped!) (ProSA) shunt system has recently been intro-
duced into clinical use. The system can be in vivo adjusted 
magnetically, and this adjustability is supposed to affect CSF 
drainage only in the vertical body position. 

  Materials and methods:  We tested a combination of 
ProSA with fi xed differential pressure valve designed to 
drain cerebrospinal fl uid (CSF) from the brain ventricles into 
the peritoneal cavity. 

  Results:  The ProSA showed good mechanical durability 
and stability of hydrodynamic performance over a 60-day 
period. The fl ow-pressure performance curves and operating 
pressures were stable, fell within the limits specifi ed by the 
manufacturer, and changed according to the programmed 
performance levels. The ProSA system has higher than usual 
hydrodynamic resistance (around 8.8 mmHg/(mL/min)) in 
the vertical position. Operating pressure in the vertical posi-
tion reacted repeatedly to changes of settings within the lim-
its 0–40 cmH 

2
 O and was reduced gradually when the axis of 

the valve declined from vertical to horizontal. External pro-
gramming proved to be reliable. Strong magnetic fi elds (3-T 
MRI) were not able to change the programming of ProSA. 

  Conclusion:  ProSA works in the horizontal position as 
differential fi xed pressure low hydrodynamic resistance and 
in the vertical position as an adjustable, normal hydrody-
namic resistance valve. It is able to compensate for posture-
related overdrainage  

  Keywords   Shunt  •  Hydrocephalus  •  Cerebrospinal fl uid    

   Introduction 

 An ideal shunt should restore the normal circulation of cere-
brospinal fl uid (CSF) and the normal pattern of extrachoroi-
dal fl uid fl ow within the brain, prevent excessive build-up of 
intracranial pressure, and encourage restitution of physiolog-
ical cerebral blood fl ow in white matter  [  3  ] . 

 The long-term stability of a valve’s behaviour is tested in a 
laboratory environment that mimics, at least in part, condi-
tions within the human body  [  1,   2  ] . The tests are able to dem-
onstrate whether the shunt is susceptible to alteration in CSF 
drainage caused by postural changes, external pressure, 
change in ambient temperature, and the presence of a pulsat-
ing pattern in inlet pressure. Results of such an evaluation also 
proved to be helpful in post-implantation shunt testing per-
formed in patients to assess functioning of their shunts  [  4  ] .  

   Material 

 The programmable shunt assistant (ProSA) is a gravitational 
overdrainage compensating device which can be magneti-
cally adjusted after implantation using a special magnetic 
tool. It is intended to work together with CSF valve-adjust-
able or fi xed pressure. 

 In this evaluation study, we tested the ProSA combined 
with fi xed pressure MiniNAV valve, referring to the whole 
system (valve and Shunt Assistant) as the ProSA System. 

 The role of the ProSA is to control CSF fl ow in the upright 
body position. In classic differential pressure ventriculoperi-
toneal valves, fl ow is accelerated by the gravity force of a 
fl uid fi lling a long tube connecting ventricles and abdomen. 
A classic (nonadjustable) shunt assistant works on the prin-
ciple of additional weight increasing opening pressure of the 
‘ball in cone’ inlet controlling CSF fl ow. One disadvantage 
of the very popular Shunt Assistant was that the weight was 
fi xed. In cases of paediatric hydrocephalus, with growing   , 
requirements for siphon control become stronger in time. 
Therefore the programmable shunt assistant was designed to 
allow external adjustment of the weight to new conditions. 
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 ProSA works as a programmable valve activated only in 
the vertical body position. Horizontally it is nonprogram-
mable. Therefore in conjunction with a programmable valve, 
it may optimise conditions to CSF drainage both in horizon-
tal and vertical positions. In conjunction with a fi xed-pres-
sure valve, it is just intended to prevent posture-related 
overdrainage in variable conditions. 

 The general scheme of the Shunt Assistant is presented in 
Fig.  1  (copied from the manufacturer’s Web page). Inlet (1) 
and outlet (2) allow connection of standard silicone tubing 
(1.2 mm internal diameter tubing is recommended by the 
manufacturer). A sapphire ball sitting in an inlet cone (3) 
controls the CSF fl ow. The weight (4) is supporting the sap-
phire ball and its cantilevering its movement in cone.    The 
cantilever force is adjusted by a bow spring (5). Tension of 
the spring is controlled by the profi led rotor (6). Greater ten-
sion increases the performance pressure of ProSA by decreas-
ing the gravitational force of the effective weight acting on 
the sapphire ball. In the horizontal position, the effective 
force of the weight is zero, and the ProSA remains open. In 
intermediate positions, the force is gradually reduced by a 
factor proportional to the sine of the angle of inclination. The 
rotor may be moved after implantation of the shunt system 
with a special programmer (provided by the manufacturer). 
In this way, the operating pressure of the valve can be 

changed within the range from 0 to 40 cmH 
2
 O. Additional 

pressing against the casing releases a mechanical ‘brake’ and 
allows movement of the rotor; in that way the ProSA is 
secured against an accidental change of setting by an exter-
nal magnetic fi eld (up to 3-T MRI scanner). Both the ProSA 
and MiniNAV have hard titanium cases.  

 The ProSA should be implanted together with the valve 
(programmable or fi xed), controlling the operating pressure 
in horizontal position and preventing refl ux. In this evalua-
tion program, we analysed a system consisting of ProSA and 
fi xed pressure MiniNAV valve operating at 5 cmH 

2
 O.  

   Methods 

 The shunt testing rig has been described before  [  2  ] . The 
shunt under test is submerged in a water bath at a constant 
temperature at a defi ned depth ( h ). 

 The working fl uid (deionised and deaerated water) is sup-
plied by the fl uid container or infusion pump. A pulse pres-
sure of controlled amplitude created by the pulse pressure 
generator can be added to the static pressure. The viscosity 
and specifi c gravity of water refl ect the physical properties of 
CSF under normal conditions. 

 In hydrocephalus, the patient’s own resistance to CSF 
outfl ow is usually increased but fi nite. A model of resistance 
to CSF outfl ow can be added before the shunt to study the 
shunt’s performance in conditions mimicking the in vivo 
environment. Pressure before the shunt is measured with a 
pressure transducer. Fluid fl owing through the shunt is col-
lected in a container placed on the electronic balance. 

 Measurement is controlled by a standard IBM-compatible 
personal computer that reads and zeroes the balance peri-
odically (every 15 s) to calculate the fl ow rate. This enables 
us to measure the weight of the outfl owing fl uid incremen-
tally, which cancels the infl uence of fl uid vaporisation from 
the outlet container. The computer analyses the pressure 
waveform from the pressure transducer and controls the 
rate of the infusion pump. The effect of changes in atmo-
spheric pressure is compensated by using the reference 
barometer. 

 The shunt and pressure transducer are placed on the same 
level. The water column in the fl uid container  (H) , the degree 
of the shunt submersion ( h ), and the level of the outlet tubing 
( O ) may be changed according to the test protocol. 

 The shunt is tested under two different regimes: (1) when 
the differential pressure is measured while fl ow through the 
shunt is controlled (fl ow-pressure) and (2) when fl ow through 
the shunt is measured while the differential pressure across 
the shunt is controlled (pressure-fl ow). 
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  Fig. 1    Schematic diagram of construction of the ProSA (fi gure copied 
from the manufacturer’s Web page). Labels indicate ( 1 ) inlet connector, 
( 2 ) outlet connector, ( 3 ) sapphire ball, ( 4 ) weight, ( 5 ) bow spring, ( 6 ) 
rotor with micro magnets       
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   Statistical Methods 

 Mean values, standard deviations, and maximal-minimal val-
ues are used to express average parameters and their spread. 

 To evaluate fl uctuations of parameters in altered condi-
tions a paired  t -test for parameters at a baseline and in altered 
conditions is used. The  t -test is used to evaluate sample-
related differences in parameters. 

 Analysis of variance (ANOVA), with time as the indepen-
dent factor, is used to evaluate the stability of parameters 
with time.   

   Results 

   ProSA Parameters Under Normal Conditions: 
Pressure Set for 30 cmH 

2
 O 

 The typical pressure-fl ow curve (with pressure plotted along 
the x-axis and fl ow along the y-axis) for a valve is presented 
in Fig.  2 . The valve without a distal catheter had slightly non 
linear, exponential characteristics. Its gradient was equiva-
lent to the inverse of the hydrodynamic static resistance. In 

horizontal position the pressure-fl ow curve is much steeper 
and more linear.  

 The hydrodynamic resistance in vertical position was 
8.8 ± 0.72 mmHg/mL/min (for the valve permanently open, 
i.e. fl ow rate 0.5–1.5 mL/min). Due to the nonlinear charac-
teristic of the valve for the low fl ow, resistance over a range 
of fl ow from 0.05 to 0.15 mL/min was 16.3 + 4.1 mmHg/
(mL/min). In horizontal orientation, hydrodynamic resis-
tance was 3.2 mmHg/(mL/min). 

 Operating pressure was very stable and convergent; mean 
value was 22.1 mmHg, range from 17.1 to 24.5 mmHg (95% 
confi dence interval, 20.2–23 mmHg).  

   Valve Performance Under Altered Conditions 
(Setting 30 cmH 

2
 O) 

 A pulse pressure with an amplitude changing from 1 to about 
60 mmHg produced a signifi cant decrease in operating pres-
sure. However, this decrease was observed above the peak-
to-peak amplitude of 14 mmHg. In normal conditions, 
average intracranial pressure (ICP) peak-to-peak amplitude 
is lower (around 2–5 mmHg); 14 mmHg is seen very rarely 
and only in extreme conditions. 
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  Fig. 2    Flow pressure curves in vertical (wider, more nonlinear) and horizontal (steeper, more linear) positions       
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 None of the parameters (operating pressure and resistance) 
were altered by a temperature change from 30°C to 40°C. 
Therefore we would not expect a change in CSF drainage 
even during a high fever or when ambient temperature is low. 

 The ProSA increases CSF drainage rate when applying 
negative outfl ow pressure. Formally in the testing rig, with 
shunt system open, when decreasing outlet level by 40 cmH 

2
 O, 

fl ow increases by around 3 mL/min. However, this does not 
simulate real conditions well when the patient with an 
implanted shunt changes body position from horizontal to 
vertical. Let us presume normal ICP in horizontal position to 
be around 10 cmH 

2
 O, the distance from ventricles to abdomen 

around 60 cm, and initial fall of ICP in upright position to 
-10 cmH 

2
 O. Presuming abdominal pressure 0 cmH 

2
 O, the 

addition to the shunt system opening pressure of 5 cmH 
2
 O 

produced by the ProSA unit will be +30 cmH 
2
 O. Therefore 

the initial drainage rate will be 15 cmH 
2
 O divided by shunt 

resistance – i.e. around 1.2 mL/min. If the ProSA setting in 
this case is 40 cmH 

2
 O, the drainage rate will be around 0.5 mL/

min, only a fraction greater than normal production of CSF, 
unlikely to produce any clinically relevant overdrainage. 

 External pressures did not have any infl uence on shunt 
performance 

 None of the parameters were altered by residual resistance 
to CSF outfl ow. Changes in the patient’s own reabsorption 
capacity with time should not change drainage characteristics.  

   Programming 

 Programming of the ProSA has been checked using fl ow-
pressure tests. Good agreement of the pressure-fl ow curves 
with the nominal data has been recorded. 

 A family of fl ow-pressure curves for different settings of 
ProSA is presented in Fig.  3a .  

 Operating pressures (for fl ow 0.3 mL/min) and 95% con-
fi dence limits are presented in graphical form in Fig.  3b . 

 Verifi cation of the settings of ProSA unit and readjust-
ments are very easy and reliable. Rotation of the valve under 
the skin may theoretically constitute a problem; however, the 
big bottom surface of the shunt should minimise such a risk 

 Operating pressure of the valve depends additionally on 
an angle of inclination from horizontal (0°) to vertical 
(90°) – see Fig.  1 .  

   Other Properties 

 Operating pressure displayed very limited variations during 
all the tests. The changes were not systematically time-
related. When the valve was unpacked and fi lled for the fi rst 

time with testing fl uid, it started to work normally almost 
immediately (providing that all air bubbles had been 
removed). The hydrodynamic resistance and operating pres-
sure did not exhibit any time-related trends during the 
3 months of testing. 

 No signifi cant ( p  > 0.05) differences in measured param-
eters were found between the three ProSA samples tested. 
All the values of operating pressures were measured within 
the tolerance limits given by the manufacturer. 

 The ProSA did not show any refl ux when tested according 
to the ISO standard. Valves did not exhibit reversal of fl ow 
for an outlet-inlet differential pressure of up to 200 mmHg. 

 The valve cannot be reprogrammed by an external mag-
netic fi eld up to 3 T (MRI magnet). Therefore the ProSA 
seems to be safe in a 3 T MRI magnet. It does not heat up. 
Maximal translational force was measured as 0.001N, the 
values considered as safe after implantation. 

 Distortion of the MRI scan is considerable (GE: 201 cm 3  
and T1: 11 cm 3 ); however, it is a little bit smaller than in the 
PrGAV Valve. 

 Assembled junctions did not break when a test specimen 
was subjected to a load of 1 kgf for 1 min. All junctions 
remained free from leakage when the water pressure was 
increased to 3 kPa (about 25 mmHg).   

   Discussion 

 The ProSA is the fi rst adjustable gravitational device,    aimed 
at reducing risk of CSF overdrainage in the vertical body 
position that is available on the market. It can be compared to 
an adjustable valve which is working in the vertical body 
position. In the horizontal position, it behaves as a normal 
fi xed-pressure valve with low resistance. Therefore it cannot 
prevent overdrainage associated with vasocycling in the hor-
izontal position. Historically, such an overdrainage is seen 
particularly frequently in paediatric cases. 

 The question arises whether such a sophisticated system 
is well targeted to work in combination with a fi xed-pres-
sure valve. A combination of a ProGAV (programmable 
valve) and the ProSA (replacing the fi xed Shunt Assistant) 
is probably more comprehensive. It is true that it increases 
the total cost of the implant, but adjustability in both the 
horizontal and vertical position is unique and desirable in 
our opinion. Dr. Salomon Hakim used to say that an adjust-
able valve is a valve with a steering wheel. The ProGAV and 
ProSA will be a valve with two steering wheels: ProGAV 
useful for major setting of overall valve performance and 
ProSA for fi ne-tuning of specifi c aspects related to overd-
rainage in the vertical position (<10% of all complications 
in shunted patients are related to posture related overdrain-
age according to the UK Shunt Registry). It is not a valve 
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for fools; however, in experienced hands it may be useful to 
manage particularly diffi cult cases of hydrocephalus.  

   Conclusion 

 The ProSA does not change settings in the presence of an 
external magnetic fi eld (up to 3 T in an MRI magnet). 
Because of image distortion, implantation of the valve on the 

chest rather than on the skull may be considered, if MRI 
scanning of the patient is likely in follow-up. 

 The valve is comfortable in programming. Verifi cation of 
programmed setting can be done without the necessity of an 
X-ray.      

  Confl icts    of interest statement   This evaluation study was commis-
sioned by B. Brown Ltd UK, in agreement with the University of 
Cambridge, which partly contributes to Z.C.’s salary. The study was 
conducted independently, and the manufacturer’s comments were pro-
vided unabridged.  
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  Abstract   Several models are available to simulate raised intrac-
ranial pressure (ICP) in hydrocephalus. However, the hydrody-
namic effect of an implanted shunt has seldom been examined. 
In this study, the simple model of Ursino and Lodi  [  14  ] is 
extended to include (1) the effect of a typical ball-in-cone valve, 
(2) the effect of the size of the diameter of the connecting tube 
from valve to abdomen, and (3) the concept of a controlled 
electromechanical shunt valve in overall cerebrospinal fl uid 
dynamics. 

 By means of simulation, it is shown how a shunt can lower 
ICP. Simulation results indicate that P and B waves still exist 
but at a lower ICP level and that, due to the exponential 
pressure-volume curve, their amplitude is also considerably 
lowered. A waves only develop if the valve is partially 
blocked. The resulting ICP is above the opening pressure of 
the valve, depending on the drain and resistance of the 
shunt. 

 The concept of a new electromechanical shunt was more 
successful than the traditional mechanical valves in keeping 
ICP at a desired level. The infl uence of the patient’s move-
ments or coughing on ICP as well as the body position affect-
ing the reference ICP, which can be measured, has not yet 
been modeled and should be addressed in future using suit-
able algorithms.  

  Keywords   Hydrocephalus  •  Shunt  •  Mechatronic/electro-
mechanical valve  •  Model  •  A waves  •  B waves    

   Introduction 

 Accumulation of fl uid in the cerebrospinal region and peaks 
in intracranial pressure (ICP) in patients with hydrocephalus 
are caused by reduced intracranial storage capacity (compli-
ance = d V /d P ) and an increased resistance to outfl ow. 
According to the classic bulk cerebrospinal fl uid (CSF) fl ow 
theory, CSF produced in the plexus choroidei passes through 
the ventricles (which are enlarged in hydrocephalus patients) 
and is absorbed in the granulationes arachnoideales. CSF is 
mostly absorbed in the capillary bed. According to Greitz 
 [  6  ] , in communicating hydrocephalus, the enlarged ventri-
cles can be explained by transmantle pulsatile stress. Much 
research has aimed at providing an explanation for the path-
omechanisms observed in hydrocephalic patients. According 
to the Monroe-Kellie doctrine, the overall craniospinal vol-
ume can be expressed as the sum of tissue, blood, and CSF 
volume at any point in time

        (1)  

 
 According to Marmarou et al.  [  10  ]  and Avezaat et al.  [  2  ] , 

a monoexponential pressure-volume (P-V) relationship exists 
with

        (2)  

 
 Thus, changes in blood volume will alter ICP. ICP oscil-

lations may occur as a function of pulsating blood fl ow to the 
brain caused by heartbeats (P waves) or, even stronger, due 
to vasogenic volume alterations which induce the B waves 
and the dangerous A waves. Table  1  shows the period of time 
and amplitudes of these waves.  

 Ursino et al.  [  14,   15  ]  developed a hemodynamic model 
which can simulate these waves. A waves are self-sustained 
ICP oscillations due to an unstable confi guration with a 
decreased elastic coeffi cient and an increased outfl ow resis-
tance due to venous congestion. B waves are induced by 
changes in the arterial vasotonus due to a change of oxygen 

total CSF blood tissue( ) ( ) ( )V t V t V t V= + +

elast ( )
0 0ICP( ) k V tt p k e= +
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and carbon dioxide in the blood. Walter et al.  [  17  ]  extended 
the model of Ursino et al. with a physiological model which 
describes the gas exchange between blood and cells. 

 In the present study, the model has been extended further 
by considering the effect of different shunt types on ICP, 
including a new electromechanical valve concept. 

 Implanting a shunt is common therapy for patients with 
hydrocephalus to drain CSF into another body compartment 
to reduce pressure peaks. Electronic sensors have been devel-
oped to measure ICP  [  5,   9,   11,   13  ] , one of which has been 
approved for 28 days of use  [  9  ] . Flow sensors are also under 
development  [  7  ] , although more research is needed before 
they can be applied in hydrocephalus therapy. However, no 
in vivo measurements are available for ICP and CSF fl ow, 
measured at the same time, through a shunt in another body 
compartment. 

 Current passive shunts have the disadvantage that they 
cannot automatically adapt to alterations in shunt resistance 
over time due to particles that adhere in the tube, or because 
the need for drainage may change over time due to varia-
tion in CSF production. However, these problems can be 
addressed by an electromechanical shunt which automati-
cally changes its resistance, to maintain a certain ICP 
related to atmospheric pressure. Use of an electromechani-
cal shunt can also enable a desired ICP course to be main-
tained over several days (as assessed by the physician). The 
effectiveness of the control mechanism for the electrome-
chanical shunt can initially be explored by simulation using 
the hydrocephalus model. 

 Using the simulation model, Mnomani et al.  [  12  ]  investi-
gated the behavior of an electromechanical scheduled valve. 
However, a “scheduled” valve is a blind valve and does not 
change its opening behavior if the condition of the patient 
changes within a short time and might, therefore, be 
dangerous. 

 The present study shows (1) how a shunt infl uences ICP, 
(2) the extent to which a shunt has to be occluded by particles 
before it no longer prevents A waves, (3) how simulations 
reveal the change in ICP curves when changing the diameter 
of the tube connecting a typical ball-in-cone valve to the 
abdomen, and (4) a new electromechanical valve concept 
which automatically changes a tube’s diameter to obtain a 
desired ICP.  

   Materials and Methods 

   The Model 

 The simulation model was implemented in the computer-
aided engineering platform Matlab-Simulink (The Math-
Works, Inc.). In our model, ICP results from the change in 
volume in the craniospinal space according to

        (3)  

where  C  
ic
  is the intracranial compliance,  V  

a
  the blood volume 

in the arterial-arteriolar cerebrovascular bed, and  P  
c
  and CVP 

the capillary and venous pressures, respectively.  R  
f
  denotes 

the resistance to CSF formation,  R  
0
  the resistance to CSF 

outfl ow, and  Q  
s
  is the volume fl ow through the shunt. Note 

that the compliance can also be expressed by the elastic coef-
fi cient  k  

el
  and the current ICP  [  10  ] ,

        (4)  

 
 The parameters were the same as used by Walter  [  16  ] , 

which means that a healthy resorption coeffi cient was con-
sidered to be 13.89  m l/(s kPa) and those for P and B waves 
were reduced by 67%, and for A waves by as much as 92%. 
An unhealthy elastic coeffi cient was considered to have an 
assigned value of 0.26 ml −1 . 

 In the simulation, the infl uence of shunts on A, B, and P 
waves with frequencies of 0.03 min −1 , 0.03 Hz, and 1.5 Hz, 
respectively, was tested (Table  1 ).  

   Shunts 

 The P-V fl ow characteristic of a shunt is determined by the 
opening pressure  p  

0
  of the valve and the resistance of the 

valve with the connected tube and catheter. Note that a sili-
cone tube of 90 cm length with an inner diameter of 0.7–
1.3 mm can account for 80–90% of the overall resistance of 
the shunt – a fact that is often overlooked. 

 Aschoff  [  1  ]  examined the hydrodynamic properties of a 
large number of valves in a test rig. His measurements reveal 
that different silicone slit valve models start drainage at ICP 
above zero, but differ in their fl ow-to-pressure characteris-
tics. Some models have an exponential behavior whereas 
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   Table 1    Data on the dynamics of intracranial pressure   

 Wave type  Period of time  Amplitude (mmHg) 

 Pulse, P  0.25–1.5 s  1–20 

 B  20 s–2 min  >3 

 A  5–20 min  36–110 
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others have a logarithmic relationship between fl ow and 
pressure. Ball-in-cone and membrane valves have a clear 
switching behavior at  p  

0
 . They do not drain for ICP below  p  

0
  

and can be approximated by a proportional pressure-fl ow 
characteristic for an ICP higher than  p  

0
 . 

 From previous measurements on a test rig, pressure-fl ow 
characteristics of current valves with a 90-cm long tube 
were determined  [  8  ] . Several ball-in-cone valves with a tube 
had a conductance of about 12.5 (ml/h)/mmHg. This value 
was taken as being representative for a current shunt. The 
opening pressure was set to 7 mmHg which equals the 
desired ICP for an adult in supine position for a ventriculo-
peritoneal shunt. 

 As a new electromechanical valve concept, a “tube 
squeezer” has been simulated (Fig.  1 ). A control unit mea-
sures ICP and can change the diameter of a silicone tube over 
a length of 3 mm, using a piezo motor, to obtain the desired 

ICP of 7 mmHg. A simple control algorithm forcing the ICP 
to stay within a desired pressure zone has been implemented 
to adjust the tube diameter and hence the conductance. The 
overall conductance of the shunt (catheter, tube squeezer, 
and tube) can change between 0, when the tube is completely 
closed, to 22 (ml/h)/mmHg, when the tube is fully open with 
an inner diameter of 1.3 mm. A ball-in-cone valve drains 
CSF only if ICP is higher than  p  

0
 , whereas the tube squeezer 

drains at any positive ICP because  p  
0
  equals zero.    

   Results and Discussion 

 Fig.  2 a shows the simulated A wave. Fig.  2b  illustrates that 
this wave can be prevented by a shunt. The ball-in-cone valve 
with the larger tube diameter of 1.3 mm achieves a fi nal ICP 

Catheter

Tube

Tube squeezer
(Electromechanic
valve) Pressure

measurement

Control unit

Tube squeezing
with piezo motor

RCATHETER

RVALVE RVALVE

RTUBE

1.3mm diameter

0.7mm

p0=0 Δp

Δp

Δp

ΔR 1

μC

V
.

V
.

V
.

  Fig. 1    Diagram showing the concept 
of the tube squeezer used as an electrome-
chanical valve       
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which is closer to the desired ICP than the valve with a diam-
eter of 0.7 mm. The tube squeezer needs some time for the 
desired ICP to be reached, but is eventually closest to the 
desired ICP compared with the ball-in-cone valve. 
Simulations have shown that a particle of minimum 1 mm in 
length, which blocks 50% of the cross-section of a tube with 
0.7 mm diameter, can no longer prevent A waves.  

 The positive effect of the tube squeezer is less obvious for 
B waves, as shown in Fig.  3a, b . All shunts reduce average 
ICP up to 12 mmHg, and the tube squeezer reduces oscilla-
tions by up to 60%; however, unlike in the control of A 
waves, small oscillations still occur. The shunt reduces the 
average ICP and thus the amplitude in ICP by shifting the 
operating point down the monoexponential P-V relationship 
as determined by Marmarou et al.  [  10  ]  and Avezaat et al.  [  2  ] . 
Hence the reduction amplitude was also observed for P 
waves. In the simulation with B waves using the shunt with 
the smaller tube diameter (0.7 mm) ICP increases beyond the 
desired ICP zone. This is because CSF is not drained suffi -
ciently with the slow ramp up to 46 ml/h.  Figure  3 c indicates 
that the motor does not need to change the tube’s diameter all 
of the time. It drains CSF up to 100 ml/h and then closes the 
valve. A decrease in blood volume (Fig.  3c (I)) is followed by 
a stop of drainage.   

   Conclusion and Outlook 

 The present simulation study provides some insight into 
how a shunt infl uences the typical patterns seen in hydro-
cephalic patients and how an electromechanical valve could 
improve therapy. It is shown that tube diameter plays a 
major role in the development of the ICP. The smaller the 
chosen diameter of the tube, the greater the difference in 

ICP with regard to the chosen opening pressure. If the 
diameter decreases too much (as in the case of a partial 
block of the tube), A waves can no longer be prevented.   For 
A waves, the electromechanical shunt was the only one to 
achieve the desired ICP. Changes in ICP – e.g., due to B 
waves – could not be eliminated, but they could at least be 
reduced.  

 Although the simple algorithm used to control the tube 
squeezer can be modifi ed, changes in ICP due to changes in 
cranial blood volume cannot be prevented entirely. A shunt 
can only reduce ICP due to drainage of CSF. If ICP decreases 
for a short period of time due to a reduction of intracranial 
blood volume (as it does in B waves due to a change in vaso-
tonus), the shunt can only stop drainage but cannot inject 
additional CSF. Therefore, ICP drops below the target pres-
sure of 7 mmHg. 

 These simulations are limited to the typical hydrocephalic 
patterns and, in the future, should address other situations – 
e.g., ICP fl uctuations due to movement. In this case, an 
 intelligent fi lter will be needed to obtain a reasonable ICP 
value as a control variable. Signal interpretation will also be 
needed for the patient coughing. A sudden steep increase 
in ICP should make the valve close in order to prevent 
overdrainage. 

 To obtain an objective measure of which shunt is most 
effective, particularly for the development of control algo-
rithms for electromechanical valves, evaluation criteria 
should be applied. Mnomani et al.  [  12  ]  introduced three dif-
ferent evaluation criteria, the so-called fi gures of merit 
(FOM): The fi rst FOM indicates whether the mean ICP is 
within the physiologically desired zone, the second FOM is 
the fraction of time ICP stayed within the limits, and the 
third FOM is the fraction of time the valve was closed. 
Although this is a good approach it remains questionable 
which FOMs are really needed; for this reason, they were not 
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used for the present simulation. We agree with the fi rst FOM 
which indicates whether overdrainage or underdrainage has 
occurred. We also consider three other, new FOMs to be use-
ful. One new FOM could measure the deviation of ICP from 
the desired zone, but only if ICP is out of that zone for longer 
than a specifi ed period of time; this is because for short peri-
ods (such as during coughing) the ICP can be higher without 
having any effect. Another useful FOM could be the measure 
of control energy needed. It is not so important that the valve 
closes all the time but rather that the actuator position, and 
hence the resistance for a tube squeezer, changes as little as 
possible but has good control performance to achieve the 
fi rst FOMs successfully. Energy-saving piezoelectric actua-
tors only require energy when altering their position. Finally, 
another useful FOM could measure the amount of oscilla-
tion, since it is suggested that increased pulsation could 
be the cause of dilated ventricles in hydrocephalic patients 
 [  3,   4  ] . For all these evaluations, criteria-specifi c values are 
needed. For example, how long can the ICP surpass the 
desired zone? At which amplitude are oscillations tolerable? 
These are questions that still need to be addressed in order to 
design an optimally performing electromechanical shunt.  
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  Abstract   Obstruction remains the most common complica-
tion of cerebrospinal fl uid shunts. The valve constitutes an 
important site of potential malfunction. The aim of this pilot 
study was to investigate the extent and composition of debris 
depositions along the structural components of the shunt 
valve. 

 We examined three explanted Medos programmable 
valves. The valves were stored and examined wet. They were 
cut open and disassembled. All specimens were studied 
under a scanning electron microscope (SEM; Quanta 200; 
FEI, Hillsboro, OR, USA) operating at different levels of 
accelerating voltage and 110  m A beam current. Valve areas 
analyzed included the ruby ball and collar, the fl at spring 
with its pillar, and the staircase cam. The elemental composi-
tion, in areas with abnormal deposits, was subsequently 
determined by energy-dispersive X-ray microanalysis (EDS) 
using a Si (Li) detector (Sapphire; EDAX, Mahwah, NJ, 
USA) with a super ultrathin Be window. 

 All explanted valves had varying degrees of deposits in all 
surveyed areas. The extent of the deposits was not related to 
the time since implantation. The effect of these deposits on 
proper functioning of the valve as well as their pathogenesis 
is diffi cult to establish.  

  Keywords   Hydrocephalus  •  Cerebrospinal fl uid shunt  • 
 Shunt valve  •  Scanning electron microscopy    

   Introduction 

 Mechanical failure remains a major complication of shunt-
ing for the treatment of hydrocephalus. Although, most com-
monly, this is due to ventricular catheter occlusion by choroid 
plexus or ependymal tissue, valve obstruction is the cause of 

the malfunction in a signifi cant proportion of shunts. Recent 
studies have shown that even when ventricular catheter 
occlusion is the main cause of the obstruction, valves are 
underperforming  [  2  ] . Proper mechanical performance of the 
valve mechanism is largely dependent on its components 
remaining free of contaminants after implantation. 

 Previous studies utilizing electron microscopy confi rmed 
the presence of deposits in explanted valves  [  5,   8,   9  ] . It seems 
that the metal components of the valves, as well as surface 
irregularities, are particularly prone to the adherence of blood 
cells, fi broblasts, and infectious organisms eventually lead-
ing to valve dysfunction  [  1  ] . It has to be kept in mind though 
that these studies were performed on dry specimens, which 
may not be an accurate representation of the situation as it 
exists when the valve is functioning in vivo. 

 The aim of the study was to investigate the extent and com-
position of debris depositions along the structural components 
of explanted shunt valves. Valves were kept wet after removal 
in an attempt to chart reality as closely as possible. Hydrody-
namic function was not tested before disassembly because this 
could alter the physical state of any deposits within the valve.  

   Materials and Methods 

 Three Medos programmable valves were explanted from 
children who presented with shunt malfunction, all under the 
care of the senior author (S.S.). No clinical or laboratory 
fi ndings were suggestive of infection preoperatively. Valves 
were stored wet in a sterile water bath straight after removal 
to exclude any postexplantation crystallization of material. 
No attempt was made to fl ush any material through the valves 
before they were examined in order to avoid alterations in the 
physical state of any deposits. All specimens, after disassem-
bling, were studied under a scanning electron microscope 
(SEM; Quanta 200; FEI, Hillsboro, OR, USA) operating at 
various levels of accelerating voltage and a 110  m A beam 
current at the Materials Analysis Laboratory of the University 
of Athens School of Dentistry. No gold plating was required. 
Valve areas analyzed included the ruby ball and collar, the 
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fl at spring with its pillar, and the staircase cam; all of these 
parts are critical in the cerebrospinal fl uid (CSF) fl ow path. 
The materials that constitute the valves are also important to 
the analysis. The Medos programmable valve rotating stair-
case has a titanium base, the fl at spring is made of stainless 
steel, whereas the ball is made of synthetic ruby. The ele-
mental composition in areas with abnormal deposits was 
determined by energy-dispersive X-ray microanalysis (EDS) 
using a Si (Li) detector (Sapphire; EDAX, Mahwah, NJ, 
USA) with a super ultrathin Be window.  

   Results 

 A total of three explanted Medos programmable valves were 
analyzed with implantation periods of 2, 6, and 12 months. 
During the revision operations, ventricular catheter obstruc-
tion was documented in all patients. Routine microbiological 
testing of intraoperative CSF samples was not supportive for 
the presence of infection in any of the patients. 

 All explanted valves had extensive, though of variable 
degree, deposits in all surveyed areas, critical to the perfor-
mance of the valve, independent of the time from implantation 
(Fig.  1 ; left). An exception to this was the synthetic ruby ball: 
It had very few deposits in its lower half lying in the seat in 
contrast to the upper half which is in closer contact with the 
CSF and demonstrated heavy depositions (Fig.  1 ; middle). In 
one of the valves the sedimented material on the staircase cam 
had acquired the appearance of bacterial colonies developing 
in a culture medium (Fig.  1 ; right).  

 EDS in areas with abnormal deposits disclosed consider-
able peaks of sodium (Na), chloride (Cl), carbon (C), oxygen 
(O), and calcium (Ca) (Fig.  2 ). This spectrum was typical for 

all the areas analyzed with small deviations between speci-
mens. This indicates that the deposits are mainly due to ions 
normally found in the CSF even in small concentrations (Ca) 
whereas the C peak illustrates the presence of organic pre-
cipitations despite the absence of infection.   

   Discussion 

 The in vivo interaction of the external surface of shunts with 
the surrounding tissues of the host is responsible for many of 
the problems encountered in shunted patients. It is well docu-
mented that the materials that constitute the shunt components 
gradually degrade over time due to the continuous action of 
surrounding cellular components such as macrophages  [  3,   4  ] . 

  Fig. 1     Left : Scanning electron microscopy images obtained during the 
examination of the fl at spring of a valve which had been implanted 
12 months before its removal for a central catheter obstruction. The 
surface is covered with extensive deposits, especially in the area in con-
tact with the staircase cam. Original magnifi cation × 20;  Middle : 
Scanning electron microscopy showing the synthetic ruby ball that was 

removed from a patient 6 months after implantation due to shunt mal-
function. Interestingly, depositions are noted only on the part of the ball 
in contact with the CSF. Original magnifi cation × 67;  Right : Higher 
magnifi cation, in a different patient, shows areas with heavy deposi-
tions simulating colonies of bacteria in a valve not formally declared 
infected       
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  Fig. 2    An energy-dispersive X-ray microanalysis (EDS) spectrum from 
the fl at spring of the valve shown in Fig.  1 , specifi cally from the area 
corresponding to the maximum density of depositions. There are con-
siderable peaks of C, Ca, Na, O, and Cl       
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As a consequence, fractures and heavy calcifi cation of the dis-
tal tubing causing shunt malfunction are seen in clinical prac-
tice  [  6  ] . In addition to the destruction of the external surface of 
shunt components, the internal environment is also disrupted 
over time because of material deposition. The lumina of the 
proximal and distal catheters as well as the intervening shunt 
valve comprise potential sites of debris depositions. It has 
already been shown that considerable ingrowth of extraneous 
tissue (choroid plexus or ependyma) occurs in the lumen of 
the central catheter  [  3,   7  ] . Protein derived from the CSF may 
also gradually accumulate and block the ventricular catheter. 
Furthermore, the inner surface of the shunt is isolated from the 
immune system and provides an environment for bacterial 
colonization  [  10  ] . Surface irregularities caused by material 
deposition aid bacterial adhesion  [  3  ] . 

 A previous study by the senior author (S.S.) performed on 
19 dry specimens (16 explanted valves and 3 new unused 
valves of various types) used SEM and EDS to investigate the 
degradation of shunt valve structure over time due to the depo-
sition of debris, and compare them with the fi ndings in unused 
valves  [  9  ] . At the time of the study, it was not possible to per-
form SEM on wet specimens, so all the specimens had to be 
dry and coated with gold (Au). They demonstrated that shunt 
valves suffer extensive material deposition over time, a fi nding 
that was not surprising bearing in mind earlier reported fi nd-
ings in catheter studies. These deposits were mainly formed 
from inorganic crystals originating from ions normally found 
in the CSF. Moreover, it was interesting to note the lack of a 
carbon (C) peak in some noninfected valves, indicating that 
the deposits did not contain protein. On the contrary, all the 
clinically infected valves were found to have a substantial C 
peak. What was surprising to notice was the extent and timing 
of the depositions: Extensive deposits were observed as early 
as 2 weeks after implantation. One would expect that it would 
take several months before such a development took place.  

   Conclusion 

 As mentioned earlier, in the present study all three valves uti-
lized were examined as wet specimens to approach as close as 
possible the in vivo conditions and avoid any crystallization 
of material after removal. Our fi ndings are coherent with the 
results of previous studies performed on dry specimens as 
mentioned above. Extensive material depositions in perfor-
mance-critical areas of the valve were seen, originating from 
ions found in the CSF. The extent and consistency of the 
depositions were independent of the time since implantation; 
all three valves displayed similar SEM images despite the fact 
that the time of implantation before removal ranged from 2 to 
12 months. This implies that several factors may be involved in 
the pathogenesis of the deposits, at varying degrees, including 

the implantation process itself, the narrow aperture of the 
resistance elements of the shunt system, and the material that 
the shunt is made of which may promote a slow fi ltration pro-
cess. The effect of these deposits on proper functioning of the 
valve is diffi cult to establish, but it is reasonable to assume 
that valve function is impaired due to the deposits, based on 
their recorded extent and location. 

 These fi ndings suggest that there is possibly a scope for 
improvement of the material that valves are made of and 
their design in order to produce valves less susceptible to 
debris deposition. Furthermore, from a clinical point of view, 
when a patient presents with a blocked shunt, it may be a 
good idea to change all of the shunt system, even if only a 
catheter obstruction is found, as an old valve may be func-
tioning suboptimally due to debris material deposition.      
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  Abstract    Introduction:  Biocompatibility of implants in humans 
has been classifi ed as “inert,” “tolerated,” and “bioactive.” In 
shunt-treated patients, catheter-induced complications account 
for up to 70% of all hardware failures. Our objective was to 
study whether foreign body reactions to silicone shunt catheters 
in subcutaneous tissue and at their distal, intraperitoneal ends 
leading to occlusion can be reproduced in an animal model. 

  Materials and Methods:  Twelve different silicone cathe-
ters were implanted in 6-week-old Wistar rats: (a) purely in 
the subcutaneous tissue and (b) through the subcutaneous 
tissue into the peritoneal cavity. One of the catheters was of 
our own design with a silicated surface. After 1 year, all cath-
eters were explanted and were examined by histopathology 
and scanning electron microscopy (SEM). 

  Results:  Histopathological analysis revealed the develop-
ment of collagenous membranes and chronic immune reac-
tions around the catheters. Completely organized intraluminal 
obliteration was seen in six intraperitoneally inserted catheters. 
SEM demonstrated calcifi cations and signs of biodegradation. 
Silicated catheters showed the most extensive calcifi cations. 

  Discussion:  Hydrocephalus shunt catheters cannot be 
termed “inert” or “biotolerated.” Rather, they must be 
regarded as “bio-active” implants. The extensive reaction on 
silicated catheters can act as reference to estimate the bio-
compatibility of surface modifi cations. The model proved 
appropriate for further studies.  

  Keywords   Hydrocephalus  •  Cerebrospinal fl uid shunt  • 
 Catheters failure  •  Foreign body reaction  •  Silicone    

   Introduction 

 Silicone is the exclusive material used for shunt catheter pro-
duction. According to several authors’ reports of foreign 
body reaction on silicone shunt catheters  [  1,   2,   9,   10,   11  ] , 
they cannot be classifi ed as “biological inert” considering the 
standard classifi cation of biocompatibility  [  15  ] . The classifi -
cation separates between “inert,” “tolerated,” and “bioactive” 
according to tissue reactions on foreign material implants: 

   Defi nitions 

 Biologically inert: materials which do not initiate any reac-
tion or interact with surrounding tissue after implantation. 
Further characteristics are:

   Corrosion resistant  • 
  Thermally resistant  • 
  Refractory  • 
  Coatable    • 

 Biotolerant: minor reaction of surrounding tissue. Over 
the long term, the material is neither biologically inert nor 
bioactive. Long-term follow-up is characterized by

   No material degradation  • 
  No cellular transformation of surrounding tissue  • 
  No toxic injury during residence time.    • 

 Bioactive: Reaction of surrounding tissue on the implant 
with interplay adhesion. The connection is joined by mate-
rial engagement with bone or other tissue, which affects ten-
sile strength. 

 In hydrocephalic, shunted patients, catheter-induced 
complications are responsible for up to 70% of all compli-
cations. Catheter occlusions account for up to 50% of all 
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shunt failures surveyed over a 12-year follow-up  [  14  ] . Such 
shunt obstructions can occur at any time after implantation 
and at any position within the shunt. The distal, intraperito-
neal tube end can occasionally be obstructed by adhesions 
and abdominal viscera. The surgical procedure of implanta-
tion, using a trocar or open (on sight) technique for intrap-
eritoneal catheter insertion, has no infl uence on the 
occurrence of shunt failure  [  2  ] . The aim of the present study 
was (1) to prove the validity and reliability of our new model 
to study catheter biodegradation in animals, (2) to compare 
our previous results  [  8  ]  using now-modifi ed surfaces and 
adding additionally tensile stress on catheters as in daily 
practice and as occurring with children’s growth, (3) to 
prove the feasibility of extending the model for studies on 
intraperitoneal foreign body reaction after shunt catheter 
implantation.   

   Materials and Methods 

 In 12 six-week-old Wistar rats, various silicone catheters com-
mercially available silicone catheters were implanted. Additionally, 
a catheter with a modifi ed silicated surface and an antibiotic 
impregnated catheter (AIS) were explored. The silicated catheter 
was designed to provoke extensive foreign body reaction. Silicium 
oxide is the base for mesoporous ceramic implants designed to be 
bioactive  [  12  ] . 

 All animals were operated on using latex-free gloves and in 
a latex-free environment to prevent foreign body reaction or 
allergy resulting from latex  [  13  ] . Anesthesia was initiated with 
CO 

2
  inhalation for rats’ short-term sedation, followed by full 

anesthesia with intraperitoneally administered 1 mL 0.1% 
(RS)-(±)-2-(2-Chlorphenyl)-2-8methylamino)-cyclohexane 
(Ketavet ® ) (dosage: 1 mL/kg body weight) and 0.24 mL 2-(2, 
6-Dimethylphenylamino)-5, 6-dihydro-4 H-thiazin (Rompun ® ; 
2%) (dosage: 2 mg/kg body weight), providing suffi cient and 
long-lasting anesthesia without the need for artifi cial ventila-
tion. Before operation, all animals were shaven, and the skin 
was disinfected with Polyvidon-Jod (10 mg Jod/1 mL solu-
tion) (Braunol ® ) for 10 min. A 60-mm-long catheter was 
inserted subcutaneously via a small skin incision over the right 
shoulder and hip region. Catheter ends were sutured and fi xed 
on the muscles around the hip and the shoulder using nonab-
sorbable suture material. To mimic the typical implantation 
technique used during shunt insertion in humans, catheters 
were slightly stretched before implantation. The catheters’ 
fi xation served to simulate conditions comparable to those in 
growing children. Another catheter of the same type was fi xed 
on the shoulder with a similar technique and intraperitoneally 
inserted with an intraperitoneal length of 100 mm via a third 
skin and small peritoneal incision. With a purse-string suture 
the opening of the abdominal wall was closed around the 

catheter to avoid undesired dislocation. All wounds were 
closed using absorbable subcutaneous suturing and octylcy-
anoacrylate tissue adhesive for superfi cial skin closure. 

 This model aimed at simulating the angular tensile strength 
and the shear forces for both catheters in the subcutaneous 
fl exible tissue as in children during growth. In addition the 
intraperitoneal insertion should clarify differences between 
subcutaneous and intraperitoneal foreign body reactions. All 
implants remained inserted for 1 year. The adult animals were 
euthanized with intraperitoneally applied pentobarbital. 

 Thereafter, all catheters were explanted, including the 
surrounding tissue, for histopathological and scanning elec-
tron microscope (SEM) examination. Histopathological 
evaluation was conducted independently by two pathologists 
(R.M.B. and Y.J.K.) on formalin-fi xed (buffered formalin 
4%) and paraffi n-embedded, 3- m m thick, hematoxylin-eosin 
and von Kossa stained slides.  

   Results 

 We could confi rm the previous fi ndings of our preceding 
pilot study  [  8  ] :

   All subcutaneous catheters showed:• 
   Adherent surrounding tissue during explanation,   –
  Fractures and grooves extending deep into the silicone  –
material,  
  Calcifi cations on the surface area (Figs.   – 1  and  2 ).       

  All intraperitoneally inserted catheters showed:• 
   Calcifi cation on the surface of its subcutaneous part,   –

  Fig. 1    The catheter lumen is occluded by loosely arranged repair tis-
sue, and focally, regressive calcifi cations ( arrows ) are detectable. Von 
Kossa stain (as a standard to demonstrate calcium in mineralized tis-
sue), ×5 objective       
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  Calcifi cation of the intraperitoneal part, but more dis- –
persed than on the subcutaneous parts,  
  Occlusion of the distal, intraperitoneal lumen with  –
various shapes.       

 The degree of distal intraperitoneal catheter occlusion varied 
in its extension. In one catheter type, intraluminal occluding tis-
sue (as foreign body reaction) with an overall length of 140 mm 
could be measured, while others were just occluded by fi brous 
membranes at their tips. The occlusive tissue was mainly com-
posed of granulation tissue showing some chronic infl amma-
tion and occasionally foreign body giant cells. The catheters 
were surrounded by a collagen fi ber–rich capsule, especially 
the silicated catheter tips. In antibiotic-impregnated shunt cath-
eters, we could additionally detect intraluminal calcifi cations.  

   Discussion 

 Obviously, our principal objective to ameliorate our recently 
described animal model for studying foreign body reactions on 
shunt catheters in a way to mimic the tensile stress and shear 
forces acting on the catheter in growing children could be 
achieved. The animal movements and growth added, further-
more, catheter defl exions and stretching, simulating excellently 
the naturally given conditions of growing shunted children dur-
ing their daily activity. In the rat model presented here, histo-
pathological fi ndings similar to those found in humans could be 
reproduced, but in a much shorter time. This holds true also for 
the intraperitoneal fi ndings. Hence the model can also serve to 
study details of immunological and pathophysiological pro-
cesses provoked by silicone catheters in soft tissues and the 

peritoneal cavity. As previously seen in patients  [  2,   5  ] , we also 
found distal intraperitoneal shunt catheter occlusions due to for-
eign body reaction in our model. It can be argued that lacking 
fl ow within the tubes might facilitate intraluminal tissue growth. 
On the other hand, our proposed methodology provides the best 
proof that distal shunt occlusion does not necessarily result from 
cerebrospinal fl uid (CSF) contents (proteins, cells, etc.). Some 
have argued, based on fi ndings of astroglial cells’ ingrowth 
through ventricular catheters’ holes into its lumen despite CSF 
all around all of the catheters’ holes, that such cells might play 
some role in distal shunt obstruction as well. In contrast, our 
fi ndings underline the suggestion that such distal obstruction 
can be an autonomous process, emanating from the intraperito-
neal cavity itself. Similar fi ndings regarding foreign body reac-
tions on silicone catheters used for continuous ambulatory 
peritoneal dialysis support this hypothesis  [  4,   10  ] . Further, epi-
sodes of lacking CSF fl ow also occur in shunted patients with 
more proximally occluded catheters  [  3,   6  ] . Our model without 
fl ow simulates a comparable condition and can now easily 
explain fi ndings from our daily practice with shunt occlusion at 
two different positions, of which one is the distal obstruction. 

 Surprisingly, we found calcifi cations inside the intraperito-
neal catheters’ lumen too (Fig.  1 ). This intraluminal calcifi ca-
tion argues for an autonomous process of biodegradation on 
the inner catheter surface occurring autonomously as a matter 
of silicone “aging”/degradation  [  7  ] . The infl uence of CSF 
itself and fl uid fl ow within the tubes has yet to be studied. 

 As intended, the reaction on the silicated catheters was the 
greatest (Fig.  3 ). Accordingly, it can serve as a reference for 

  Fig. 2    Collagen fi ber–rich capsule surrounding an antibiotic-impreg-
nated catheter ( small arrow ). Interestingly, there is even evidence for 
calcifi cation of the occlusive granulation tissue within the catheter 
lumen ( large arrow ). The occluding tissue consists of loosely arranged 
granulation tissue with a fi ber-rich inner capsule pointing to the cathe-
ter. Von Kossa stain, ×5 objective       

  Fig. 3    Image from light-optical microscope showing a tissue-encapsu-
lated Silk-coated catheter. The connective tissue capsule consists of a 
young granulation tissue with a mild chronic, aseptic infl ammatory 
reaction, and with foreign body giant cells. Hematoxylin and eosin stain 
(H&E), ×2.5 objective       
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serious reactions on silicone to study alternative materials or 
surface-modifi ed silicone catheters with improved biocom-
patibility over those that have recently become available.   

   Conclusion    

 As intended, the reaction to…available. Silicone as a long-
term implant, especially under the implant stressing condi-
tions, can not be defi ned as biocompatible or biological inert. 
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  Abstract   High mobility group box-1 protein (HMGB-1), a 
protein expressed highly in developing neurons, is involved 
in the development and differentiation of neurons. At the 
same time, it functions as a transcriptional regulator of par-
ticular genes and as a cytokine: HMGB-1 released from a 
defective cell has been reported to induce damage to the 
adjacent cells. 

 With a view to examine the relationship between neuronal 
damage caused by hydrocephalus and HMGB-1, we analyzed 
the expression of HMGB-1 in the cerebellum, cerebrum, and 
hippocampus of 1-day-old congenitally hydrocephalic H-Tx 
rats. 

 As opposed to nonhydrocephalic H-Tx rats, the hydro-
cephalic H-Tx rats were observed to show stronger expression 
of HMGB-1 in the cerebellum, cerebrum, and hippocampus. 
Consequently, the protein was presumed to infl uence the devel-
opment of neurons from an early postnatal stage not only in the 
cerebral cortex and hippocampus but also in the cerebellum, 
which is less susceptible to the direct effects of hydrocephalus. 
We expect that, in the future, regulating the expression or func-
tions of HMGB-1 will lead to the possibility of impeding the 
progress of neuronal damage caused by hydrocephalus.  

  Keywords   Congenital hydrocephalus  •  High mobility group 
box-1 protein (HMGB-1)  •  H-Tx rat    

   Introduction 

 Ventriculomegaly associated with hydrocephalus affects the 
cellular composition and structure of the cerebrum. In con-
trast, the cerebellum is not directly affected by ventriculom-
egaly and should thus be more appropriate as the subject of 
comparative investigation. We thus attempted to identify 
proteins involved in the development of hydrocephalus in the 
cerebellum by proteome analysis and reported a specifi cally 
higher expression of high mobility group box-1 (HMGB-1) 
in 1-day-old hydrocephalic rats than in normal rats  [  1  ] . 

 HMGB-1 is a DNA-binding nuclear protein that com-
prises the chromatin and plays an important role in the main-
tenance of DNA conformation. It is also involved in the 
development and differentiation of neurons and thus is highly 
expressed in developing neurons  [  5  ] . 

 The present study focused on HMGB-1 and analyzed the 
expression of the protein in the cerebellum, cerebral cortex, 
and hippocampus.  

   Materials and Methods 

 Five 1-day-old hydrocephalic H-Tx rats (H-Tx rats) and fi ve 
nonhydrocephalic H-Tx control rats (non-H-Tx rats) were 
used. 

   Reverse Transcriptase Polymerase Chain 
Reaction 

 Brains were removed from H-Tx and non-H-Tx rats. The cere-
bral cortex, hippocampus, and cerebellum were dissected from 
the brains, fi xed in liquid nitrogen, and stored at −80°C until 
analysis. RNAs were extracted from each sample using the 
guanidine hydrochloride method, and cDNAs were synthesized 
from the RNAs using reverse transcriptase (RT). Polymerase 
chain reaction (PCR) was performed with HMGB-1 primers 
(F: ccggatgcttctgtcaactt, R: ttgatttttgggcggtactc) and GAPDH 
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primers (F: accacagtccatgccatcac, R: tccaccaccctgttgctgta), 
using 20 cycles at 95°C for 30 s, 64°C for 1 min, and 72°C for 
1 min.  

   Western Blot 

 Nuclear protein was extracted from the frozen samples of each 
brain region and subjected to electrophoresis using 10% gel. 
The separated protein was transferred to a PDVF membrane 
using the iBlot Dry Blotting System (Invitrogen), and protein 
bands were detected using the WesternBreeze Chemiluminescent 
Western Blot Immunodetection Kit (Invitrogen). The primary 
antibodies used were rabbit polyclonal HMGB-1 antibody 
(Abcam) diluted to 1:1,000 and mouse monoclonal GAPDH 
antibody (Abcam) diluted to 1:3,000.  

   Immunostaining 

 Paraffi n-embedded sections were reacted with rabbit poly-
clonal-HMGB-1 antibody (Abcam) diluted to 1:200 as the 
primary antibody, then with DAKO ENVISION System 
Labeled Polymer (DAKO) as the secondary antibody, and 
then stained with DBA. The sections were further subjected 
to nuclear staining with hematoxylin.   

   Results 

 HMGB-1 mRNA expression was identifi ed in the cerebral 
cortex, hippocampus, and cerebellum in both the H-Tx and 
non-H-Tx groups, but the expression in the hippocampus and 
cerebellum were higher in the H-Tx group than in the non-
H-Tx group (Fig.  1 ). In the cerebral cortex, no signifi cant 
difference in HMGB-1 mRNA expression was found between 
the two groups. Similarly, HMGB-1 protein expression was 
also identifi ed in all of the brain regions tested in both groups, 
and the expression of the protein in the hippocampus and 
cerebellum was higher in the H-Tx group than in the non-H-
Tx group (Fig.  2 ). Immunohistochemistry revealed a higher 
expression of HMGB-1 in the nuclei of neurons in the cere-
bral cortex, hippocampus, and cerebellum of the H-Tx group 
than in those of the non-H-Tx group (Fig.  3a–c ).     

   Discussion 

 The observed higher expression of HMGB-1 in the hippocam-
pus and cerebellum than in the cerebral cortex in 1-day-old 
rats may be related to the fact that both the hippocampus, 
especially the dentate gyrus, and the cerebellum are composed 

of granule cells formed during almost the same period. The 
higher expression of HMGB-1 in the H-Tx group than in the 
non-H-Tx group is likely to be due to the retarded develop-
ment of neurons associated with hydrocephalus, suggesting 
that the disturbance of neuronal development and differentia-
tion in the early postnatal period may occur not only in the 
cerebral cortex and hippocampus, which are directly affected 
by ventriculomegaly, but also in the cerebellum, which is not 
affected by ventriculomegaly. 

 Recent studies suggest that HMGB-1 serves as a precipi-
tating/infl ammatory factor (cytokine) during cerebral infarc-
tion  [  3  ] . The proposed secretory mechanisms of HMGB-1 
include passive secretion from the nucleus and cytoplasm in 
response to cell damage, such as apoptosis and necrosis, and 
active secretion from lysosomes following acetylation in the 
nucleus in response to infl ammatory stimuli, such as cytok-
ines. The secreted HMGB-1 acts on adjacent target cells via 
the receptor for advanced glycation end products (RAGE) and 
Toll-like receptor 2/4 (TLR 2/4). Eventually, nuclear factor 
kappa B (NF- k B) arising in the cytoplasm acts on the nucleus 
to again induce acetylation of HMGB-1, which is secreted 
from lysosomes. This chain reaction appears to be involved in 
the expansion of a cerebral ischemic lesion; the inhibition of 

HMGB-1
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  Fig. 1    Results of reverse transcriptase polymerase chain reaction 
(RT-PCR). Hydrocephalus(+):  A  cerebral cortex,  B  hippocampus,  C  
cerebellum. Hydrocephalus (−):  D  cerebral cortex,  E  hippocampus,  F  
cerebellum.       
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  Fig. 2    Result of Western blot. Hydrocephalus (+):  A  cerebral cortex, 
 B  hippocampus,  C  cerebellum. Hydrocephalus (−):  D  cerebral cortex, 
 E  hippocampus,  F  cerebellum       
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  Fig. 3    ( a ) Photomicrographs of the immunostaining for HMGB-1 in 
the cerebellum. (A) H-Tx, original magnifi cation × 100; (B) H-Tx, orig-
inal magnifi cation × 400; (C) non H-Tx, original magnifi cation × 100; 
(D) non H-Tx, original magnifi cation × 400. ( b ) Photomicrographs of 
the immunostaining for HMGB-1 in the hippocampus. (A) H-Tx, origi-
nal magnifi cation × 100; (B) H-Tx, original magnifi cation × 400; (C) 

non H-Tx, original magnifi cation × 100; (D) non H-Tx, original magni-
fi cation × 400. ( c ) Photomicrographs of the immunostaining for 
HMGB-1 in the cerebral cortex. (A) H-Tx, original magnifi cation × 100; 
(B) H-Tx, original magnifi cation × 400; (C) non H-Tx, original magni-
fi cation × 100; (D) non H-Tx, original magnifi cation × 400           
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Fig. 3 (continued)
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Fig. 3 (continued)
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HMGB-1 with agents such as anti-HMGB-1 antibody, A-box 
peptide, soluble RAGE, and anti-RAGE antibody has been 
shown to delay the progression of cerebral ischemia  [  6  ] . 

 We previously demonstrated that the hippocampus and 
cerebral cortex of 4-week-old H-Tx rats express IL-1 b  and 
IL-6  [  2  ]  and that neuronal cell death is observed even in the 
cerebral cortex of 8-week-old H-Tx rats that were considered 
to have developed compensatory hydrocephalus  [  4  ] . It is 
speculated that the HMGB-1 secretion chain is to some 
extent involved in neuronal cell damage caused by hydro-
cephalus. Thus, future studies may develop new treatment 
strategies for hydrocephalus based on the control of this 
secretion chain.  

   Conclusion    

 We observed developmental impairment of cerebellum at an 
early point after birth, where we had not expected so much 
infl uence of hydrocephalus. 
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  Abstract    Objectives : We have previously reported that the 
level of leucine-rich alpha-2-glycoprotein (LRG) expression 
is specifi cally increased in cerebrospinal fl uid (CSF) of idio-
pathic normal pressure hydrocephalus (INPH). The objective 
of this study is to examine the localization of LRG – the 
cerebral areas where it is expressed. 

  Method : The histological sections of autopsied brain 
specimens from ten subjects, fi ve adult cases (mean age 
43.6 years; range 34–50 years) and fi ve senile cases (mean 
age 76.0 years; range 67–88 years) were prepared, multi-
stained with antibodies against human LRG, glial fi brillary 
acidic protein (GFAP), CD31, and aquaporin-4 (AQP4), and 
reviewed for the expression sites of LRG. 

  Results : Immunostains of GFAP and LRG were compared 
in standard brain specimens from elderly patients. The results 
indicated that LRG is distributed throughout the entire brain, 
with especially high expression in the deep cerebral cortex. 
In addition, the cells that express LRG showed similar mor-
phology to astrocytes. Double staining of CD31 and LRG 
revealed a signifi cant expression of LRG in the pericapillary 
regions. The expression was observed in resident astrocytes, 
as well as in the capillary vessel to which astrocytic pro-
cesses grow and adhere. When age-related comparisons were 
made between senile and adult specimens, LRG expression 
increased with age. 

  Conclusion:  LRG expression in resident astrocytes 
increased with age.  

  Keywords   Leucine-rich alpha-2-glycoprotein  •  Astrocyte  • 
 Aquaporin-4    

   Introduction 

 Previously, we reported that leucine-rich  a 2-glycoprotein 
(LRG) is specifi cally elevated in idiopathic normal pressure 
hydrocephalus (INPH) patients, based on proteome analysis 
of CSF obtained by lumbar puncture  [  2,   4  ] . LRG in the brain 
is thought to be closely related to the pathophysiology of 
INPH, but its function and localization in the brain remain 
unknown. In the present study, immunostaining with various 
markers to clarify the localization of LRG was conducted on 
brain sections collected at autopsy.  

   Materials and Methods 

   Investigation of LRG Localization in Autopsied 
Human Brain (Section Staining) 

 We used anti-human LRG (329) rabbit IgG (Affi nity Purify) 
custom antibodies produced by Immuno-Biological Lab-
oratories Co. (IBL; Takasaki, Japan) for immunostaining of 
LRG within the brain. 

 LRG expression was localized within the cerebral paren-
chyma using autopsied brain specimens from ten subjects, 
fi ve adult cases (mean age 43.6 years; range 34–50 years) 
and fi ve senile cases (mean age 76.0 years; range 67–88 years) 
from the Juntendo University Department of Pathology 
(Table  1 ). Paraffi n sections from each area of the autopsied 
human brain were immunostained with each of the following 
primary antibodies: anti-human LRG (329) rabbit IgG (IBL; 
1:20), anti-myelin basic protein (MBP), goat IgG (sc-13914; 
Santa Cruz Biotechnology Inc.; 1:100), anti-GFAP rabbit 
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IgG (AB1980; Chemicon International Inc.; 1:500), anti-human 
GLUT-5 rabbit IgG (GLUT5; IBL18905; 1:50), anti-human 
Olig2 rabbit IgG (Olig2; IBL18953; 1:100), anti-CD31 
mouse IgG (ab9498; Abcam; 1:25), anti-neurofi lament-L 
goat IgG (sc-12980; Santa Cruz Biotechnology Inc.; 1:200), 
and anti-AQP4 goat IgG (sc-9888; Santa Cruz Biotechnology 
Inc.; 1:1000).  

 For preprocessing, sections were autoclaved at 121°C for 
10 min with Glut-5, Olig2, and CD31 antibodies and blocked 
with 5× SEA BLOCK blocking buffer (Pierce) and 1% don-
key serum phosphate-buffered saline (PBS). Staining was 
performed with DAB, following treatment with Dako 
Envision System-Labeled Polymer, HRP (Dako; Code: 
K1491), and Histofi ne Simple Stain MAX PO(G) (Nichirei 
Biosciences 414161) as secondary antibodies. 

 Sections were viewed under a Nikon E800 microscope, 
and images were captured with an AxioCam HRc CCD cam-
era using AxioVison Rel 4.7 imaging processing software. 

 Specimens of cultured human astrocytes (1800; Science 
Cell), human glioblastoma, astrocytoma grade III, epithelial-
like cell line (U373 MG), nuclear lysate (ab14902), and 
astrocytoma (grade 2) were immunostained with GFAP and 
LRG, and differences in LRG expression between resident 
astrocytes and reactive astrocytes were investigated.  

   Human LRG Reverse Transcriptase Polymerase 
Chain Reaction (RT-PCR) and Direct Sequence 
Analysis 

 Total RNA was extracted from cultured human astrocytes 
using Isogen (311–02501; Nippon Gene), and cDNA was 
amplifi ed with the AccuScript High Fidelity 1st Strand 

cDNA Synthesis kit (Agilent Technologies – Stratagene 
Products) with 5 U/ m L Taq DNA polymerase (11-146-173-
001; Roche Applied Science) and the following primer sets: 
primer 1F (cgaccaaaaagcccaggggg) and primer 1R (ggttggct-
ggcaggtgggtc) (32–270; 239 bp); primer 2F (cgtgcacctggc-
cgtggaat) and primer 2R (accctggccagcttgttgcc) (221–763; 
543 bp); and primer 3F (gccagacgctcctggcagtg) and primer 
3R (tggccagggctcagctggaa) (1021–1648; 628 bp). PCR was 
carried out with 35 cycles of 72°C for 30 s, 64°C for 1 min, 
and 72°C for 1 min. 

 Each target band was labeled with a Terminator Cycle 
Sequencing kit v3.1 (433690; Applied Biosystems) and 
then analyzed with ABI3100 capillaries (Applied 
Biosystems) and deposited in GenBank as Accession num-
ber NM_052972.2.   

   Results 

   Localization of LRG in the Brain 

 Comparison of MBP and LRG staining in a brain from an 
elderly subject (age 88 years, amyloid angiopathy) showed 
that LRG expression was localized mostly in the cerebral 
cortex, particularly the deep cortex (Fig.  1 ). LRG, GFAP, 
Olig2, and GLUT5 immunostaining of the brain of a 50-year-
old with amyotrophic lateral sclerosis showed that cells 
expressing LRG were unlike oligodendroglia or microglia 
and had the same morphology as astrocytes with endfeet pro-
cesses that extend toward the vessels and appear to wrap 
around the capillaries (Fig.  2 ).   

 LRG antibody staining of cultured human astrocytes 
showed LRG immunoreactivity, and RT-PCR and 

   Table 1    The differences in the expression patterns of LRG with age in the deep cerebral cortex   

 Adult cases ( n  = 5)  Senile cases ( n  = 5) 

 Age  Sex  Disease  Count 
(mean) 

 Age  Sex  Disease  Count (mean) 

 43 years old  Male  Renal amyloidosis  8.2  88 years old  Male  Amyloid 
angiopathy 

 43 

 42 yeras old  Female  Systemic mycotic 
disease 

 13  69 years old  Male  Parkinson’s 
disease 

 51.4 

 50 years old  Male  Amyotrophic lateral 
sclerosis 

 6.6  74 years old  Male  Pemphigoid  48.2 

 49 years old  Female  Malignant 
lymphoma 

 4.8  67 years old  Male  Cerebral 
infarction 

 43.8 

 34 years old  Male  Acute lymphocytic 
leukemia 

 8.2  82 years old  Male  Normal pressure 
hydrocephalus 

 52 

 mean ± SD; 8.68 ± 3.05  mean ± SD; 47.68 ± 4.18 

  Brain sections were immunostained, and the number of positive cells in fi ve visual fi elds at × 20 magnifi cation was counted.  t -Test:  p  < 0.01 
  LRG  leucine-rich  a 2-glycoprotein  
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  Fig. 1    Leucine-rich  a 2-glycoprotein (LRG) ( a ) and anti-myelin basic protein (MBP) ( b ) staining of autopsied brain sections from an 88-year-old 
subject with amyloid angiopathy. LRG expression localizes mostly in the cerebral cortex, particularly the deep cortex       

  Fig. 2    Leucine-rich  a 2-glycoprotein (LRG), Olig2, and GLUT5 immunostaining of brain section from a 50-year-old with amyotrophic lateral 
sclerosis. LRG-positive cells appear to be astrocytes with endfeet processes extending to the capillaries, rather than oligodendroglia or microglia       
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sequencing confi rmed LRG gene expression in astrocytes 
(Fig.  3 ). LRG expression appears to occur in a portion of 
the astrocytes. Double-staining with CD31 and LRG 
showed greater LRG expression in the astrocytes with pro-
cesses that extend near the vessels. After LRG antibody 
immunostaining of astrocytoma (grade 2), no immunoreac-
tivity to LRG could be observed, suggesting limited LRG 
expression in reactive astrocytes, but greater expression in 
some resident astrocytes.   

   Changes in LRG Expression in the Brain 
with Age 

 LRG immunostaining was followed by confocal microscopy 
of brain sections from the parietal cortex of fi ve adult cases and 
fi ve senile cases. To investigate the differences in the expres-
sion patterns of LRG with age in the deep cerebral cortex, 
brain sections were immunostained and the number of positive 
cells in fi ve visual fi elds at a × 20 magnifi cation was counted 
(Table  1 ). The number of positive cells in adult cases and in 
senile cases were 8.68 ± 3.05 (mean ± SD) and 47.68 ± 4.18, 
respectively ( t -test:  p  < 0.01). LRG immunostaining showed a 
tendency for increased immunoreactivity with age.   

   Discussion 

 LRG was isolated in 1977 from human serum by Haupt and 
Baundner  [  1  ] , and in 1985, its amino acid sequence was 
determined. LRG is a 38 kDa protein and consists of 312 
amino acid residues, 66 of which are leucine. This protein 
contains periodic eight-unit repeats of a three-member amino 
acid sequence: leucine, proline, and asparagine. This consensus 

sequence, termed the leucine-rich repeat, has been found in 
over 55,000 sequences in the Pfam database of protein align-
ments  [  5,   6  ] . 

 The human LRG gene is localized to chromosome sub-
band 19p13.3, and its protein is known to exist in the extra-
cellular space. LRG is coexpressed with transforming growth 
factor  b I type II receptor (TGF  b R-II)  [  3  ] , and its amino acid 
sequence contains a putative membrane binding region, sug-
gesting potential binding with TGF  b R-II on the cell surface. 
LRG is thought to bind to collagen and fi bronectin, as well as 
to TGF- b  through collagen  [  3  ] . 

 The results of the present study show that the high expres-
sion of LRG in a portion of astrocytes in the deep cortex 
causes these astrocytes to extend processes around the capil-
laries. Thus, LRG may bind to collagen and fi bronectin and 
deposit on the capillaries, thereby contributing to arterioscle-
rotic changes. In the present study, LRG expression was 
observed in astrocytes of the deep cerebral cortex. Although 
the number of astrocytes tends to decrease with age, LRG 
expression tends to increase. The role of the increase of LRG 
expression with age is unclear and remains an issue for fur-
ther study. The relationship of LRG with specifi c diseases in 
the elderly also requires further investigation.  

   Conclusion 

 The expression of LRG in the brain was found to be local-
ized in the cerebral cortex. This included expression in astro-
cytes and processes, with signifi cant expression in the 
processes around blood vessels. LRG expression in the brain 
increased with age.      
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  Abstract   Neuroendoscopic surgery is distinct from usual 
craniotomy as it is performed in water. We have previously 
reported that the use of artifi cial cerebrospinal fl uid (CSF) as 
perfusate in third ventriculostomy is more effi cacious in mini-
mizing severe host reaction than normal saline or lactated 
Ringer’s solution. In this study, we investigated the effects of 
different perfusion solutions in human cultured astrocytes. 
We cultured human astrocytes in growth medium. Then each 
of them was further cultured for 6 h in artifi cial CSF, lactated 
Ringer’s solution, or normal saline. Using DNA microarray, 
RNAs were extracted from each of the cells and were compre-
hensively analyzed to identify differences in patterns of gene 
manifestation. Compared to the use of artifi cial CSF, in cases 
where lactated Ringer’s solution or normal saline was used, 
there was little difference in the pattern of gene manifestation, 
but there was an increase in gene manifestation related to 
apoptosis and infl ammatory reaction. For neuroendoscopic 
surgery, the use of artifi cial CSF as a perfusate is considered 
effective in maintaining brain homeostasis compared to the 
use of normal saline or lactated Ringer’s solution.  

  Keywords   Neuroendoscope  •  Artifi cial cerebrospinal fl uid  • 
 DNA microarray  •  Lactated Ringer’s solution  •  Saline    

   Introduction 

 The use of artifi cial cerebrospinal fl uid as a perfusate for neu-
roendoscopic surgery was fi rst reported by Griffi th et al. in 
1990  [  3  ] . They reported on the treatment of infantile hydro-
cephalus, during which they induced coagulation of the chor-
oid plexus and then perfused it with artifi cial cerebrospinal 
fl uid. The fi rst to report on the signifi cance of the use of arti-
fi cial cerebrospinal fl uid in neuroendoscopic surgery were 
Oka et al.  [  6  ] . According to that report by Oka et al., a com-
parison was conducted between two groups that used either 
normal saline solution or an artifi cial cerebrospinal fl uid. In 
the normal saline solution group, clinical symptoms, includ-
ing headache, high fever, and neck stiffness resulting from 
meningeal irritation, were present in all cases. In contrast, in 
the artifi cial cerebrospinal fl uid group, while headache and 
high fever were present in one of the fi ve cases, there were no 
apparent cases of neck stiffness. Furthermore, compared to 
the artifi cial cerebrospinal fl uid group, an increased number 
of cells were apparent in the cerebrospinal fl uid of the normal 
saline solution group. In addition, body temperature transi-
tions tended to be higher for the normal saline solution group 
than the artifi cial cerebrospinal fl uid group. These results 
suggested the possibility that the use of artifi cial cerebrospi-
nal fl uid as a perfusate during neuroendoscopic surgery could 
minimize the effects caused by the use of normal saline. 

 From the report by Oka et al., it is clear that the use of normal 
saline solution as a perfusate is not preferable for neuroendo-
scopic surgery. As such, among commercially available infu-
sion solutions, we have continued to use lactated Ringer’s 
solution, which has a composition that is relatively similar to 
cerebrospinal fl uid. However, in comparing cerebrospinal fl uid, 
artifi cial cerebrospinal fl uid, and lactated Ringer’s solution, we 
observed that the ion concentrations of K, Mg, Ca, etc. and pH 
vary dramatically. In 40 cases of endoscopic third ventriculos-
tomy procedures that we conducted, we compared and evalu-
ated the biological effects of lactated Ringer’s solution and 
artifi cial cerebrospinal fl uid, employing a reverse analytical 
approach. For postoperative changes in body temperature, we 
found that compared to lactated Ringer’s solution, artifi cial 
cerebrospinal fl uid presented fewer instances of abnormal 
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increases in body temperature. Furthermore, while we saw no 
signifi cant difference in postoperative headaches when compar-
ing lactated Ringer’s solution and artifi cial cerebrospinal fl uid, 
nausea and vomiting tended to be more prevalent in cases where 
lactated Ringer’s solution was used. On the basis of these results, 
we concluded that compared to artifi cial cerebrospinal fl uid, 
lactated Ringer’s solution might cause more signifi cant damage 
to the brain. As such, we performed in vitro experiments.  

   Materials and Methods 

 Normal human astrocytes and astrocyte growth medium (AGM) 
BulletKit were obtained from Clonetics, BioWhittaker Inc. 
(Walkersville, MD, USA). Saline solution, lactated Ringer’s 
solution, and artifi cial cerebrospinal fl uid were supplied by 
Otsuka Pharmaceutical Factory Inc. (Tokushima, Japan). 

 We cultured human astrocytes in growth medium. Then each 
of them was further cultured for 6 h in artifi cial cerebrospinal 
fl uid, lactate Ringer’s solution, or normal saline. We isolated 
the total RNA from each of the cells using the single-step 

guanidium thiocyanate extraction method. The total RNA 
(20  m g) from the three independent experiments was then con-
verted into double-stranded cDNA using the Ambion WT 
Expression Kit (Ambion) and transcribed in vitro into biotiny-
lated cRNA according to the manufacturer’s instructions 
(Affymetrix). The 20  m g of fragmented cRNA was hybridized 
for 16 h under constant rotation at 45°C in Human Gene 1.0 ST 
array (Affymetrix). After washing and staining the samples, 
fl uorescence was determined using a GeneChip Scanner 3000 
(Affymetrix). Data fi les    were evaluated using the GeneChip 
Suite 5.0 software (Affymetrix). The data were generated using 
Ingenity Pathway Analysis (Agilent Technologies).  

   Results 

 (1)     From a morphological perspective, we observed signifi cant 
cell death among astrocytes cultured in normal saline solu-
tion. In contrast, we detected no morphological changes 
with lactated Ringer’s solution or artifi cial cerebrospinal 
fl uid (Fig.  1 ).  

  Fig. 1    Morphological characterization of astrocytes after exposure to various perfusates: ( a ) growth medium, ( b ) saline, ( c ) lactated Ringer’s solu-
tion, and ( d ) artifi cial cerebrospinal fl uid       
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 (2)     When comparing gene expression states using DNA array 
gene expression analysis, we found that with artifi cial 
cerebrospinal fl uid and cell culture medium, genes dis-
played high and low expression levels and a similar gene 
expression pattern was observed. However, with normal 
saline and the lactated Ringer’s solution, a comparatively 
average expression pattern was observed. From this, we 
found that compared to normal saline or lactated Ringer’s 
solutions, artifi cial cerebrospinal fl uid and cell culture 
medium resulted in more active RNA transcription, and 
from that we can assume that the cells functioned more 
actively (Fig.  2 ).  

 (3)     In a volcano plot analysis, compared to artifi cial cerebro-
spinal fl uid, 47 genes had altered expression in lactated 
Ringer’s solution, and the expression of 42 genes was 
altered in normal saline solution. Furthermore, of these 
genes, 30 were common to both solutions (Fig.  3 ). Of 
these 30 genes, we looked at the genes for which expres-
sion increased; compared with the genes from the artifi -
cial cerebrospinal fl uid, we found that there were 18 
genes from the lactated Ringer’s solution and 15 from 
normal saline. Of those genes, 12 were identical between 
the two groups (Table  1 ). Among these genes were the 
tumor necrosis factor (TNF) and nuclear factor kappa-B 
(NF-kB) genes, which are vital to apoptosis. The gene 
that showed the greatest increase, cation transport regula-
tor homolog 1 (CHAC1), has recently been reported as 

being associated with apoptosis  [  5  ] . Similar to the nor-
mal saline solution, no changes in cell morphology were 
detected 6 h after exposure to lactated Ringer’s solution; 
however, it is clear that there was an amplifi cation of 
genes related to cell death.    

   Discussion 

 Although the area of the brain that absorbs cerebrospinal 
fl uid is still unknown, there is no doubt that the choroid 
plexus is where most of the cerebrospinal fl uid is produced. 
The interstitial blood vessels of the choroid plexus are fenes-
trated capillaries, which allow plasma to pass freely. However, 
tight junctions mutually integrate the epithelial cells of the 
choroid plexus. As such, ventricular communication is not 
possible, and a blood–cerebrospinal fl uid barrier is formed. 
When comparing plasma and cerebrospinal fl uids, there are 
signifi cant variations in K, Mg, and Ca concentrations, and 
slight variations are also seen in other ion concentrations. 
Therefore, cerebrospinal fl uid is not simply a fi ltered plasma 
solution but a fl uid that is formed and excreted by choroid 
plexus epithelial cells. Furthermore, because cerebrospinal 
fl uid communicates freely with the ventricular interstitial 
fl uid, cerebrospinal fl uid is thought to have a vital impact on 
the development and maintenance of the cerebrum  [  4  ] . 
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  Fig. 2    DNA array gene 
expression analysis: Genes 
displayed high and low expres-
sion levels with artifi cial 
cerebrospinal fl uid and cell 
culture medium, and a similar 
gene expression pattern was 
observed. However, with normal 
saline and lactated Ringer’s 
solution, a comparatively average 
expression pattern was observed       
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 The main condition requiring neuroendoscopic surgery is 
noncommunicating hydrocephalus, which often manifests as 
prominent ventricular dilation. Further, in cases of promi-
nent ventricular dilation, the ventricular ependymal cells are 

damaged and the glial limiting membrane comes into direct 
contact with the cerebrospinal fl uid. Even if the ependyma is 
intact, the cerebrospinal and interstitial fl uids are able to 
communicate freely, acting as a vital cerebral regulator. This 
suggests that the perfusate used in neuroendoscopic surgery 
will have a direct impact on cerebral function. 

 In primary research comparing normal saline solution and 
artifi cial cerebrospinal fl uid, human astrocytes were used, and 
cells were cultured using a culture medium, artifi cial cerebro-
spinal fl uid, and normal saline. With normal saline solution, 
the ratio of surviving cells was low, and these solutions were 
reported to be associated with apoptosis  [  2  ] . Through in vitro 
research and clinical trials, it has been demonstrated that nor-
mal saline solutions have a poisonous effect on neurons. 
Furthermore, Doi et al. reported that in ventriculocisternal per-
fusion experiments using rats, both in vitro and in vivo, nor-
mal saline solution caused neural cell death in the cerebral 
cortex and hippocampus  [  1  ] . In observing ventriculocisternal 
perfusion for 24 h, it was determined that only normal saline 
solution resulted in apoptosis, while no morphological changes 
were observed with artifi cial cerebrospinal fl uid or lactated 
Ringer’s solution. Through these experiments, it is clear that, 
similar to normal saline, no morphological changes were 
apparent when using lactated Ringer’s solution; however, there 
was an amplifi cation of genes associated with cell death.  

   Conclusion 

 For neuroendoscopic surgery, the use of artifi cial cerebrospi-
nal fl uid as a perfusate is considered effective in maintaining 
brain homeostasis compared to the use of normal saline or 
lactate Ringer’s solution.      

Volcano plot
Lactated Ringer’s / Artifical CSF Saline / Artificial CSF

Mapped ID 47 gences (83 gences) Mapped ID 42 gences (70 gences)

= 30 gences

  Fig. 3    In a volcano plot analysis, 
compared with artifi cial 
cerebrospinal fl uid, the expres-
sion of 47 genes increased or 
decreased in the lactated Ringer’s 
solution, and the expression of 42 
genes increased or decreased in 
the normal saline solution. Of 
these genes, 30 were common to 
both solutions       

   Table 1    Genes for which expression increased, compared with those 
from artifi cial cerebrospinal fl uid (ACSF)   

 Saline/ACSF  Fold change  Lactated 
Ringer’s/
ACSF/
ACSF 

 Fold change 

 CHAC1  4  CHAC1  4 

 DUSP1  3  DUSP1  4 

 TNFAIP3  3  TNFAIP3  3 

 BHLHE40  2  BHLHE40  2 

 CD274  2  CD274  2 

 ERRF11  2  ERRF11  2 

 ID1  2  ID1  2 

 ID3  2  ID3  2 

 LIF  2  LIF  2 

 MYC  2  MYC  2 

 NFKBIA  2  NFKBIA  2 

 TUFT1  2  TUFT1  2 

 BDNF  2  RFC1  2 

 HBEGF  2  TOB2  2 

 HMGCS1  2  UIMC1  2 

 IFFO2  2  –  – 

 JUNB  2  –  – 

 RND3  2  –  – 

  Eighteen genes in the lactated Ringer’s solution changed, as did 15 
genes in normal saline   . Of those genes, 12 were identical between the 
two solutions  
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  Abstract   We established a CE-certifi ed telemetric device to 
measure intracranial pressure (ICP) noninvasively. To evalu-
ate whether subdural or intraparenchymal insertion of such 
devices should be preferred, we implanted these telemetric 
ICP measurement devices (Raumedic, Rautel) in both loca-
tions. The study was performed in nine minipigs. The telem-
etric data were validated every 3 months using conventional 
intraparenchymal ICP measurement probes. 

 The intraparenchymal telemetric device failed in one ani-
mal 12 months after insertion. Computed tomography (CT) 
revealed fi rst hints for failure: Despite the implantation in 
adult animals, the skull dimensions seemingly increased 
after implantation, and the sensor tip was dislocated on the 
tabula interna level. This fi nding could also be verifi ed by 
histopathological examination which would explain the rea-
son for mismeasurement. The subdural catheter failed after 
9 months. CT and histopathological examination revealed a 
bony encapsulation of a large catheter part, which had been 
located correctly initially. We propose that chronic pulsatile 
stress on the device was the underlying reason for this phe-
nomenon, comparable to that in meningeal arteries. 

 In some of the other animals, failure of subdural catheters 
could be detected. Histopathological examinations in these 
cases are still pending. Nevertheless, we assume similar 
underlying reasons for failure in these subdural probes. 

 In conclusion, we favour intraparenchymal placement of 
telemetric ICP measurement devices.  

  Keywords •   Intracranial pressure  •  ICP  •  Telemetric  •  CSF 
shunts  •  ICP measurement    

   Introduction 

 The pathological conditions of the cerebrovascular system 
such as traumatic brain injury (TBI), stroke, hydrocephalus, 
or intraventricular haemorrhages are predisposing risk fac-
tors for elevated intracranial pressure (ICP). As a conse-
quence, these conditions demand a continuous measurement 
of ICP, which is indispensable for appropriate ICP therapy 
management  [  8  ] . 

 The conventional method for ICP measurement is the 
implantation of an external ventricular drain (EVD) with a 
pressure transducer, but intraparenchymal probes are also 
used . However, this type of ICP measurement should be 
removed according to several authors after about 10 days of 
implantation, because of an exponentially rising risk of infec-
tions after that period of time due to the external drainage 
 [  7  ] . Furthermore, a device which noninvasively measures the 
performance of CSF shunts and the ICP after ETV procedure 
is needed. 

 During the last three decades, attempts have been made to 
develop such a device to control intracranial pressure telem-
etrically  [  1,   3  ] . We have now succeeded in developing a 
CE-certifi ed telemetric ICP measurement device. This probe 
allows the reading of the ICP through closed skin. For this 
reason, the insertion of this so-called Rautel (Raumedic ® ) is 
an elegant way to observe ICP without the risk of catheter-
related infections and without frequent subsequent surgical 
interventions. Furthermore, the Rautel can remain in situ 
over the acute phase of TBI, whereas conventional EVD or 
external intraparenchymal probes to monitor ICP may require 
a revision due to infection (see above). 

 In general, there are two types of Rautel available: There 
is the possibility of either a subdural and an intraparenchymal 
insertion. The question is whether subdural or intraparenchy-
mal placement of the telemetric ICP probes should be pre-
ferred. A possible argument for subdural implantation would 
be minor risks such as haemorrhages. The intraparenchymal 
insertion on the contrary is supposed to be more reliable. 
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 For this reason we conducted an animal experiment 
with the aid of minipigs, to determine whether preference 
should be given to subdural or intraparenchymal insertion of 
a Rautel.  

   Materials and Methods 

 We examined nine adult minipigs (at least 12 months old) in 
this experiment. Both subdural and intraparenchymal ICP 
measurement devices were implanted in each minipig. For 
this purpose, the animals were given a general anaesthetic 
(1.5% isofl urane, vaporised in an air–N 

2
 O mixture, 0.15 mg/h 

fentanyl), intubated, and ventilated, by a veterinarian. 
 Due to the specifi c anatomical conditions of these animals, 

the craniotomy through the frontal sinus could not be avoided. 
Therefore, single-shot antibiotic treatment was given. 

 The subdural and the intraparenchymal ICP probes were 
inserted on the left and right sides, respectively. To validate 
the telemetric data, conventional ICP monitoring using intra-
parenchymal probes was performed. Such probes were 
inserted via a more frontally located access during the initial 
implantation and during quarterly routine follow-up. Correct 
positioning of both telemetric and conventional probes was 
verifi ed routinely by X-ray. 

 To gather data in a wide pressure range, positioning of 
the animals was changed between 15° head-down, normal 
prone position, and 15° head-up. Total monitoring time of 
each device lasted at least 30 min. Before fi nal wound clo-
sure, the conventional ICP measurement catheter was 
removed. To close the wound, subcutaneous stitches and 

gluing of the skin surface were performed to reduce infec-
tion risk  [  2  ] . Since neither subdural nor intraparenchymal 
probes    provided reliable data after 12 months in one ani-
mal, computed tomography (CT) scans and histopathologi-
cal tissue examinations were performed according to our 
study protocol.  

   Results 

 Our results indicated that the telemetric devices delivered 
reliable data in comparison with conventional ICP measure-
ment probes, for at least 9 months. The quarterly comparison 
revealed that the telemetric system provides reliable mea-
surements during the change of positioning of the animals as 
well, as shown in Fig.  1 .  

 After the above-mentioned period of 9 months, the intra-
parenchymal telemetric probe failed in one animal. The rea-
son underlying this failure was revealed by CT; even though 
the measurement probe was initially implanted correctly, the 
sensor tip had become dislocated on the level of the tabula 
interna of the skull, due to an increase in the size of the ani-
mal’s skull (see Fig.  2 ), despite the fact that it was an adult 
animal that was chosen to avoid bone growth. This fi nding 
could also be verifi ed by histopathological examinations, 
which were performed according to the study protocol in 
cases of device failure.  

 Regarding the subdural catheter, macroscopic inspection 
also revealed a reasonable cause for failure; the probe which 
was properly implanted was partially covered by a bony 
layer during the course of the study, as can be seen in Fig.  3 . 
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  Fig. 1    Long-term overview of 
30 min, comparing telemetric 
( light grey ) and conventional 
( black ) intracranial pressure 
( ICP ) monitoring during 
different positioning       
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The sensor tip was also included in this process of bony over-
growth, which can easily explain the probe’s dysfunction.   

   Discussion 

 Our fi ndings show that telemetric ICP measurement devices 
deliver reliable data for at least 9 months. For this period of 
time, subdural implantation of the telemetric probes seems fea-
sible. Longer-term observations revealed the development of a 
bony chamfer around these implants, surrounding the catheter 
with its sensor tip as measuring part. This fi nding seems to be 
comparable with the skull chamfer of meningeal arteries. 
Consequently we also believe that the bony cover of the inserted 
catheters may be due to the chronic pulsatile stress of the brain. 

 Regarding the dislocation followed by the dysfunction of 
the intraparenchymally inserted probe, several underlying 
phenomena can be discussed.

   1.    As a part of the natural behaviour pattern of these ani-
mals, the telemetric devices are exposed to direct external 
forces, which might provoke subdural displacement and 
dislocation of the probes. Such forces can end up even 
with fractures. Ossifi cation around and over the implant 
might also indicate a healing process.  

   2.    For several reasons, the housing was developed using 
ceramics as a well-established material for long-term 
implants. Detailed analysis of the microstructure and chem-
istry of these ceramics revealed a broad range of foreign 
body reactions, even in terms of ossifi cation  [  4–  6,   9,   10  ] . 
For example, the pore size had a signifi cant infl uence. To 
date, this point, which might be another reason for the ossi-
fi cation around the housing, has not been extensively anal-
ysed in our device.  

   3.    Although we studied adult animals to avoid bone growth, 
some further minor growing of the animals occurring at 
the given age cannot be ruled out.      

  Fig. 2    Computed tomography scan showing dislocation of intraparenchymal catheter       
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   Conclusion 

 Reliable data could be gathered by intraparenchymal ICP 
measurement probes during long-term application (more 
than 9 months). Subdural catheters seem to have higher fail-
ure rates after 9–12 months, which can be attributed to sev-
eral of the discussed reasons. From the current point of view, 
we favour an intraparenchymal placement of telemetric ICP 
measurement probes for long-term application, whereas for 
short-term usage both insertion sites seem feasible.      
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  Abstract    Objective:  The aim of this study was to examine    
patients who were admitted for the fi rst-ever shunting for 
idiopathic normal pressure hydrocephalus (INPH) during a 
12-year period, in terms of variation rate, patient demo-
graphic characteristics, shunt procedures, postoperative 
complications, and hospital outcome. 

  Methods:  An electronic database which included all shunted 
patients (1998 to 2009) was used to retrieve demographic, 
clinical, and hospital outcome data. INPH patient identifi ca-
tion was based on clinical and imaging diagnostic criteria. 

  Results:  INPH patients ( n  = 238) who had undergone 
shunting were identifi ed. The mean age and male to female 
ratio of INPH patients were 73.3 (± 7) years and 1.28:1, 
respectively. 

 The number of surgically managed INPH cases and propor-
tion of INPH-related shunting procedures rose consecutively 
during the second and last third of the study period. 
Ventriculoperitoneal shunts ( n  = 129; 54.2%) were the most 
commonly used confi gurations, followed by ventriculoatrial 
( n  = 108; 45.4%) and lumboperitoneal ( n  = 1; 0.4%). Intrahospital 
shunt-related complications were hematomas (0.84%), menin-
gitis (0.42%), and status epilepticus (0.42%). A favorable out-
come was reported for 66.8% of patients; 31.5% showed no 
change. Overall inpatient mortality was 1.7%. 

  Conclusion:  The quantitative fi ndings indicate a progres-
sive rise in the number of surgically managed INPH patients 
that parallels a rise in the proportion of INPH-related shunt-
ing procedures. Contributing factors are likely to include 
improved diagnosis and an increase in awareness of the 
INPH syndrome by referring physicians.  

  Keywords   Idiopathic normal pressure hydrocephalus  • 
 Hospital outcome  •  Complications  •  Audit  •  Retrospective    

   Introduction 

 Idiopathic normal pressure hydrocephalus (INPH), the clini-
cal syndrome characterized by gait disturbance, cognitive 
impairment, and urinary incontinence  [  3  ] , typically mani-
fests in the elderly  [  2  ] . While the pathophysiological mecha-
nisms that give rise to INPH remain imperfectly understood 
 [  4  ] , cerebrospinal fl uid (CSF) shunting remains the most 
widely practised treatment option. 

 The University of Athens, Department of Neurosurgery, 
at Evangelismos Hospital is the largest of its kind in Greece, 
in recent years caring for over 1,500 patients annually  [  7  ] . 
Our department is committed to the generation and mainte-
nance of electronic neurological disorder/disease databases 
for the evaluation of health care provision, the analysis of 
health trends, and formulation of future programmes/preven-
tative strategies for various clinical entities. 

 The present clinical audit focused on surgically man-
aged patients for INPH who had undergone a fi rst-ever 
shunt operation in our department, and aimed at determin-
ing the (a) 12-year variation rate, (b) age and sex    of patient, 
(c) shunt type, (d) postoperative shunt-related complica-
tions, and (e) hospital outcomes.  

   Methods 

 Identifi cation of all patients who had undergone shunting 
for hydrocephalus from 1998 to 2009 was based on our 
departmental electronic database and took place following 
a data-mining strategy incorporating the search tags:  cere-
brospinal fl uid disorder, hydrocephalus,  and  shunt surgery.  
Retrospective demographic, clinical, and hospital outcome 
data for all patients were collected. INPH patients were 
subsequently identifi ed when the following clinical and 
imaging diagnostic criteria were met: (1) presence of at 
least two Hakim’s symptoms, (2) ventriculomegaly on 
computed tomography (CT) or magnetic resonance imag-
ing (MRI) scans, and (3) lack of secondary causes. Patient 
records typically included measures of gait performance 
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(incorporating time and steps needed to walk 10 m and 
steps needed to make a turning) assessed by the responsible 
neurosurgeons.  

   Results 

 From a total of 734 patients who underwent 955 shunt opera-
tions/reoperations during the 12-year study period, 238 
patients (32.4%) were identifi ed with INPH. Table  1  shows 
cumulative data on INPH patients with respect to age/sex, 
shunt-types, shunt-related complications, and hospitalization 
time. The number of patients surgically managed for INPH 
as well as the percentage of INPH-related shunts rose consis-
tently during    the second and last third of the study period 
(Fig.  1a, b ). The mean age and male to female ratio of INPH 
patients were 73.3 (± 7) years and 1.28:1, respectively. 
Average length of hospitalization for those patients was 11.5 
(± 10) days. Intrahospital postoperative shunt-related com-
plications were hematomas ( n  = 2; 0.84%), meningitis ( n  = 1; 
0.42%), and status epilepticus ( n  = 1; 0.42%). No more than 
a single postoperative shunt-related complication was 
recorded per year. Ventriculoperitoneal (VP) shunts were the 
most commonly used shunt confi gurations ( n  = 129; 54.2% 
of patients), closely followed by ventriculoatrial (VA) shunts 

   Table 1    Cumulative data (1998–2009) on INPH patients: demographic 
characteristics, type of shunt, postoperative complications, and 
hospitalization time   

 No. (%) or mean (SD) 

  INPH patients   238 (32.4%) 

  Sex  

 Male (%)  134 (56.3%) 

  Age  (years)  73.3 (±7) 

  Shunt type  

 VP, no. (%)  129 (54.2%) 

 VA, no. (%)  108 (45.4%) 

 LP, no. (%)  1 (0.4%) 

  Postoperative complications  

 Shunt-related 

    Meningitis  1 (0.42%) 

    Hematoma  2 (0.84%) 

    Status epilepticus  1 (0.42%) 

 Other 

    Pneumonia  1 (0.42%) 

  Hospitalization  (days)  11.5 (±10) 
   INPH  idiopathic normal pressure hydrocephalus,  LP  lumboperitoneal, 
 VA  ventriculoatrial,  VP  ventriculoperitoneal  

IN
P
H
P
A
T
IE
N
T
S

45

40

35

30

25

20

15

10

19
98

19
99

20
00

20
01

20
02

20
03

20
04

20
05

20
06

20
07

20
08

20
09

5

0

+129%

+91.5%

100%

90%

80%

70%

60%

50%

40%

30%

20%

10%

0%
1998−2001 2002−2005 2006−2009

18,3

81,7

32,6 39,5

60,5
67,4

iNPH

Secondary

100%

90%

80%

70%

60%

50%

40%

30%

20%

10%

0%
1998−2004 2004−2009

LP

VP

VA

23.4

76.6

68.9

30.4

a

b

c

  Fig. 1    ( a ) Annual number of idiopathic normal pressure hydrocephalus 
(INPH) patients who underwent shunting during the 12-year study 
period (1998–2009). Note the consecutive rise in the number of INPH 
patients during the second (+129%) and last (+91.5%) third of the study 
period. ( b ) A rise in the percentage of shunts for the treatment of INPH 
is apparent during the second and the last third of the study period. ( c ) 
Percentage of ventriculoperitoneal ( VP ), ventriculoatrial ( VA ), and lum-
boperitoneal ( LP ) shunts placed in INPH patients during the fi rst 
(1998–2003) and second (2004–2009) half of the study period       
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( n  = 108; 45.4% of patients). A single patient underwent lum-
boperitoneal (LP) shunting ( n  = 1; 0.4%) due to a serious 
hematological disorder. A marked increase in the proportion 
of VP shunts was apparent during the second half of the 
study period (Fig.  1c ). An improvement in gait (assessed at 
discharge by the responsible clinician) was reported in 66.8% 
of all shunted patients. Thus, a reported 77% of patients with 
VP shunts ( n  = 129), 54.6% of patients with VA shunts 
( n  = 108), and the single patient with an LP shunt showed 
improved gait performance. Of all patients, 31.5% were 
reported to show no overt change in gait performance fol-
lowing shunting (22% of patients with VP shunts,  n  = 28; 
43% of patients with VA shunts,  n  = 47). Overall hospital 
mortality for the entire study period was 1.7% (three shunt-
related deaths, one shunt-independent).    

   Discussion 

 Surgical management of the elusive INPH syndrome  [  3  ]  
remains a widely practised treatment option. Increasing evi-
dence suggests that shunting for INPH presents acceptable 
risk-to-benefi t ratios  [  1,   6  ] . 

 The present clinical audit examined admissions (1998–
2009) related to fi rst-ever shunt placement for INPH. The 
present data on patient demographic characteristics and sur-
gical procedures indicate (1) that the majority of INPH 
patients were male, (2) the mean age for the whole INPH 
sample was over 70 years, and (3) VP shunts were the most 
commonly used confi gurations. Factors contributing to the 
marked increase in the proportion of VP shunts during the 
second half of the study period remain to be established. 
While no prospective or retrospective studies have previously 
supported the use of a specifi c shunt confi guration, it is worth 
noting that the present data indicate a trend toward increased 
rates of recorded gait improvement (77%)  following VP 
shunting. An earlier prospective study by Raftopoulos et al. 
 [  5  ]  reported a 55% improvement in gait, 9 days  postoperatively, 
for a small cohort of INPH patients who underwent VA shunt-
ing. The overall rate of gait improvement following VA shunts 
reported here (54.6%) appears comparable.  

   Conclusion 

 The present fi ndings indicate a progressive rise in the num-
ber of surgically managed INPH patients that parallels 
a rise in the proportion of INPH-related shunting. Factors 
contributing to the observed rise may include improved 
diagnosis, an increase in awareness of the INPH syndrome 
by referring neurologists and general practitioners, as well 
as increasing patient quality of life requirements. A signifi -
cant limitation of the present retrospective analysis con-
cerns variability in records of gait assessment methodology. 
Standardization of gait assessment is necessary in future 
studies.      
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  Abstract   Normal pressure hydrocephalus (NPH) represents 
a common disorder among older people with mild elevation 
of cerebrospinal fl uid pressure and certain clinical manifes-
tations. We present a patient with such a disorder in whom a 
programmable valve was implanted. With the use of a lower 
opening pressure, the patient developed a subdural hema-
toma although the symptoms subsided. After evacuating the 
hematoma and by setting the valve pressure higher, the 
patient recovered without any symptomatology. We observed 
that only the higher pressure was the right one, although in 
two different pressure values the symptoms had subsided.  

  Keywords   Normal pressure hydrocephalus (NPH)  • 
 Programmable shunt system  •  Subdural hematoma  • 
 Ventriculomegaly    

   Introduction 

 Normal pressure hydrocephalus (NPH) syndrome was fi rst 
described by Hakim and Adams in 1965 as symptomatic 
occult hydrocephalus with “normal cerebrospinal fl uid pres-
sure   ”  [  3  ] . NPH is a chronic type of communicating hydro-
cephalus in adults, and therefore patients do not exhibit the 
classic signs of increased intracranial pressure, such as head-
ache, nausea, vomiting, or altered consciousness. The etiol-
ogy behind NPH is still unknown; it may be that NPH is due 
to an alteration in fl uid reabsorption and brain tissue compli-
ance. All these years an important question has been, what 
type of shunt system and shunting procedure are best for 

NPH patients? We report a case of an NPH patient to show 
that although there are programmable valve systems, there is 
still a need for more precise pressure determination.  

   Case Presentation 

 A 72-year-old man with a history of Parkinson’s disease, dia-
betes mellitus type 2, and coronary artery disease was admitted 
to our clinic with symptoms of NPH (abnormal “magnetic” 
gait, “dementia,” and urinary incontinence). Brain computed 
tomography (CT) revealed ventricular enlargement (Fig.  1 ). A 
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  Fig. 1    Computed tomography scan showing ventricular enlargement in 
normal pressure hydrocephalus (NPH) patient       
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lumbar puncture (LP) for radionuclide cisternography (RC) 
was performed. We have been using RC in our clinic for the 
last 20 years, and by correlating the imaging patterns with the 
surgical outcomes, we can in certain cases deliver an indication 
of the most suitable shunt system. Cerebrospinal fl uid was 
under normal pressure, and RC revealed communicating 
hydrocephalus. We decided to use a programmable valve 
(Delta type Strata, Medtronic) of 80 mmH 

2
 O (1.5 indication 

position), and the implantation site was the occipital horn of 
the right ventricle. The patient recovered postoperatively, and 
symptoms such as abnormal gait and urinary incontinence sub-
sided, although the patient still suffered from apathy. Three 
weeks later on a follow-up brain CT, a subdural hematoma was 
revealed on the right parietal lobe at the site of the valve implan-
tation (Fig.  2 ). In our opinion, the hematoma was due to overd-
rainage, and we decided that the initial setting was incorrect. 
Although we readjusted the programmable valve and set the 
pressure to 110 mmH 

2
 O (two indication position) the symp-

toms of the patient reappeared, and the hematoma increased 
slightly. After evacuation of the subdural hematoma by trepa-
nation and lowering the valve pressure to the 80 mmH 

2
 O, the 

patient gradually recovered 1 month later (Fig.  3 ).     

   Discussion 

 NPH is a type of hydrocephalus that occurs in older adults, 
with average age older than 60 years. NPH develops slowly 
over time. The slow enlargement of the ventricles means that 

the fl uid pressure in the brain may not be as high as in other 
types of hydrocephalus. 

 There are two forms of NPH: the secondary form which is 
caused by subarachnoid hemorrhage, head injury, cranial 
surgery, or central nervous system infection, and the idio-
pathic form where the cause is at present unknown. 

 NPH is often misdiagnosed as Parkinson’s disease, 
Alzheimer’s disease, or senility, due to its chronic nature and 
its presenting symptoms. Although the exact mechanism is 
unknown, it is thought to be a form of communicating hydro-
cephalus with impaired cerebrospinal fl uid (CSF) reabsorp-
tion at the arachnoid villi. 

 The most typical NPH cases with the clinical triad 
(dementia, magnetic gait, and urinary incontinence) have 
every possibility of responding to a shunting operation, and 
the patient may dramatically improve after CSF drainage  [  1  ] . 
In patients with symptomatic ventriculomegaly and features 
of NPH, one goal of therapy should be reduction of the ven-
tricular size, although ventriculomegaly is not related to the 
positive clinical outcome [  2  ] . 

 Complications of CSF diversion include subdural hema-
toma formation, ventriculitis, catheter-related hemorrhage, 
or introduction of air into the ventricles. Subdural hematoma 
formation resulting from “overdrainage” of the ventricles 
and laceration (tearing) of bridging veins is an important 
clinical concern  [  4  ] . 

 Most studies performed for evaluation of NPH patients, 
such as neuropsychological assessment, neuroimaging tech-
niques, removal of CSF, RC, measurements of cerebral blood 
fl ow and metabolism, pressure monitoring, and hydrody-
namic tests, do not always predict the outcome after the CSF 
diversion (shunting)  [  3,   5  ] . 

  Fig. 2    Computed tomography scan showing shunt with subdural 
hematoma       

  Fig. 3    Ventricular system with valve pressure at 110 mmH 
2
 O       
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 From our case study, we observed that only the higher 
valve pressure was the right one, although in the two differ-
ent pressure value settings, the symptoms had subsided. 
When the valve pressure was regulated to the lower value, 
the patient had complications. This case study perhaps sug-
gests that not only pressure but also CSF fl ow parameters 
must be taken into account at the same time in determining 
the right valve system. Another option for us could be to 
implant fl ow valves in NPH patients.  

   Conclusion 

 Since we do not have tests with predictive accuracy, the treat-
ment for suspected NPH varies. Although there are many 
choices of shunt devices, there is still a need for more precise 
determination of valve opening pressure. It is very diffi cult to 
make the right choice for a shunt device in a patient with NPH. 
Even in NPH patients who are candidates for shunt surgery, 

we cannot obtain a good outcome without performing an ideal 
shunting operation using an appropriate shunt system.      
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  Abstract    Background:  Controversies remain regarding the 
proper diagnostic studies and prediction of outcome in 
patients with normal pressure hydrocephalus (NPH), and 
their management remains controversial. We propose a pre-
operative assessment routine the aim of which is to correctly 
select NPH patients, and to differentiate between them in 
terms of surgical treatment, identifying probable endoscopic 
third ventriculostomy (ETV) responders. 

  Materials and methods:  We prospectively considered a 
group of 44 patients with suspected NPH on the basis of 
clinical symptoms and neuroradiological evidence, who have 
undergone supplemental diagnostic testing (tap test, external 
lumbar drainage, cerebrospinal fl uid outfl ow resistance 
[Rout] determination through lumbar and ventricular infu-
sion test). All 44 of these patients were treated with either 
shunt procedures or ETV. 

  Results:  To choose the kind of treatment (shunt or ETV), 
we evaluated the individual response during infusion tests. 
The effi cacy of both surgical techniques was approximately 
70%, with a signifi cantly lower complication rate for ETV. 

  Conclusions:  We evaluated the correlation between the 
various tests and the postoperative outcomes both for shunt-
ing and for ETV. Rout proved useful for preoperative assess-
ment and choice of treatment. In carefully selected patients   , 
ETV had qualitative results similar to shunting, presenting 
signifi cantly fewer complications.  

  Keywords   Normal pressure hydrocephalus (NPH)  •  External 
lumbar drainage (ELD)  •  Infusion test  •  CSF outfl ow resis-
tance (Rout)  •  Endoscopic third ventriculostomy (ETV)  • 
 Shunt    

   Introduction 

 The term  normal pressure hydrocephalus  (NPH) was coined 
in 1964 by Salomon Hakim  [  8  ] . In 1965, Adams et al. intro-
duced the term into the English-language literature  [  1  ] , and 
then Hakim went on to describe the classic triad of gait dis-
turbance, incontinence, and dementia, which improved after 
cerebrospinal fl uid (CSF) removal  [  11  ] . 

 Since then, considerable controversy has evolved on the 
appropriate diagnosis and treatment, due to the lack of uni-
versally accepted and evidence-based guidelines. Both our 
personal experience and a review of the literature confi rm the 
diffi culty in identifying diagnostic and prognostic tests with 
high predictive value and accuracy, which can help not only 
in predicting the postoperative outcome, but also in choosing 
the type of treatment. All tests we utilize are associated with 
both false-negative and false-positive results. Furthermore, 
the most commonly employed treatment (shunting) carries a 
very high rate of complications, often severe. The choice of 
endoscopic third ventriculostomy (ETV), a less invasive 
technique with a very low complication rate, has seldom been 
considered. In recent years, in the light of newer theories on 
CSF dynamics and pathophysiology, various studies have 
identifi ed ETV as a valuable alternative  [  3,   4,   7,   12,   14  ] . 

 In the present study, we propose a diagnostic and prog-
nostic routine aiming to select the right NPH patients and to 
differentiate between them in terms of surgical treatment, 
identifying probable ETV responders.  

   Materials and Methods 

 From October 2002 through April 2008, 44 NPH patients 
were identifi ed by our hydrocephalus outpatient clinic, on 
the basis of clinical history, physical examination, and neu-
roradiological fi ndings, and studied prospectively. The 
patients included in the study satisfi ed all of the following 
parameters: insidious onset, progression over time, at least 
6-month duration, age over 50 years, presence of one or more 
of the classic triad of symptoms, ventriculomegaly (Evans 
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index >0.30) disproportionate to the grade of cerebral atro-
phy, and no macroscopic obstruction to CSF fl ow. Reported 
symptoms were corroborated by a source familiar with the 
patient’s premorbid and current condition. The presence of 
any other major neurological, psychiatric, or general medical 
condition that would have been suffi cient to explain the pre-
senting symptoms was excluded. 

 As far as demographics were concerned, 21 patients were 
men and 23 women, and mean age was 72.2 years (range 
54–85). Seventeen patients (38.6%) presented with the classi-
cal symptomatological triad, while the rest presented with one 
or two of the three symptoms at the time of diagnosis. The 
onset symptom was gait apraxia in 35 patients (79.5%), uri-
nary urgency in seven (16%), and cognitive defi cit in two 
(4.5%). The latency from onset to diagnosis ranged from 6 to 
90 months (mean 29.8). Causative factors could be identifi ed 
in eight patients (traumatic brain injury in fi ve, subarachnoid 
hemorrhage in two, and meningitis in one). In the remaining 
36 patients, no anamnestic feature possibly related to the 
hydrocephalic state was identifi ed (idiopathic NPH). Follow-up 
ranged from 6 to 36 months (mean 21.9). 

 All patients underwent cerebral computed tomography 
(CT) scan, magnetic resonance (MR) and phase-contrast 
cine-MR imaging both preoperatively and postoperatively. 
To consolidate the diagnosis and to obtain prognostic ele-
ments, supplemental testing was undertaken. These consisted 
of subtractive tests, CSF outfl ow resistance (Rout) determi-
nation, and cognitive function assessment. 

 External lumbar drainage (ELD) was performed in all but 
four patients. The CSF evacuation rate was 10 mL/h for 
3 days. Two of the latter four patients refused ELD, and in 
two, catheter placement was impossible: These patients 
underwent a tap test (50 mL of CSF evacuation). To evaluate 
improvement after CSF subtraction, the Hauser Ambulatory 
Index was used  [  9  ] ; this test assesses the time and effort used 
by the patient to walk 25 ft (8 m). It was also reconsidered 
postoperatively. 

 Rout was measured in the lumbar and the ventricular 
compartment. The constant infusion test described by 
Katzman and Hussey was used  [  10  ] . Ringer lactate was used, 
at a 2 mL/min infusion rate until steady state was reached. 
Rout was calculated by the formula:

        

where  P  
1
  represents the maximum pressure at steady state,  P  

0
  

the opening pressure, and  V  
IN

  the infusion rate. Values up to 
15 mmHg/mL/min were considered normal. Rout scores 
were used as the main criterion for treatment choice (ven-
triculoperitoneal (vp) shunting vs. ETV). Patients with a 
high lumbar Rout (>15 mmHg/mL/min) were shunted (shunt 
system with programmable valve and antisiphon device). All 
of them presented lower ventricular values. Patients with 

normal or low lumbar Rout values, but high ventricular Rout 
values, underwent ETV. A high Rout in the intracranial com-
partment demonstrates, in our opinion, a gradient between 
the supraventricular and infraventricular compartments in 
favor of the former, thus justifying an indication for ETV 
(Fig.  1a, b ).  

 The eventual cognitive impairment was assessed using 
the Mini-Mental State Examination (MMSE)  [  15  ] . The test 
assesses seven cognitive areas, using 30 items. Scores, 
adjusted for age and educational level, were calculated both 
preoperatively and postoperatively. 

 Finally, as far as outcome is concerned, Black’s scale  [  2  ]  
slightly modifi ed was the main measure utilized (Table  1 ). On 
that basis, outcome was classifi ed as excellent, good, modest, 
temporary, or null. To more easily group patients, we consid-
ered excellent and good results to represent a favorable out-
come, while modest, temporary, or null improvement defi ned 
an unfavorable outcome. The Hauser Ambulatory Index, 
MMSE, and clinical re-evaluation of the patient were also 
performed postoperatively.  

   Surgical Technique for ETV 

 ETV was performed using the standard procedure through a 
right precoronal burr hole. A rigid fi berscope was used in the 
free-hand manner. In all patients, fenestration on the third 
ventricle fl oor was performed between the mammillary bod-
ies and the tuber cinereum. The opening was created by gen-
tly pushing the tip of the probe and then progressively 
enlarging it with a Fogarty balloon catheter. The arachnoid 
of the interpeduncular cistern was also opened. Soon after 
the fenestration, pulsations of the third ventricle fl oor were 
observed intraoperatively in most cases.   

   Results 

 Out of 44 operated patients, 30 presented a favorable out-
come (68.2%). Specifi cally, 28 patients demonstrated 
increased lumbar Rout values and were shunted, in accor-
dance with our algorithm, and of these, 19/28 (67.85%) 
showed a good or excellent result. The remaining 16 patients 
demonstrated increased ventricular Rout values, and thus 
underwent ETV. Of these, 11/16 had a favorable outcome 
(68.75%). It became evident that the two treatment modali-
ties presented analogous qualitative results (Fig.  2 ).  

 The lumbar Rout values in the vp shunt group ranged from 
16.3 to 29.3, with a mean 19.6 mmHg/mL/min, while in the 
ETV group, the values ranged from 5.3 to 14.1, with a mean 
value of 9.1. It is noteworthy that there was no overlapping 

( )1 0 INRout /P P Vé ù= -ë û
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between the two groups. Within the vp shunt group, we can 
identify two subgroups: the patients who had a favorable out-
come had slightly higher mean lumbar Rout values than the 
ones with unfavorable outcome (20.15 vs. 18.7), even though 
the difference is not to be considered signifi cant. 

 The ventricular Rout values presented similar but inverted 
patterns, being higher in the ETV group than in the shunt 
group. In the former group, Rout ranged from 15.3 to 21.3, 
with a mean 19.1, while in the latter, the respective values 
were 7.3 to 15.2 (mean 10.8). We did not fi nd any overlap-
ping in this case, even if the ranges were closer. On the other 
hand, if we look within the ETV group, the mean values 
between patients with favorable and unfavorable outcome 
were identical (19.1 vs. 19). 

 The patients who had gait disturbance as the onset symp-
tom presented a signifi cantly higher rate of improvement. Of 
these, 22/35 had an excellent or good outcome (63%). 
Overall, if we consider the percentage that this subgroup rep-
resents within the total of 30 patients with favorable outcome, 
the rate grows even higher (22/30, 73%). 
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  Fig. 1    Different results of lumbar ( gray curve ) and ventricular ( black 
curve ) infusion tests demonstrating gradient between supratentorial and 
infratentorial compartments. ( a ) Patient with higher lumbar values 

(indication for shunting); and ( b ) patient with higher ventricular values 
(indication for endoscopic third ventriculostomy [ETV])       

   Table 1    Black’s scale, modifi ed   

 Outcome  Description 

 Excellent  Resumed pre-illness activity without defi cit 

 Good  Resumed pre-illness activity with defi cit; 
improvement of two or more symptoms 

 Modest  Improved but did not return to previous 
work; improvement of one symptom 

 Temporary  Temporary major improvement 

 Null  No change or worsening 
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 ELD was another parameter that proved to be very highly 
correlated to outcome. Out of seven patients with negative 
ELD response, only one had a good outcome, two had a 
modest result, and four did not improve at all. Out of the 
remaining 33 patients (ELD was administered in 40/44 
patients) with a positive response to ELD, only four pre-
sented an unfavorable outcome (three modest, one tempo-
rary). In contrast, 29/33 patients (88%) had a good or 
excellent result. If we recalculate, considering the sum of 
patients with favorable outcomes ( n  = 30), we can see how 
97% (29/30) of good or excellent results were correctly pre-
dicted by ELD. The test’s sensitivity was as high as 96.6%, 
with a positive predictive value of 87.8%. 

 The other parameters that were evaluated in terms of out-
come did not show any signifi cant correlation (latency from 
onset to diagnosis, Evans index, periventricular hyperinten-
sity, cine MR [void], MMSE score, Hauser score, tap test, 
opening pressure – lumbar/ventricular). 

 Five of 16 patients treated with ETV had an unfavorable 
outcome. Of these patients, three had a negative ELD response 
preoperatively. After ETV failure, two of them were shunted 
with no benefi t. The third refused further treatment. The other 
two had positive ELD results. One was shunted and showed 
a good outcome. Another one demonstrated occlusion of the 
stoma on postoperative cine MR imaging, was re-ETVed, 
and obtained a modest result (same as after fi rst operation).  

   Discussion 

 Chronic communicating hydrocephalus does not represent an 
established indication for ETV; the hypothesis remains under 
intensive investigation. Nevertheless, many authors have 
lately reported their experience on the use of ETV for NPH 
cases, with more than acceptable results  [  3,   4,   7,   12,   14  ] . The 

rationale behind its use cannot be explained by means of the 
classic bulk fl ow theory. According to recent research into 
the dynamics of hydrocephalus, communicating hydrocepha-
lus is a disorder of intracranial pulsations caused by decreased 
compliance  [  7  ] , rather than a CSF absorption defi cit. 

 The modern theory considers hydrocephalus as ventricular 
enlargement caused by an increased regional force directed 
from the ventricle toward the subarachnoid spaces (transmantle 
pressure gradient or transmantle pulsatile stress). Chronic 
transmantle pulsatile stress results in decreased compliance of 
the brain tissue and ventricular enlargement  [  4  ] . Conversely, 
CSF malabsorption and increased mean pressure are secondary 
to the more general vascular disturbances occurring in hydro-
cephalus  [  5  ] . ETV reduces the systolic pressure in the brain by 
simply venting ventricular CSF through the stoma  [  6  ] , thus 
increasing intracranial compliance. In doing so, it produces 
similar results to shunting, in a more physiological modality 
 [  6  ] , and with a considerably smaller complication rate. 

 Since CSF outfl ow resistance refl ects the systems compli-
ance, which can be altered by ETV, it is not arbitrary to 
hypothesize that Rout determination could provide essential 
information for selecting NPH patients in terms of treatment 
modality: in other words, patients who could benefi t from 
ETV. The use of the infusion test to establish an indication 
for ETV in NPH patients has previously been reported. Meier 
et al. argued that patients whose Rout is increased in the ven-
tricular system, while being normal in the lumbar region, 
should be considered for ETV  [  12,   13  ] . It has also been dem-
onstrated that a subgroup of NPH patients is characterized by 
a functional dissociation of hydromechanical properties of 
the intracranial and spinal compartments  [  16  ] . 

 It also became obvious from our study, considering the 
lumbar and ventricular Rout values obtained and correlated 
to the outcome, that this element can be exploited in terms of 
treatment choice. While ELD is an invaluable    tool for select-
ing probable responders, regardless of type of treatment, 
Rout seems to have a major role in selecting the kind of treat-
ment. Even if our numbers cannot support statistical signifi -
cance, the correlation is pretty strong. 

 Furthermore, it is clear that patients selected through this 
algorithm demonstrated qualitative results similar to those 
either with shunting or with ETV (Fig.  2 ). The latter method 
is less invasive, presents fewer complications, and has a 
minor psychological impact on the patient; thus it should 
always be considered in carefully selected patients.  

   Conclusion 

 The authors believe that ETV should be part of the armamen-
tarium of all neurosurgeons who treat NPH patients and that 
Rout determination could prove to be an important treatment 
selection element. Patients with low or normal lumbar Rout 
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and high ventricular Rout should be strongly considered for 
ETV. However, our data must be confi rmed in further stud-
ies. Multicenter randomized controlled studies are needed to 
address these issues.      

  Confl icts of interest statement   We declare that we have no confl ict 
of interest   .  
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  Abstract    Objective:  The purpose of our study was to evalu-
ate the results of endoscopic third ventriculostomy (ETV) in 
the management of patients with idiopathic normal pressure 
hydrocephalus (INPH). 

  Methods:  Our prospective study included seven patients 
(fi ve men and two women; ages ranging between 68 and 
78 years) with two or more typical NPH symptoms of short 
duration (<6 months), with no other morbidity factors, with a 
Mini-Mental State Examination (MMSE) score  ³ 18, aqueduc-
tal cerebrospinal fl uid (CSF) stroke volume  ³ 42  m L, and posi-
tive lumbar drain test. The etiology of NPH was idiopathic in all 
of these cases. Their preoperative work-up included brain mag-
netic resonance imaging (MRI) and cine-MR, MMSE test, and 
CSF lumbar drain test, in all cases. The clinical status of all 
participants was graded using the Japanese intractable hydro-
cephalus system. An ETV was performed in all participants. 
Follow-up included periodic clinical evaluations, MMSE, and 
MRI with cine-MR studies. The follow-up time range was 
12–72 months. 

  Results:  The mean postoperative clinical grade was 3.1, 
while the preoperative was 6.1. Gait disturbance and urinary 
incontinence were the most responsive symptoms. The mean 
postoperative MMSE score was 23.6, while the preoperative 
score was 20.3. The mean postoperative aqueductal CSF 
stroke volume, 6 months after the procedure, was 31.6  m L, 
while the preoperative volume was 48.8  m L. 

  Conclusions:  ETV may be a safe alternative surgical option 
for a limited number of carefully selected INPH patients.  

  Keywords   Endoscopic  •  Complication  •  Hydrocephalus  • 
 Normal pressure  •  Outcome  •  Third ventriculostomy    

   Introduction 

 The term  normal pressure hydrocephalus  (NPH) was fi rst 
described by Salomon Hakim, as a syndrome consisting of 
ventricular dilatation in the absence of elevated intracranial 
pressure, with gait disturbances, urinary incontinence, and 
dementia  [  7  ] . Since that original description, NPH has 
remained one of the most controversial topics in neurosur-
gery. When surgical intervention is decided upon, shunting 
of cerebrospinal fl uid (CSF) is presently the only widely 
accepted method of treatment  [  1  ] . The relatively high inci-
dence of complications associated with CSF shunt insertion, 
and the frequent necessity for revising these shunts, has 
spurred some clinical investigators to employ endoscopic 
third ventriculostomy (ETV) in the management of NPH 
patients  [  3,   6,   8–  10  ] . 

 Recently, however, ETV has also been employed in the 
management of meticulously selected patients with idio-
pathic NPH. Although the responsiveness to ETV varies sig-
nifi cantly among the previously published series, there are 
certainly a limited number of patients, whose symptoms sig-
nifi cantly improve after undergoing ETV  [  2,   4–  6  ] . 

 In our current communication, we present our results from 
a series of patients with idiopathic NPH undergoing ETV.  
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   Materials and Methods 

   Study Design 

 Our prospective clinical study covered a 6-year period 
(2002–2007). The study was approved by the institutional 
review boards of both participating institutions. 

 The inclusion criteria in our study were: (1) patient’s age 
<80 years, (2) duration of symptoms <6 months, (3) absence 
of any other clinically evident comorbidity, (4) preoperative 
Mini-Mental State Examination (MMSE) score  ³ 18, (5) 
hyperdynamic CSF fl ow in the aqueduct demonstrated on the 
preoperative cine magnetic resonance (MR) study (aqueduc-
tal CSF stroke volume >42  m L), (6) symptom improvement 
after performing a lumbar CSF drain test, and (7) no previ-
ous shunt insertions.  

   Patient Population 

 A total of 133 patients were admitted to our facilities with the 
diagnosis of NPH. Only 15 patients (11.3%), however, met our 
inclusion criteria, and ultimately 7 patients (5.3%) consented 
to participate in our study. All participants had at least two 
symptoms of the classic triad of symptoms. No previous insults 
or any other pathologic conditions predisposing to NPH were 
identifi ed in any of these patients, making the etiology idio-
pathic in all our study participants. The severity of their symp-
toms was evaluated using the grading system proposed by the 
Japanese Committee for Scientifi c Research on Intractable 
Hydrocephalus  [  11  ] . The analytical demographic data and the 
symptomatology of our patients are presented in Table  1 .  

 Their preoperative evaluation included detailed neurologic 
examinations, MMSE, brain magnetic resonance imaging 
(MRI), and phase contrast cine MR studies, head computed 

   Table 1    Demographic data, symptomatology, and duration of symptoms in our cohort, as well as diagnostic tests and their results employed in 
our series   

 Patient  Sex  Symptoms  Symptom 
duration (m) 

 MMSE 
score 

 INPH 
grade 

 MRI/
cine-MR 
( m L) 

 Lumbar 
drain 
test 

 Radionuclide 
cisternogram 

 ICP 
moni-
tor 

 CT 

 S.F. 68 
y.o. 

 ♀  Gait 
disturbances, 
dementia, 
urinary 
incontinence 

 6  20  7 (3 + 1 + 3)  + (48)  +  −  +  + 

 H.S. 70 
y.o. 

 ♂  Gait 
disturbances, 
dementia, 
urinary 
incontinence 

 4  19  8 (3 + 2 + 3)  + (43)  +  +  +  + 

 J.D. 78 
y.o. 

 ♂  Gait 
disturbance, 
dementia 

 3  21  3 (2 + 1 + 0)  + (42)  +  −  +  + 

 T.W. 72 
y.o. 

 ♂  Gait 
disturbance, 
dementia 

 4  20  4 (2 + 2 + 0)  + (48)  +  +  +  + 

 S.M. 72 
y.o. 

 ♂  Gait 
disturbance, 
dementia 

 5  21  7 (4 + 3 + 0)  + (50)  +  +  −  + 

 L.W. 72 
y.o. 

 ♀  Gait 
disturbances, 
dementia, 
urinary 
incontinence 

 4  19  8 (4 + 2 + 2)  + (61)  +  −  −  + 

 L.S. 74 
y.o. 

 ♂  Gait 
disturbances, 
dementia, 
urinary 
incontinence 

 3  22  6 (3 + 2 + 1)  + (50)  +  −  +  + 

   CT  computed tomography,  ICP  intracranial pressure,  INPH  idiopathic normal pressure hydrocephalus,  MMSE  Mini-Mental State Examination, 
 MRI  magnetic resonance imaging,  y.o.  years old  
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tomography (CT) scan, and lumbar CSF drain tests in all cases. 
The Evans ratio as well as the aqueductal CSF stroke volume 
was calculated in all patients preoperatively and postoperatively. 
The CSF drain test was performed by inserting a closed lumbar 
CSF drain system, draining 10 mL/h for a total of 72 h. In addi-
tion, radionuclide cisternogram (in 3/7) and intracranial pressure 
monitoring (in 5/7) were obtained in selected cases (Table  1 ).  

   Surgical Technique 

 All procedures were performed under general endotracheal 
anesthesia. A burr hole was placed just anterior to the coro-
nal suture, approximately 3 cm from the midline. A rigid, 
2.7 mm, 0° straight endoscope (Aesculap, AG & CO.KG, 
Tuttlingen, Germany) was utilized in all cases.  

   Follow-up 

 The follow-up of our patients included clinical evaluation in 
our outpatient clinic at 1, 4, and 12 weeks and at 6 and 
12 months postoperatively, followed by standard annual exam-
inations. Postoperative evaluation also included brain MRI 
and cine MR study; these were obtained at 4 weeks and then 
6 months after discharge. The follow-up time ranged between 
12 and 72 months (mean follow-up time: 36.7 months).   

   Results 

 The MRI study results obtained showed signifi cant ventricu-
lar enlargement with Evans ratio >30% in all of our patients 
(Table  2 ). Characteristic fl ow void signal in the aqueduct 

area was present in all the preoperative MRI studies, indicat-
ing adequate CSF aqueductal circulation.  

 Signifi cant improvement of their symptoms was observed 
in all patients after draining an adequate amount of CSF 
through a lumbar drain. The intracranial pressure measure-
ments obtained in selected cases demonstrated normal varia-
tion of intracranial pressure with occasional recording of B 
waves in all monitored patients. The radionuclide cisterno-
grams obtained in 3/7 (42.8%) patients demonstrated hyper-
dynamic CSF circulation. 

 In regard to the observed improvement of our patients post-
operatively, gait disturbance responded better than any of the 
other symptoms (Table  2 ). With respect to the overall clinical 
outcome of our patients, there was signifi cant improvement in 
their preoperative clinical hydrocephalus grades (Table  2 ). 
Improvement in the imaging fi ndings of our patients was also 
observed. The calculated preoperative and postoperative MRI 
Evans ratios are summarized in Table  2 . Interestingly, follow-
ing ventriculostomy, the mean aqueductal CSF stroke volume 
decreased from 48.8 to 31.6  m L at the completion of 6 months 
after the procedure. No shunt insertion was required in any of 
our patients, and the observed initial improvement in their 
symptomatology has remained stable. 

 Although the number of participants in our current study 
was limited and therefore the drawing of any statistically 
powerful conclusions is impossible, we analyzed our results 
to detect any trends in our study population. Statistical analy-
sis of our collected data demonstrated that there was no rela-
tionship between the patients’ age, sex, and preoperative 
MMSE score, and the idiopathic normal pressure hydroceph-
alus (INPH) postoperative score improvement. Contrariwise, 
a relationship between surgical outcome and the preoperative 
INPH grade of our patients was demonstrated in our study 
(Spearman rank correlation test,  Rho  = 0.881,  p  = 0.02). 

 Analysis of our results in regard to the association of the 
clinical outcome (postoperative INPH score improvement) 
to the preoperative imaging fi ndings showed that there was 

   Table 2    Preoperative and postoperative INPH grades, MMSE scores, visual fi eld, and MRI fi ndings in our series   

 Patient  INPH grade  MMSE  Cine MR  Evans ratio 

 Pre-op  Post-op  Pre-op  Post-op  Pre-op ( m L)  Post-op ( m L)  Pre-op (%)  Post-op (%) 

 S.F.  7 (3 + 1 + 3)  4 (2 + 1 + 1)  20  22  48  31  45  45 

 H.S.  8 (3 + 2 + 3)  5 (1 + 2 + 2)  19  20  43  34  40  40 

 J.D.  3 (2 + 1 + 0)  1 (0 + 1 + 0)  21  23  42  28  50  45 

 T.W.  4 (2 + 2 + 0)  2 (0 + 2 + 0)  20  22  48  33  45  45 

 S.M.  7(4 + 3 + 0)  4(2 + 2 + 0)  21  25  50  34  50  45 

 L.W.  8(4 + 2 + 2)  3(0 + 2 + 1)  19  26  61  32  50  40 

 L.S.  6(3 + 2 + 1)  3(1 + 1 + 1)  22  27  50  29  50  40 

    INPH  idiopathic normal pressure hydrocephalus,  MMSE  Mini-Mental State Examination,  MR  magnetic resonance  
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no relationship between the preoperative Evans ratio and the 
observed outcome. However, there was an association 
between clinical outcome and the preoperative aqueductal 
CSF fl ow velocity. Higher preoperative CSF fl ow velocity 
was associated with better clinical outcome in our study.  

   Discussion 

 NPH constitutes a common clinicopathologic entity. Despite 
the recent advances in understanding the pathologic changes 
associated with NPH, the exact pathophysiologic mecha-
nisms implicated in the pathogenesis of NPH have remained 
unclear. A pathophysiologic mechanism proposed by Meier 
et al. postulates that in a subgroup of patients with NPH, 
there is a functional aqueduct stenosis  [  8,   9  ] . This acts as a 
valve-like mechanism compromising the CSF fl ow at pres-
sure gradients ranging between 15 and 30 mmHg  [  8,   9  ] . In 
pressures higher than 30 mmHg, the fl ow resistance is over-
come and the CSF circulation is restored. Patients whose 
NPH is the result of functional aqueduct stenosis may be 
ideal candidates for ETV. 

 The role of ETV in the treatment of NPH has remained 
controversial, and the selection criteria are ill-defi ned. In 
our current series, we considered ETV only for those 
patients who presented with symptoms of short duration. 
Short preoperative symptom duration most probably indi-
cates well-preserved brain compliance and a minor, if any, 
permanent, irreversible damage of periventricular struc-
tures. Similarly, Gangemi et al. found that patients with 
short duration of symptoms responded better to ETV  [  2  ] . 
They concluded that short duration of symptoms was one of 
the strongest favorable prognostic factors for patients under-
going ETV for NPH  [  2  ] . 

 We considered ETV only for patients younger than 
80 years. We believe that relatively younger patients likely 
have more preserved brain parenchyma compliance, and less 
compromised cerebral blood fl ow. Similarly, we considered 
ETV only for NPH patients with CSF stroke volume higher 
than 42  m L on the preoperative cine MRI studies obtained. 
Meier et al. reported that the presence of suspected aqueduc-
tal stenosis on the preoperative MRI study of NPH patients 
was a strong indication for ETV  [  8,   9  ] . We believe that the 
larger the CSF stroke volume is, the more prominent the 
aqueduct obstruction becomes, in patients with NPH. It has 
to be emphasized that patients with functional aqueductal 
stenosis may represent a subgroup of patients diagnosed as 
idiopathic cases, who actually have an underlying pathology 
causing hydrocephalus. Routine employment of cine MR 
along with improvement and evolution of MRI software 
packages may accurately identify patients with functional 
aqueductal stenosis, in the near future. 

 Gait disturbances and urinary incontinence problems 
were improved postoperatively in 100% and 80% of our 
patients, respectively. Contrariwise, dementia showed some 
degree of improvement in only 32.5% in our series. Our 
fi ndings are in agreement with those reported by Gangemi 
et al., who found postoperative improvement of gait diffi cul-
ties in 73% of their patients, while their improvement rates 
for urinary incontinence and dementia were 31% and 16%, 
respectively  [  2  ] . 

 The limitations of our current study have to be empha-
sized. The size of our series is limited, thus making the extrac-
tion of any statistically powerful conclusions impossible. 
Unfortunately, this is also a characteristic of the previously 
published ETV series in NPH patients  [  2,   6,   8–  10  ] . A multi-
institutional, prospective clinical study is necessary to evalu-
ate the role of ETV in the treatment of patients with NPH.  

   Conclusions 

 ETV appears to be a valid surgical option for a very limited 
number of patients with NPH caused by a functional obstruc-
tion of the aqueduct. Although the indications for ETV 
remain to be defi ned, patients with evidence of hyperdy-
namic aqueductal CSF circulation, and/or increased CSF 
stroke volume ( ³ 42  m L) seem to respond well to ETV. In 
addition, patients with symptoms of short duration responded 
well to ETV in our series. Gait disturbance and urinary 
incontinence were more responsive than dementia in our 
cohort. A prospective, multicenter clinical study is necessary 
for assessing the effi cacy of ETV in the treatment of NPH.      

  Confl icts of interest statement   We declare that we have no confl ict 
of interest   .  
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  Abstract    Background:  Reviewing our experience in the 
variety of pathological entities causing obstructive hydro-
cephalous, we evaluate the effectiveness of endoscopic treat-
ment, with particular attention to surgical technique, nuances, 
and pitfalls. 

  Materials and methods:  We reviewed the cases of 57 con-
secutive patients with obstructive hydrocephalus of various 
origins in the last 9 years. They were treated by endoscopic 
third ventriculostomy (ETV). A septostomy was also per-
formed in ten cases. Operative videos were reassessed, and 
surgical nuances reconsidered. 

  Results:  ETV was accomplished in all but three cases. 
The overall rate of good results (shunt-independent patients 
with clinical remission or improvement) was 81.5% (44/54). 
From ten patients with ETV failure, fi ve were re-ETVed suc-
cessfully, and fi ve were shunted. Patients with benign aque-
ductal stenosis and tumor compressing the aqueduct received 
the greatest benefi t from the ETV. There were no permanent 
morbidities or any mortality. Fundamentals of preoperative 
planning, postoperative evaluation, and technical pitfalls 
have been considered. 

  Conclusion:  ETV for obstructive hydrocephalus of vari-
ous origins is safe and effective, and should be considered as 
a fi rst-line treatment. Familiarity with the ventricular anat-
omy and its variations in hydrocephalus is key to success. 
Preoperative planning is mandatory. Awareness of potential 
pitfalls minimizes the risk.  

  Keywords   Endoscopic third ventriculostomy (ETV)  • 
 Obstructive hydrocephalus  •  Aqueductal stenosis  •  Pitfalls  • 
 Cine MRI    

   Introduction 

 The fi rst ever endoscopic third ventriculostomy (ETV) was 
performed in 1923 by William Mixter, an urologist who used 
an urethroscope for the purpose  [  12  ] . Tracy J. Putnam then 
borrowed this urethroscope and modifi ed it to optimize its 
use for the ventricular system. He specifi cally designed his 
ventriculoscope for cauterization of the choroid plexus in 
children with hydrocephalus  [  15  ] . Until the 1950s, various 
efforts were made to improve the technique, but technical 
limitations of the endoscope led to high mortality and mor-
bidity rates  [  6  ] . At that point, valve-regulated shunt systems 
were introduced and gained great popularity. Since then they 
have been widely used to treat hydrocephalous. Nevertheless, 
high complication and failure rates have been reported, and 
an ideal shunt system still does not exist. 

 More recently, in the 1980s and fi rst half of the 1990s, the 
concept of minimally invasive neurosurgery led to a renewed 
interest in neuroendoscopy  [  6  ] . Since then numerous indica-
tions for ETV have been established, and the procedure has 
become the treatment of choice for obstructive hydrocepha-
lus  [  2,   5–  7,   9,   10,   21  ] . 

 In the present study, the authors report their experience in 
treating obstructive hydrocephalus of various origins by 
ETV. The effectiveness of endoscopic treatment has been 
evaluated within the various patient subgroups in terms of 
etiology. Particular attention has been paid to the technique’s 
nuances and pitfalls, and for that purpose all operative videos 
have been reviewed.  

   Materials and Methods 

 We have retrospectively evaluated the cases of 57 consecutive 
patients with obstructive hydrocephalous treated by ETV in 
the last 9 years. Their age ranged from 43 to 89 years. Male 
to female ratio was 26:31. Follow-up period ranged from 4 to 
36 months. The etiology of the hydrocephalic state (Table  1 ) 
was malformative (benign) aqueductal stenosis in 30 cases 
(53%), compression by tumors of the mesencephalic and 
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pineal regions and posterior fossa in 15 cases (26%), intra-
ventricular cysts in 5 (9%), intraventricular or subarachnoid 
hemorrhage in 4 (7%), and postinfection aqueductal stenosis 
in 3 (5%). Patients with previous shunt insertion were 
excluded from this study, even though such patients are rou-
tinely considered for ETV in our practice. Patients with col-
loid cysts are also not being considered in this study.  

 All the patients were studied by magnetic resonance 
(MR) and phase-contrast cine MR imaging both preopera-
tively and postoperatively. The authors used a rigid endo-
scope to perform a blunt fenestration of the third ventricle 
fl oor. A septostomy was also performed in ten cases. The 
operative procedure videos of all cases have been reviewed 
and reassessed along with operative reports and preoperative 
neuroimaging. 

   Surgical Technique 

 We use the Aesculap neuroendoscopic system (B. Braun, 
Tuttlingen, Germany), comprising a rigid ventriculoscope, 
the long version with four channels (optical, working, irriga-
tion, and outfl ow); the NeuroPilot IV steering system; and the 
UNITRAC holding arm. This system allows optimal fi xation 
of the neuroendoscope, precise three-dimensional steering, 
safe maneuvering by defi ned movements in the sub-millime-
ter area, and optimal positioning of the neuroendoscope in 
situ, not to mention a much less fatiguing operation. 

 ETV is performed under general anesthesia, using the 
standard procedure through a right precoronal burr hole. In 
all patients, fenestration on the third ventricle fl oor is per-
formed between the mammillary bodies and the tuber 
cinereum. The opening is created by gently pushing the tip of 
the probe and then progressively enlarging it with a Fogarty 
balloon catheter. Monopolar or bipolar cautery is used at 
times to help open a thick fl oor. Arachnoid remnants around 
the stoma are routinely cauterized to prevent reocclusion. 
Liliequist’s membrane  [  11  ]  is also opened whenever possi-
ble. Soon after the fenestration, pulsations of the third ven-
tricle fl oor are observed intraoperatively in most cases.   

   Results 

 ETV was accomplished in all but three cases. Cerebrospinal 
fl uid (CSF) fl ow through the stoma was demonstrated by 
postoperative cine magnetic resonance imaging (MRI). In 
the three cases, performing the stoma was not possible due to 
limited space on the third ventricle fl oor. These patients were 
later shunted, but were excluded from the study’s statistics, 
so as not to bias the procedure success rate. 

 The overall rate of good results, defi ned as shunt-indepen-
dent patients with clinical remission or improvement, was 
81.5% (44/54). Ten of 54 patients with anatomically success-
ful ETV, as shown by cine MRI, did not demonstrate a last-
ing clinical effect. A new cine MRI at 6 months demonstrated 
occlusion of the stoma in fi ve patients; they underwent a sec-
ond ETV operation and a new phase-contrast MR study to 
confi rm patency of the stoma. The remaining fi ve patients, 
without stoma occlusion, were shunted. 

    For more details see Table 1: out of 30 patients with 
benign Sylvius stenosis, we were able to perform ETV in 29, 
of whom 25 improved (86.2%). Of the four remaining 
patients, two were re-ETVed successfully, and two were 
shunted. If we consider the two successful reinterventions, 
the success rate in this patient subgroup rises to 93.1%. 
Fifteen patients presented with neoplastic pathology. In 14 
patients, ETV was possible, and 11 showed a good outcome 
(78.6%). In seven of these patients, with a visible exophytic 
tumoral part within the ventricle, a biopsy was also obtained. 
Of the three patients with unfavorable outcome, two were 
shunted; the third patient underwent a second ETV proce-
dure with success (including this patient, the success rate 
was 85.7%). ETV was accomplished in all three patients 
with postinfectious hydrocephalus. Two of three improved 
after the procedure (66.6%); the third underwent a reopera-
tion but again with unfavorable outcome. He refused further 
treatment. Four of fi ve patients with intraventricular cysts 
obtained a favorable result after ETV (75%). The fi fth patient 
was re-ETVed, without clinical success. Finally, four patients 
presented with posthemorrhagic hydrocephalus. In three we 
were able to perform an ETV; two of them improved (75%); 
the third did not, despite anatomical patency of the stoma. 

   Table 1    Patient profi les and outcomes   

 Etiology of hydrocephalus  Number  Failed  Improvement  No improvement  Second ETV  Shunt 

 Sylvius stenosis  30  1  25  4  2  2 

 Postinfection  3  –  2  1  1  – 

 Cyst  5  –  4  1  1  – 

 Tumor  15  1  11  3  1  2 

 Hemorrhage  4  1  2  1  –  1 

 Total   57    3    44    10    5    5  

   ETV  endoscopic third ventriculostomy  
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 Apart from qualitatively controlling the patency of the 
stoma, with the use of cine MRI, quantitative measures have 
been obtained in the last seven patients. The maximum fl ow 
velocity at the stoma was calculated, thus providing us with 
a hydrodynamic evaluation of the fenestration. Results, of 
course, are not yet supportive of any evidence. Furthermore, 
postoperative MR scans were used to measure the anteropos-
terior diameter of the fenestration (Fig.  1 ). Out of the fi ve 
patients with occlusion of the stoma after the fi rst ETV, three 
demonstrated a smaller than average fenestration (<2.5 mm). 
In one patient we had not inspected the interpeduncular 
fossa. In the last patient, no apparent reason for reocclusion 
became evident. The vast majority of patients with anatomi-
cally successful ETVs demonstrated fenestration dimensions 
of 3 mm or more.  

 There were no permanent morbidities or any mortality. 
Complications were venous bleeding in three cases, which 
was controlled intraoperatively by abundant irrigation and 
compression applied by an infl ated Fogarty balloon, and 
intracerebral bleeding in one case, which automatically 
resolved within the fi rst 30 postoperative days with no major 
consequences. Three patients had transient memory loss; in 
two of them stretching of the fornix (contusion) was identi-
fi ed in reviewing the procedure video.  

   Discussion 

 The results of this study demonstrate that ETV for obstructive 
hydrocephalus of various origins is safe and effective. This has 
already been widely reported in the literature  [  1,   3–  6,   8,   14  ] . 

Patients with benign aqueductal stenosis and tumor compress-
ing the aqueduct receive the greatest benefi t from ETV, both 
based on our results and other reports  [  3,   6  ] . 

 Nevertheless, in obtaining a successful ETV, many param-
eters have to be considered. The given patient’s anatomical 
characteristics must be thoroughly studied by meticulous 
preoperative neuroradiological evaluation; planning is cru-
cial to tailor the trajectory to the individual anatomical rela-
tionship; postoperative stoma patency evaluation and 
follow-up are no less important. And last, but not least, com-
mon pitfalls must be kept in mind, both preoperatively and 
intraoperatively. 

 Familiarity with the ventricular    anatomy  [  16,   18  ]  and its 
variations  [  13,   19,   20  ]  in hydrocephalus is fundamental. 
Long-standing hydrocephalus and postinfl ammatory states 
may result in unusual anatomical variants, resulting in dis-
orientation during surgery or erroneous trajectory position-
ing. The structures that need to be carefully assessed on 
MRI preoperatively are the third ventricle and its dimen-
sions, the aqueduct of Sylvius, the premammillary dia-
phragm, the pituitary diaphragm and its eventual downward 
displacement, the foramen of Monro and its specifi c anat-
omy, the prepontine cistern, the neurovascular structures 
beneath the fl oor of the third ventricle. The anatomic align-
ment of the endoscopic shaft with the Monro foramen and 
the premammillary space is crucial, both for the avoidance 
of stretching of the fornix or the brain parenchyma and for 
the feasibility of the ventriculostomy (Fig.  2 ). For this rea-
son, preoperative approach planning, based on anatomical 
landmarks, is of the utmost importance.  

 MRI is an indispensable tool for both planning, as men-
tioned above, and follow-up  [  6  ] . The calculation of the stoma 

  Fig. 1    Postoperative evaluation of the dimensions of the fenestration 
on magnetic resonance imaging (MRI). The measurement of anteropos-
terior diameter of the stoma was in this case 0.29 cm       

  Fig. 2    Paramedian sagittal magnetic resonance (MR) scan.  Arrow  indi-
cates correct trajectory through Monro foramen to the premammillary 
diaphragm       
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dimensions, in our series, showed that an anteroposterior 
diameter of 3 mm or more, along with the cauterization of 
the remnants of arachnoid, may represent the most reliable 
factors for the long-term function of the ventriculostomy. 
Phase-contrast cine MR studies are useful before surgery, 
since they can demonstrate abnormal or limited or null aque-
duct fl ow, but they are mostly valuable in the follow-up 
period. Flow void in the anterior chamber of the third ven-
tricle and in the prepontine cistern are helpful indicators of 
CSF fl ow diversion and stoma patency (Fig.  3 ). Because 
postoperative failures occur early, radiological (and clinical) 
control studies must be performed particularly in the fi rst 
years after the neuroendoscopic procedure  [  3  ] .  

 On the basis of our experience and from a review of all 
operative videos and reports, we consider certain situations 
to be most critical for the success of ventriculostomy. To 
begin with, chronic, complicated hydrocephalic conditions, 
with distortion of the normal anatomy are the major obsta-
cles in obtaining a successful ETV. In these cases, multiple 
septal fenestrations and choroid plexus atrophy are not rare, 
contributing to diffi culty in orientation. Furthermore, the 
septal vein in these patients becomes more fragile and can 
rupture more easily during the operative maneuvers, due to 
the lack of tissular support by the septum. 

 A higher than normal position of the basilar artery tip, an 
aberrant posterior cerebral artery, or a short distance from cli-
vus to mammillary bodies may result in no effective space for 
fenestration and failure to achieve ETV. On the other hand, a 
thickening of the premammillary arachnoid may render the 

fl oor of the third ventricle resistant and the perforation pro-
cess more laborious and hence more dangerous. Thus it calls 
for special attention  [  6,   17  ] . 

 Postinfectious states also represent technical challenges, 
because the presence of scarring tissue and adhesions, both 
in the ventricles and in the prepontine cistern, distorts ana-
tomical landmarks and provokes ependymal thickening. 
Supracellar arachnoid cysts need special consideration too. 
Even if there is no consensus on their management  [  6  ] , in our 
opinion the cyst must be removed/opened into the ventricles, 
and then an ETV with opening of the Liliequist’s membrane 
must be performed (cystoventriculocysternostomy). 

 Finally, we stress the importance of navigating the pre-
pontine cistern and dissecting the arachnoid trabeculae of 
Liliequist’s membrane that may intervene with CSF fl ow, 
especially in chronic infl ammatory states. Attention must be 
paid to this, keeping in mind that in this case the operator is 
working in front of the basilar artery and its perforators.  

   Conclusion 

 ETV for obstructive hydrocephalus of various origins is safe 
and effective, and should be considered as the fi rst-line of 
treatment. Familiarity with the ventricular anatomy and its 
variations in hydrocephalus is key to success. Careful patient 
selection and effective fenestration are also key elements. 
Preoperative planning is mandatory. Awareness of potential 
pitfalls minimizes the risks.      

  Confl icts of interest statement   We declare that we have no confl ict 
of interest   .  
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  Abstract   We present a patient with partial stenosis of aque-
duct of Sylvius which was an incidental fi nding without any 
clinical symptoms. That in our opinion means that the ven-
tricular brain system has many reserves that are being acti-
vated before symptoms appear.  

  Keywords   Aqueductal stenosis (AS)  •  Adult  •  Hydrocephalus  
•  CSF circulation    

   Introduction 

 The cerebral aqueduct of Sylvius is a channel that connects 
the third and fourth ventricles and is located in the midbrain. 
It is a very narrow pathway for the cerebrospinal fl uid (CSF) 
fl ow and hence may be a privileged site for the development 
of hydrocephalus  [  2  ] . There is surprising variation in the size 
and shape of normal aqueducts. In cross-section, the opening 
may be oval, round, diamond-shaped, T-shaped, or slit-like 
 [  6  ] . Normal CSF circulation requires an open aqueduct. If 
stenosis exists, symptoms of hydrocephalus may appear. 

 We report a case of benign aqueductal stenosis, which 
was an incidental fi nding.  

   Case Report 

 A 42-year-old male patient   , suffering from dizziness of 
1 month duration brought on when changing head position, 
was examined in our outpatient clinic. He had a history of mild 

headache, without nausea or vomiting. Brain computed tomog-
raphy (CT) and magnetic resonance imaging (MRI) showed a 
dilatation of the third ventricle with a normal appearing fourth 
ventricle (Fig.  1 ). The other anatomical formations were nor-
mal without signs of pathological distortions. Brain cine MRI 
revealed chronic dilatation of lateral and third ventricles, with 
mild stenosis of the aqueduct of Sylvius (Fig.  2 ). Meanwhile 
the headache subsided. The patient received no surgical treat-
ment and is undergoing 1-year-interval follow-ups.    

   Discussion 

 Aqueductal stenosis (AS) is the most common form of non-
communicating (obstructive) hydrocephalus in adults  [  5  ] . 
Primary AS is an isolated stenosis of the aqueduct (it can be 
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  Fig. 1    Magnetic resonance imaging (MRI)-T2 scan: Coronal view 
showing a hourglass shape of the aqueduct and fourth ventricle       
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congenital), while secondary AS is caused by compression 
of the aqueduct by space-occupying intracranial lesions  [  3  ] . 
Primary AS has been described by Russel and classifi ed into 
four histological types: simple stenosis, forking or atresia, 
neuroglial septum formation, and periaqueductal gliosis     [  4  ] . 
Traumatic head injuries have been claimed to cause AS in a 
few cases, but the causal relationship is unclear. 

 In obstructive hydrocephalus due to benign AS in adults, 
the lack of communication between the ventricles across the 
tentorium creates a pressure differential between the 
supratentorial and infratentorial compartments. This creates 
a signifi cant anatomical distortion of structures located at the 

level of the tentorial hiatus that is well tolerated because of 
the slow progression of the aqueductal obstruction  [  1  ] . Shunt 
placement resolves the situation by inverting the pressure 
differential and reestablishing a normal anatomy.  

   Conclusion 

 In benign AS, which may be of congenital origin, there is a 
critical point that must be reached so that in cases of previous 
compensation of the symptomatology, the compensatory 
mechanism does not work and symptoms appear. Benign AS 
remains a signifi cant challenge.      

  Confl icts of interest statement   We declare that we have no confl ict 
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  Abstract   Laser-assisted techniques offer a huge potential in 
neurosurgery, but have achieved little acceptance to date. 
One reason is the concern regarding heat production, uncon-
trollable and distant penetration, and tissue interaction. 

 We describe our experience with a 2-micron continuous 
wave laser (RevoLix jr.; LISA Laser Products OHG, 
Katlenburg-Lindau, Germany) for neuroendoscopic intra-
ventricular procedures. 

 The laser beam is delivered through fl exible fi bers. In an 
aqueous medium, the effect is restricted to <2 mm in front of 
the tip with tissue penetration depth of 500  m m. 

 Forty-four patients (25 adults, 19 children) were operated 
on using the endoscopic, laser-assisted technique for treat-
ment of obstructive hydrocephalus ( n  = 39), pure cyst fenes-
tration ( n  = 4), or pure tumor biopsy ( n  = 1). All 53 procedures 
were successfully performed in those 44 operations, with the 
laser being the main effective instrument used (except for 
biopsy). Besides one clinically silent small intracisternal 
hemorrhage and one worsening of a preexisting oculomotor 
palsy (following fenestration of multiple midbrain cysts), no 
procedure-related complications occurred. 

 The 2-micron continuous wave laser is a most valuable 
and useful tool, in our experience with safe applicability for 
endoscopic intracranial procedures in patients of all ages.  

  Keywords   Laser  •  Neuroendoscopy  •  ETV  •  Obstructive 
hydrocephalus    

   Introduction 

 Technical advancements infl uence surgical techniques. 
This statement is of particular importance in neurosurgery. The 
fi eld has been strongly infl uenced by the advent of the operat-
ing microscope, development of neuroendoscopic devices, 

introduction of the Cavitron ultrasonic aspirator, and establish-
ment of intraoperative monitoring. The impressive improve-
ment in postoperative outcomes achieved in the treatment of 
intracranial pathologies over the last 50 years would have been 
unimaginable without the support and integration of techno-
logical developments. The laser (light amplifi cation by stimu-
lated emission of radiation) as a surgical device was described 
by Maiman in 1966  [  14  ] . With the introduction of continuous-
wave lasers, the tool was applied to the fi eld of neurosurgery 
 [  17  ] . In the meantime lasers with different wavelengths for dif-
ferent indications have been described and used  [  1,   3,   16,   18  ] . 
However, despite their huge potential, laser-based techniques 
have achieved little acceptance to date, and currently only a 
minority of neurosurgeons make use of them. 

 In the present article we describe our experience with a 
new laser device, the 2-micron continuous-wave laser, in 
neuroendoscopic intraventricular procedures and discuss the 
advantages and limitations of this particular type of laser.  

   Materials and Methods 

   Clinical Study 

 From February 2009 until June 2010, 44 consecutive patients 
were prospectively included in this study. All patients were 
scheduled for neuroendoscopic treatment of intracranial 
pathologies, mostly in conjunction with obstructive hydro-
cephalus. The endoscopic equipment consisted of rigid endo-
scopes with 30° optics and at least one working channel 
(Genitori, Karl Storz Company, Tuttlingen, Germany; 
MINOP, Aesculap, Tuttlingen, Germany) and the AIDA 
recording system (Karl Storz Company, Tuttlingen, 
Germany). The endoscopes were used free-hand with the 
steering left arm resting on an arm support. During laser sur-
gery, safety eyewear has to be worn. 

 The neurological status before surgery, at discharge, and dur-
ing the follow-up period was documented. Routinely performed 
postoperative imaging, computed tomography (CT) or magnetic 
resonance imaging (MRI) scans, were critically assessed.  
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   Technical Description 2-Micron Laser 

 The RevoLix jr. is a 2-micron continuous-wave laser (LISA 
Laser Products OHG, Katlenburg-Lindau, Germany). Its 
technical specifi cations (Laser system: continuous-wave 
diode pumped solid state [DPSS] laser; wavelength: 2.0 
micron; power to tissue: 1–15 W continuous wave; chopped 
mode: 50–1,000 ms; repetition rate 0.5–10 Hz) are designed 
for soft tissue surgery. The laser beam is delivered through 
fl exible fi bers. Water molecules selectively absorb the 
2-micron wavelength. Thus, in an aqueous medium, the 
effect is restricted to <2 mm in front of the tip. More dis-
tant tissue is not affected. The tissue penetration is approx-
imately 500  m m  [  12  ] .  

   Surgical Technique 

 After endoscopic localization of the anatomic region of inter-
est, the thin and fl exible laser fi ber is inserted through a 
working channel (Fig.  1a, b ). For endoscopic third ventricu-
lostomy (ETV) or other stoma creations, we started laser 
treatment with a power of 8 W continuous wave. When the 
tip of the fi ber touches the target, the laser is briefl y activated 
via a pedal switch. Stepwise perforations are blanched in a 
ring-like fashion marking the outer limits of the stoma, in 
case of ETV, in the fl oor of the third ventricle, between the 
infundibular recess anteriorly, hypothalamus laterally, and 
mammillary bodies posteriorly (Fig.  2a, b, d and e ). The tis-
sue within the marked stoma boundaries was evaporated 
with the laser, only rarely it had to be removed with a grasp-
ing forceps. The remaining adhesions were divided with 
mechanical shearing movements of the laser tip or by direct 
laser coagulation/cutting.   

 For cutting stronger arachnoid membranes, the laser 
power can be increased up to 15 W.   

   Results 

 Of the 44 patients included in the study, 25 were adults (18–
72 years, mean 43.5 years) and 19 were in the pediatric age 
group (1 month–17 years, mean 5 years). 

 We performed the endoscopic, laser-assisted interven-
tions for treatment of obstructive hydrocephalus ( n  = 39), 
pure cyst fenestration ( n  = 4), or pure tumor biopsy ( n  = 1). 
A total number of 53 laser-assisted procedures was per-
formed in 44 operations. Thirty procedures were ETVs. 
In three patients, septostomy and tumor biopsy were 
combined. Twice we performed ETV and tumor biopsy, 
once ETV and cyst fenestration, and twice ETV and ret-
roclival fenestration. During the same operation twice, 

the decision was made to implant in addition a ventricu-
loperitoneal shunt, once to revise a preexisting shunt, 
because of extensive membranous/arachnoidal retroclival 
adhesions. 

 Within the patient group with obstructive hydrocephalus, 
16 patients suffered from aqueductal stenosis, combined in 3 
cases with outfl ow obstruction of the fourth ventricle; in 11 
cases, the obstruction was tumor related, in 7 cases it was 
due to obstruction of the fourth ventricle; 2 suprasellar arach-
noid cysts and 2 colloid cysts caused an obstructive hydro-
cephalus; and one girl presented with connatal occlusion of 
the left foramen of Monro. 

 Four of the laser-assisted procedures were not related to 
obstructive hydrocephalus (frontal arachnoid cyst, temporal 
arachnoid cyst, cyst in the brainstem, and germinoma). 

a

b

  Fig. 1    The fl exible laser fi ber is introduced through the working chan-
nel. Frontal ( a ) and lateral ( b ) view       
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 All procedures were successfully performed mainly with 
the 2-micron continuous-wave laser as the only tool employed, 
except for biopsies, which were sampled with the biopsy for-
ceps, with the laser used for hemostasis. The additional 
mechanical removal of fl oating membrane fl aps after open-
ing of the desired stoma was necessary only in a few cases. 

 One child suffered a clinical worsening of a preexisting 
oculomotor palsy after combined ETV and fenestration of 
several midbrain cysts; however, this was without functional 
relevance. The postoperative CT scan of one patient showed 
a bleeding in the basal interpeduncular cisterns despite an 
intraoperatively totally bloodless ETV. The patient was 
asymptomatic, however. Besides these two fi ndings, no pro-
cedure-related complications occurred. Ten of the 30 patients 
with ETV required a ventriculoperitoneal shunting within 
4 months after the endoscopic procedure. One patient needed 
a single lumbar puncture. No unintended or problematic vas-
cular lesion occurred due to the use of laser. No clinical signs 
or symptoms occurred in any patients suggesting thermic 
damage to surrounding structures.  

   Discussion 

 Today ETV is the treatment of choice for obstructive hydro-
cephalus  [  4,   5  ] . The endoscopic procedure is performed 
either freehand or with a holding device, with or without 
frameless neuronavigation  [  6  ] . Different techniques are 
employed for opening the fl oor of the third ventricle  [  5  ] . 
The methods may be grossly divided into two categories: 
mechanical and energetic. The former includes use of the 
endoscope’s tip, wires, (dilating) forceps, and balloon cath-
eters  [  4,   8,   9  ] ; the latter unipolar or bipolar electrodes  [  11  ]  
and lasers. Among laser devices, the neodymium:yttrium-
aluminium-garnet (Nd:YAG) contact laser is the most 
widely used  [  2,   10,   20  ] . A matter of surgical concern regard-
ing intraoperative use of the laser is the potential to cause 
serious lesions because of uncontrollable penetration and 
remote tissue interaction, causing, for example, vascular 
injury  [  4,   15  ] . 

 Analyzing data in the literature, a relatively high rate of 
vessel injury with argon, KTP, and Nd:YAG lasers is found 

  Fig. 2    Some illustrative examples of laser application. After placing an 
endoscopic third ventriculostomy (ETV) in a typical position ( a ), the 
basal cistern was encountered, fi lled with dense thin membranes and 
without any cerebrospinal fl uid (CSF) fl ow ( b ). The laser was used to 
evaporize the intracisternal membranes ( c ), followed by opening of a 
second membrane. An overview is shown of the anatomical structures 

and local vessel topography at the fl oor of the third ventricle ( d ). The 
outer membrane of the fl oor of the third ventricle is opened with the 
laser ( e ). Multiple midbrain cysts treated by laser fenestration of three 
cystic compartment within the brainstem are shown ( f ).  BA  basilar 
artery,  ETV  endoscopic third ventriculostomy,  PcomA  posterior com-
municating artery,  PCA  posterior cerebral artery       
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to be reported  [  13  ] . However, even with mechanical tech-
niques, both arteries  [  7,   19  ]  and veins may be injured  [  6  ] . 

 The introduction of the 2-micron continuous-wave laser 
offers a new option in endoscopic laser-assisted neurosurgery 
 [  12,   13  ] . The laser energy is absorbed by water and thus has an 
extremely short range of action; since the laser beam pene-
trates only 500  m m deep in the tissue, it causes only a focal 
well-controllable lesion. The 2-micron continuous-wave laser 
combines the high tissue effectiveness of the CO 

2
  laser, but can 

be applied through a fi ber as a contact laser working at submil-
limeter distances under water (Fig.  2a, b, c, f ). At the same 
time it offers the hemostatic capacity of the Nd:YAG laser. 

 These characteristics – application through a fl exible 
fi ber, short penetration in cerebrospinal fl uid (CSF), and 
good hemostatic capacity – render the laser useful for intra-
ventricular neuroendoscopic procedures. In the reported 
series, no clinically relevant bleeding or structural damage 
such as memory impairment, hypothalamic dysfunction, or 
clinically relevant cranial nerve defi cit occurred. The laser 
was applied with success both in children and adults. The 
ability to shrink tissue was used both in ETV and suprasellar 
arachnoid cysts. Touching consecutively the (tissue) borders 
with low laser power tightens fl oppy membranes and facili-
tates cutting a clean hole in the planished surface. A fl oating 
fl oor may hinder blunt perforation attempts  [  6  ]  or promote 
reclosure of the stoma. A targeted laser cut allows a more 
controlled lesion in a membrane next to delicate surrounding 
structures than pushing with a blunt instrument. 

 From the ergonomic point of view, the use of the laser is 
time-saving and effi cient. In most neuroendoscopic intraven-
tricular procedure, a hole (a stoma) is created, which is often 
done with bipolar, forceps, and balloon dilatation. Therefore 
multiple instruments have to be exchanged. Using the laser 
fi ber – most of the time – the whole procedure is done with a 
single instrument (the fi ber) in a totally bloodless way. 
Another advantage of the laser is its ability to create holes in 
tissue surfaces approached at very fl at angles, where other 
mechanical instruments slip and fail. Ergonomic disadvan-
tages of the device are the necessary precautions and the 
obligation to wear safety eyewear. Additional instruments 
are required to take tissue samples or to mechanically remove 
membranes. 

 Regarding the time factor, no reasonable statistical analy-
sis can be given, since the reported 44 patients include cases 
operated on by residents being introduced to the endoscopic 
laser technique. This fact, however, illustrates the suffi cient 
safety level of the technique.  

   Conclusion 

 Summarizing our present experience, the 2-micron continu-
ous-wave laser has turned out to be a most valuable, versatile, 

and “handy” tool with good usability and applicability for 
endoscopic intracranial procedures in patients of all ages.      

  Confl icts of interest statement   We declare that we have no confl ict 
of interest   .  
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  Abstract    Introduction:  Endoscopic third ventriculostomy 
(ETV) is an established treatment for hydrocephalus. Most 
studies focus on success rates, and complications are insuf-
fi ciently charted. The aim of this study was to perform a sys-
tematic review of ETV complications. 

  Methods:  A Medline search discovered 24 series of ETV 
(seven in children, fi ve in adults, and 12 in a mixed-age 
group) with detailed complications reports. 

  Results:  The analysis included 2,672 ETVs performed on 
2,617 patients. The cause of hydrocephalus was aqueductal 
stenosis in 25.9%, tumor 37.0%, meningomyelocele–Chiari 
II 6.1%, posthemorrhagic 5.8%, postinfectious 1.4%, cysts 
3.3%, Chiari I 0.4%, Dandy-Walker malformation 0.3%, cer-
ebellar infarct 0.9%, normal pressure hydrocephalus 1.3%, 
and not recorded 16.8%. Overall complication rate was 8.8%. 
Permanent morbidity was 2.1%, neurologic in 1.2% (hemi-
paresis, gaze palsy, memory disorders, and/or altered con-
sciousness), hypothalamic in 0.9% (diabetes insipidus, 
weight gain, or precocious puberty). Intraoperative hemor-
rhage was present in 3.9%, severe in 0.6% (including four 
cases [0.14%] of basilar rupture). Other surgical complica-
tions were 1.13% (three thalamic infarcts, six subdural, six 
intracerebral, and two epidural hematomas). Cerebrospinal 
fl uid (CSF) infections occurred in 1.8%, CSF leak in 1.7%, 
anesthetic complications (bradycardia and hypotension) in 
0.19% of cases. Postoperative mortality was 0.22% (six 
patients; sepsis two, hemorrhage three, and thalamic injury 
one). Another two children suffered delayed “sudden death” 
(after 25 and 60 months), caused by acute hydrocephalus due 
to stoma occlusion. There were no differences between pedi-
atric and adult patients or short and long series (cutoff 100 
patients). All deaths were reported in long series. Complication 
rates were insignifi cantly higher in short series. 

  Conclusions:  Permanent morbidity after ETV is 2.1%, 
mortality is 0.22%. The incidence of delayed “sudden death” 
is 0.07%.  

  Keywords   Endoscopic third ventriculostomy (ETV)  • 
 Hydrocephalus  •  Complications    

   Introduction 

 Endoscopic third ventriculostomy (ETV) is an established 
operation used to treat hydrocephalus of various etiologies in 
children and adults. Compared with the other main method 
used for the treatment of hydrocephalus – namely, the place-
ment of ventriculoperitoneal shunt – it presents several advan-
tages, among which the most important is the avoidance of 
lifetime shunt dependency. Nevertheless, the exact indications 
for ETV are still under discussion, as the success rate of the 
procedure is strongly infl uenced by the underlying pathology. 

 Several studies have been published aiming to elucidate 
this issue, and also to investigate other possible factors that 
infl uence the success rate and to record possible complications 
of ETV. The assessment of these factors is of major impor-
tance in considering the choice of treatment method in various 
cases of hydrocephalus, between ETV and shunt placement. 

 Despite the number of studies, there still exist unresolved 
issues concerning ETV complications; an exact overall com-
plication rate of the procedure itself, regardless of the indica-
tion and the specifi c anatomic particularities in each case, is 
not clearly described. There is a wide variation in the reported 
complication rates, which is attributed to methodological 
issues, as some incidents are variably reported as complica-
tions (e.g., nonrelated to infection postoperative fever), but 
they are also attributed to true differences among various cen-
ters. This could imply that there is a relation between the cen-
ter’s experience and the complication rate; in some cases, the 
authors of a study state that their own complication rate was 
lower at later times, when their experience had grown  [  22  ] . 

 Another important issue concerns the sporadic incidents 
of rapid and often lethal deterioration, even long after the 
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operation, which have been reported either in case reports or 
as short series of cases. The frequency of this phenomenon, 
albeit apparently very low, is not clearly outlined. 

 This study consists of a systematic review of 24 series of 
ETV regarding intraoperative, immediate postoperative, and 
delayed complications.  

   Methods 

 A thorough Medline search was performed, which recovered 
24 series of ETV performed for various reasons in various 
populations, with valid reports of both short- and long-term 
morbidity and mortality rates, along with detailed lists of 
complications, which was the main inclusion criterion. 

 All complications reported were recorded and grouped as 
intraoperative, immediate postoperative, or delayed. Morbidity 
was categorized as neurologic and hormonal, and as temporal 
or permanent. Mortality was recorded as immediate postop-
erative, or delayed, with the last comprising cases of delayed 
“sudden death.” 

 The possible infl uence of certain factors on the complica-
tion rate – namely, population age and number of patients 
treated in each series, has been investigated using the chi-
square test, with the help of the Statistical Package for the 
Social Sciences (SPSS, version 17.0; SPSS Inc., Chicago, 
IL, USA).  

   Results 

 A total number of 2,672 ETVs performed on 2,617 patients 
were recorded; seven series were based on pediatric, fi ve on 
adult populations, and 12 series on a mixed population. The 
mean follow-up was 26.7 months. The series characteristics 
are presented in Table  1 .  

 Regarding the underlying pathologies, the cause of hydro-
cephalus was aqueductal stenosis in 25.9% of patients, pos-
terior fossa or tectal tumor in 37%, meningomyelocele–Chiari 
II–related in 6.1%, posthemorrhagic in 5.8%, postinfectious 
in 1.4%, cyst in 3.3%, Chiari I–related in 0.4%, Dandy-
Walker malformation in 0.3%, cerebellar infarct in 0.9%, 

   Table 1    The included series   

  n   Author  Center  Patients  Procedures  Age range 

 1  Garton et al.  [  11  ]   Vancouver, Canada  28  29  69 days–17 years 

 2  Er ahin et al.  [  9  ]   Izmir, Turkey  155  173  2 months–77 years 

 3  Hader et al.  [  15  ]   Calgary, Canada  131  131  1 months–89 years 

 4  Hopf et al.  [  18  ]   Mainz, Germany  95  100  3 weeks–77 years 

 5  Baldauf et al.  [  2  ]   Greifswald, Germany  10  10  25–85 years 

 6  Ray et al.  [  23  ]   Baltimore, USA  43  50  8 weeks–21 years 

 7  Amini et al.  [  1  ]   Salt Lake City, USA  36  36  18–72 years 

 8  Navarro et al.  [  22  ]   Chicago, USA  129  143  6 months–17 years 

 9  Gangemi et al.  [  10  ]   Naples, Italy  25  25  58–75 years 

 10  Ruggiero et al.  [  24  ]   Naples, Italy  63  24  6 months–17 years 

 11  van Beijnum et al.  [  28  ]   Utrecht, Netherlands  202  213  2–83 years 

 12  Kadrian et al.  [  20  ]   Sydney, Australia  203  203  2 days–78 years 

 13  Santamarta et al.  [  26  ]   Salamanca, Spain  66  66  27–67 years 

 14  Dusick et al.  [  8  ]   Los Angeles, USA  108  110  17–88 years 

 15  Baykan et al.  [  3  ]   Istanbul, Turkey  210  210  2 months–10 years 

 16  Hayhurst et al.  [  17  ]   Liverpool, UK  11  11  9–74 years 

 17  de Ribaupierre et al.  [  5  ]   Lausanne, Switzerland  24  24  0–18 years 

 18  Sacko et al.  [  25  ]   Toulouse, France  350  368  2 months–77 years 

 19  Jenkinson et al.  [  19  ]   Liverpool, UK  190  190  18–69 years 

 20  Schroeder et al.  [  27  ]   Greifswald, Germany  188  193  1 months–85 years 

 21  Hailong et al.  [  16  ]   Sichuan, China  58  58  5–67 years 

 22  Gorayeb et al.  [  12  ]   Sao Paulo, Brazil  36  36  3 days–11 months 

 23  Grunert et al.  [  13  ]   Mainz, Germany  159  171  10 days–77 years 

 24  Brockmeyer et al.  [  4  ]   Salt Lake City, USA  97  98  1 days–29.5 years 
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normal pressure hydrocephalus in 1.3%, and either unknown 
or not mentioned in 16.8% of cases. 

 The overall complication rate was 8.8%. Permanent mor-
bidity was recorded in 2.1% of patients, and it was either 
neurologic (1.2% in total: hemiparesis 0.4%, gaze palsy 
0.3%, memory disorders 0.1%, permanent consciousness 
disorders 0.4%), or hormonal-hypothalamic (0.9% in total: 
diabetes insipidus 0.5%, weight gain 0.4%, precocious 
puberty 0.04%). A list of transient complications, including 
neurologic defi cits (hemiparesis, gaze palsy, decreased con-
sciousness, memory disorders, akinetic mutism, and sei-
zures), systemic complications (bradycardia, hypotension, 
hyponatremia, urinary retention, deep vein thrombosis, and 
pulmonary embolism), and hormonal disorders (diabetes 
insipidus) was also recorded. 

 Important intraoperative technical issues were recorded 
as follows: 3.9% of ETVs were complicated by intraopera-
tive hemorrhage. In 0.66%, the bleeding was severe and led 
to important intraventricular hemorrhage. Four cases (0.14%) 
of basilar rupture were recorded. Intraoperative neural trauma 
was cited to have occurred in 0.2% of procedures. It affected 
the fornix (0.08%), the thalamus (0.08%), or the midbrain 
(0.04%). Anesthetic incidents (bradycardia and hypotension) 
occurred in 0.19% of cases. 

 Complications reported in the immediate postoperative 
period were mainly hemorrhagic (0.9% in total: subdural 
0.3%, intraventricular 0.3%, intracerebral 0.2%, epidural 
hematomas 0.1%), infectious (1.8% in total, meningitis 
1.7%, sepsis 0.1%), subdural collections, and CSF leak (oth-
ers in total 2.3%). 

 The overall ETV-related mortality rate was 0.29% (8 
patients). Six patients died postoperatively (2 due to sepsis, 3 
because of hemorrhagic incidents, and 1 because of thalamic 
injury). There were two reports of delayed fatal acute dete-
rioration (after 25 months and after 5 years), in two pediatric 
patients, resembling a so-called sudden death phenomenon. 
One of the patients had undergone a ventriculostomy at the 
age of 12 years, as a treatment of hydrocephalus caused by 
aqueductal stenosis. Twenty-fi ve months later, he presented 
with rapid deterioration which led to his death. At autopsy, 
massive hydrocephalus due to stoma occlusion was found 
 [  11  ] . The second patient had been shunted as a neonate due 
to congenital hydrocephalus. At 4 years of age he underwent 
an ETV as treatment for shunt failure. Five years later, he 
presented an acute clinical deterioration and died. Massive 
hydrocephalus and stoma occlusion was the autopsy fi nding 
here also  [  20  ] . 

 Morbidity rates were similar between short and long series 
(2.2% vs 2.1%). All deaths were reported in series with more 
than 100 patients operated. Technical and infectious compli-
cations were higher in series with fewer than 100 patients 
(1.41% vs. 1.03% and 1.9% vs. 1.8%, respectively), but these 
differences did not reach statistical signifi cance. The 

comparison between adult and pediatric series yielded a 
slightly higher complication rate in all subcategories of the 
adult series.  

   Discussion 

 There is an important variation regarding the reported com-
plication rate of ETV. In the included series this rate varies 
from 2.9% to 16.1%. The severity of the reported complica-
tions varies correspondingly. There is also confusion regard-
ing the designation of intraoperative events (e.g., hemorrhage) 
as complications, and the correlation of certain complica-
tions with their clinical phenotype – namely, neurologic or 
hormonal morbidity. In this review, the overall complication 
rate was calculated at 8.8%. This rate corresponds to the rate 
of procedures that were complicated by any intraoperative, 
postoperative, or delayed adverse incident. 

 The permanent morbidity of the procedure is reported to 
be lower than 5% in a recent series. In our review this rate was 
2.1% and was analyzed into two main categories: neurologic 
(1.2%) or hormonal (0.9%). This rate is comparable to the 
morbidity rates reported for shunt placement  [  5,   7  ] , and thus 
it is justifi able to characterize ETV as a safe, low-morbidity 
procedure. 

 Regarding intraoperative incidents, there are three main 
categories reported: hemorrhagic, neurotraumatic, and anes-
thetic. Among all procedures, 3.9% were complicated by 
hemorrhagic incidents, 0.66% of them being severe. In four 
cases (0.14%) there was rupture of the basilar artery. Thus, 
the most feared of intraoperative complications of ETV is of 
very low incidence; nevertheless, it should always be kept in 
mind during the procedure. 

 Intraoperative neural trauma was reported in only 0.2% of 
the procedures, affecting periventricular structures. In all of 
the cases, injury was induced by the endoscope. The very 
low rate of reported trauma, compared with the rate of neu-
rologic morbidity, implies that some cases of intraoperative 
injury were not appreciated. 

 Finally, anesthetic incidents, bradycardia and hypoten-
sion that necessitated the abandonment of the operation 
occurred in only 0.19% of cases. 

 In the immediate postoperative period, there were mainly 
hemorrhagic or infectious complications, reported in 0.9% 
and 1.8% of cases, respectively. The complication rate for 
subdural collections was reported to be 0.6%. This rate is 
probably an underestimation due to the fact that in only a few 
such cases was more drastic treatment needed. CSF leak was 
the most common isolated complication reported  [  21  ] . 

 Eight patients were reported to have died as a result of 
a complication of the ETV itself (mortality 0.29%). None 
of them died during the operation. Six patients died in the 
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immediate postoperative period due to sepsis (two), 
hemorrhagic incidents (three), and one after a thalamic 
infract. 

 The calculated rate of late sudden death, according to this 
review, was 0.07%. Until now, there are several case reports 
and short series reports of such incidents, without a valid esti-
mation of the possibility of occurrence. Drake et al. have pub-
lished two reports with 16 cases, in total, collected from 
various centers worldwide; according to them, a rapid and 
often lethal deterioration can occur from 5 weeks to 7.8 years 
after ETV, and the fi nding is almost always stoma occlusion 
 [  6,   14  ] . Given this possibly long delay until its occurrence, 
sudden death may have been underestimated in our study – its 
mean follow-up being 26 months. As a conclusion, this com-
plication is very rare; however it should always be kept in 
mind, and patients and relatives should be informed about 
this possibility. 

 Simple statistics performed have shown that there is a 
slight difference regarding the complication and morbidity 
rates between shorter and longer series (cutoff: 100 patients), 
and between pediatric and adult series, with the rates of long 
and pediatric series being lower. These differences did not 
reach statistical signifi cance, and conclusions relating center 
experience to complication rates (at least among centers 
which have achieved an experience level high enough to 
publish their results) cannot be drawn.  

   Conclusion    

 Overall, ETV can be regarded as a safe procedure with a low 
complication, permanent morbidity and mortality rate.      

  Confl icts of interest statement   We declare that we have no confl ict 
of interest   .  
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  Abstract    Introduction:  Most patients with acute hydrocepha-
lus have ventriculomegaly and high intracranial pressure (ICP). 
However, there is a subset of patients who are symptomatic 
with acute ventriculomegaly and inappropriately low ICP. 

  Methods:  Two patient groups were defi ned. Each patient 
presented with clinical deterioration that included a signifi -
cant decrease in level of consciousness with new and signifi -
cant ventriculomegaly. Patients in group 1 ( n  = 10) were 
managed without endoscopic third ventriculostomy (ETV). 
Group 2 was a series of patients ( n  = 10) managed with ETV. 

  Results:  Treatment for both groups involved insertion of 
an external ventricular drain (EVD) with ICP <5 cmH 

2
 O. 

Further treatment consisted of either neck wrapping with a 
tensor bandage and/or lowering the EVD to negative levels 
to facilitate drainage of cerebrospinal fl uid (CSF), which 
resulted in clinical improvement and resolution of ventricu-
lomegaly. All 20 patients had anatomical obstruction to CSF 
fl ow into the subarachnoid space (SAS) confi rmed by mag-
netic resonance imaging (MRI) with cine MRI studies. Group 
1 patients were treated until shunt revision/insertion was 
possible ( n  = 7), ICP normalized, and the EVD could be 
removed ( n  = 2), or death ( n  = 1) occurred. Patients in group 2 
all underwent ETV, and ICP patterns normalized in all. 
Group 2 patients were managed with an EVD until shunt 
revision/insertion was required ( n  = 2), ICP normalized and 
the EVD could be removed ( n  = 7), or death ( n  = 1) occurred. 

  Discussion/Conclusions:  The syndrome of inappropriately 
low-pressure acute hydrocephalus (SILPAH) is an important 

entity in both children and adults. A possible hypothesis 
invokes loss of an effective SAS. ETV reestablishes commu-
nication between the SAS and ventricles, producing a rapid 
return of normal ICP dynamics and a signifi cant decrease in 
the number of shunt-dependant patients.  

  Keywords   Hydrocephalus  •  Negative pressure  •  Inappropriate 
low-pressure hydrocephalus  •  SILPAH  •  Third ventriculos-
tomy  •  ETV    

   Introduction 

 Acute hydrocephalus associated with ventriculomegaly on 
imaging studies usually presents with well-recognized 
symptomatology, initially including headaches, vomiting, 
abulia, cranial neuropathies, and increasing obtundation. If 
untreated, acute hydrocephalus may eventually culminate 
in coma or death. Ventriculostomy typically reveals that the 
intracranial pressure (ICP) in these patients is higher than 
normal. There is, however, a small subset of patients with 
progressive neurological deterioration, acute progressive 
ventriculomegaly, and ICP that is inappropriately low upon 
ventriculostomy. Pang and Altschuler have referred to this 
condition as the “low-pressure hydrocephalic state”  [  3  ] . We 
prefer to identify this disorder as the “syndrome of inap-
propriately low-pressure acute hydrocephalus (SILPAH)” 
to fully distinguish it from other low ICP states and normal 
pressure hydrocephalus (NPH). Patients with SILPAH 
behave very differently from patients with classic acute 
high-pressure hydrocephalus. They fail to respond with 
either clinical improvement or reduction in ventricular size, 
to standard external ventricular drainage protocols or to 
routine shunt revision. 

 In this paper we present our experience with SILPAH 
and propose a management algorithm for patients with 
SILPAH, an uncommon yet clinically important neurosurgi-
cal disorder.  
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   Materials and Methods 

 Patients from The Foothills Hospital and Alberta Children’s 
Hospital in Calgary, Alberta, Canada, with SILPAH were 
identifi ed between January 1997 and April 2010. This was 
a consecutive series of patients, not a clinical trial. A change 
in management was instituted after the fi rst ten patients, and 
outcomes between the two groups were compared. Patients 
were included if they had (1) clinical neurological deteriora-
tion, (2) signifi cant ventriculomegaly on either computed 
tomography (CT) or magnetic resonance imaging (MRI) 
head scan, and (3) insertion of an external ventricular drain 
(EVD) that demonstrated an intracranial pressure (ICP) of 
<5 cmH 

2
 O, with unyielding ventriculomegaly and failure to 

respond clinically to normal EVD drainage protocols.  

   Results and Illustrative Cases 

 Two patient groups are presented. Each patient experienced 
clinical deterioration that included a signifi cant decrease in 
level of consciousness with new and signifi cant ventriculom-
egaly. Patients in group 1 ( n  = 10; seven with shunts; three 
without shunts) were managed without endoscopic third 
ventriculostomy (ETV). Group 2 was a series of patients 
( n  = 10; seven with shunts; three without shunts) managed 
with ETV. There were two children and eight adults in each 
group (age range 2–65 years). Three case histories are pre-
sented to demonstrate pathophysiological and treatment 
issues, and outcomes are reviewed. 

   Illustrative Case 1 

 A 52-year-old man underwent a posterior fossa operation to 
remove a fourth ventricular tumor (ependymoma). An aber-
rant dural sinus present in the posterior fossa dura resulted in 
substantial blood loss. The patient remained hemodynami-
cally stable throughout the operation, and a gross-total 
removal of tumor was accomplished. Postoperatively, the 
patient was kept intubated and ventilated in the intensive care 
unit. On the fi rst postoperative day, his level of consciousness 
was signifi cantly depressed (GCS = 5) and a CT scan revealed 
signifi cant ventriculomegaly and intraventricular blood. An 
EVD was placed and the ICP opening pressure was 5 cmH 

2
 O 

and cerebrospinal fl uid (CSF) would not fl ow without signifi -
cant lowering of the EVD. The patient’s neck was gently 
wrapped with a tensor bandage “tourniquet,” CSF fl owed 
readily and his level of consciousness rapidly improved. 
A head CT scan done within 4 h revealed resolution of the 

ventriculomegaly. The tensor bandage and the EVD were 
discontinued after 10 days, and a CT scan following this 
revealed normal size ventricles. A ventriculoperitoneal shunt 
was not required. 

   Commentary 

 This patient demonstrated striking inappropriately low ICP 
in the presence of signifi cant ventriculomegaly and a very 
abnormal neurological exam (coma). His CT scan demon-
strated intraventricular blood with obstruction of CSF out-
fl ow through the fourth ventricle. Note that while this patient 
(without a shunt) did not demonstrate negative opening pres-
sures, the pressures were inappropriately low, and CSF would 
not fl ow through the drain using a normal drainage protocol. 
An additional important observation is that this patient did 
not require a ventriculoperitoneal shunt.   

   Illustrative Case 2 

 Patient 2 was a 48-year-old man who presented to hospital 
with altered level of consciousness (GCS = 13) and a stiff 
neck. A CT scan was followed by a lumbar puncture (LP) to 
rule out meningitis. CSF analysis was consistent with menin-
gitis and was suspicious for tuberculosis (TB). One day fol-
lowing the LP, the patient experienced a further signifi cant 
deterioration in his level of consciousness (GCS = 8), and a 
repeat CT scan demonstrated a signifi cant increase in ven-
tricular size. An external ventricular catheter was placed with 
an opening pressure of 4 cmH 

2
 O. A gentle tensor bandage 

tourniquet was placed around the patient’s neck with a sub-
sequent clinical improvement, a decrease in ventricular size, 
and reexpansion of the cerebral mantle. Removal of the ten-
sor bandage after 3 days of drainage resulted in a decreased 
level of consciousness and progressive ventriculomegaly. 
The EVD was lowered to a subzero level (i.e.,    –20 cmH 

2
 O) 

to promote CSF drainage, and the patient improved clinically 
as well as demonstrating a decrease in ventricular size. 
A brain biopsy confi rmed a diagnosis of TB meningoen-
cephalitis. A ventriculoperitoneal shunt was inserted after 
4 weeks when the patient’s ICP dynamics normalized. 

   Commentary 

 This patient demonstrated striking inappropriately low ICP 
in the presence of signifi cant ventriculomegaly and a very 
abnormal neurological exam. All of this developed after he 
had a LP. Note that while this patient (without a shunt) did 
not demonstrate negative opening pressures, the pressures 
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were inappropriately low, and CSF would not fl ow through 
the drain with a normal drainage protocol. Both a neck wrap 
and lowering of the EVD to a subzero level were employed 
to normalize ventricle size and clinical function. This patient 
eventually required a ventriculoperitoneal shunt, although a 
prolonged period of time was required before ICP dynamics 
normalized enough to allow successful shunt function.   

   Illustrative Case 3 

 A 9-year-old girl had undergone treatment of a third ven-
tricular ependymoma and insertion of a ventriculoperitoneal 
shunt 6 years earlier in another country. She presented with 
intractable headaches that were characterized as “low-pres-
sure.” There was no evidence of tumor recurrence, and she 
had slit-like ventricles on CT and MRI (Fig.  1a ). Her mother 
provided a history that there were signifi cant problems “mak-
ing the shunt work” after it was fi rst inserted. Her shunt sys-
tem had no valve. She was admitted, and her shunt was 
externalized as an EVD. Early next morning she was unarous-
able with an ICP of only 1 cmH 

2
 O. Her MRI demonstrated 

signifi cant ventricular enlargement with obstruction of the 
aqueduct (Fig.  1b ). Her EVD was lowered to a subzero level 
(−5 cmH 

2
 O) to facilitate CSF drainage in a controlled fash-

ion prior to undergoing an emergent ETV. After the ETV, she 
experienced an immediate normalization of her ICP dynam-
ics, clinical improvement, and a reduction in the size of her 
ventricles (Fig.  1c ). Her EVD was discontinued after 3 days, 
and she was discharged home.  

   Commentary 

 This patient number demonstrated striking inappropriately 
low ICP in the presence of signifi cant ventriculomegaly and 
a very abnormal neurological exam (coma). Initial treatment 
involved lowering the EVD to a subatmospheric level (i.e.    
–5 cmH 

2
 O) promoting CSF drainage in a controlled fashion 

to stabilize the patient and allow for the completion of an 
emergency ETV. The ICP fi ndings associated with SILPAH 
immediately resolved after the ETV connected the ventricu-
lar system to the cortical subarachnoid space. The ETV thus 
quickly established effective CSF fl ow, and her hospital stay 
was signifi cantly shorter in comparison with the previous 
patients.    

   Overall Treatment Results 

 Treatment for both groups involved insertion of an EVD with 
ICP <5 cmH 

2
 O. Further treatment consisted of either neck 

wrapping with a tensor bandage and/or lowering the EVD to 
negative levels to facilitate drainage of CSF, which resulted 
in clinical improvement and resolution of ventriculomegaly. 
All 20 patients had suspected or confi rmed obstruction of 
CSF fl ow into the subarachnoid space based on imaging 
studies (MRI and CT). 

 Group 1 patients were treated using an EVD until shunt 
revision/insertion was possible ( n  = 7), ICP normalized, and 
the EVD could be removed ( n  = 2), or death occurred ( n  = 1). 
Patients in group 2 all underwent ETV, and ICP dynamics 

a b c

  Fig. 1    ( a ) Axial T2 magnetic resonance imaging (MRI) scan showing 
slit ventricles. ( b ) Coronal T2 magnetic resonance imaging (MRI) scan 
showing large ventricles. ( c ) Coronal T2 magnetic resonance imaging 

(MRI) scan after endoscopic third ventriculostomy (ETV), showing 
reduction in ventricular size. Patient was clinically improved       
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normalized in all. Group 2 patients were managed with an 
EVD until shunt revision/insertion was required ( n  = 2), ICP 
normalized, and the EVD could be removed ( n  = 7), or death 
occurred ( n  = 1). Therefore, the requirement for use of a 
shunt decreased from 70% in the patient Group 1 to 20% in 
Group 2.  

   Discussion 

 Three patient cases have been presented that illustrate the 
issues associated with a small subset of patients with pro-
gressive neurological deterioration,  acute  progressive ven-
triculomegaly, and ICP that is inappropriately low when an 
EVD was inserted. The phrase  syndrome of inappropriately 
low-pressure acute hydrocephalus  (SILPAH) is used to label 
this group of patients. Previous authors have offered a vari-
ety of terms, including  negative-pressure hydrocephalus  
 [  6,   7  ]  and  low-pressure hydrocephalus   [  2,   3  ]  to describe 
these patients. Such terms are imprecise and fail to fully cap-
ture the true spectrum of ICP abnormalities in these patients. 
We suggest that the common fi nding identifi ed in these 
patients is inappropriately low ICP, but not necessarily “neg-
ative” ICP. However, treatment with an EVD typically 
requires a “negative” (subzero) pressure gradient to create 
effective CSF drainage. 

 Two typical ICP scenarios were identifi ed: (1) the shunted 
patient presenting with SILPAH typically has opening intrac-
ranial pressures (with an EVD or during shunt revision) that 
are <0 cmH 

2
 O; while (2) the patient without a shunt present-

ing with SILPAH typically will have opening intracranial 
pressures (with an EVD) that are much lower than expected 
but rapidly become inappropriately low. In both scenarios, 
ICP is too low to allow drainage of CSF with normal EVD 
drainage protocols, and ventriculomegaly and clinical symp-
toms persist. Another important premise is that all patients 
have suspected or confi rmed obstruction to CSF fl ow from 
the ventricles into the subarachnoid space. 

 The neurological symptoms experienced by patients with 
SILPAH can be attributed to two separate mechanisms: fi rst 
through brain distortion, and second as a consequence of 
cortical ischemia occurring because of the severe ventricular 
distortion and elevated radial compressive stresses  [  1,   3  ] . 
Lesniak et al. suggested that stretched axonal fi bers in the 
periventricular area result in slow progressive neurological 
dysfunction  [  1  ] . Vassilyadi et al. suggested that the signs and 
symptoms of SILPAH were secondary to the establishment 
of a craniovertebral pressure gradient that leads to altered 
brainstem function  [  7  ] . 

 SILPAH is both uncommon, and we suspect, frequently 
not recognized by physicians. SILPAH is often unrecog-
nized because of its enigmatic and counterintuitive nature. 

Some investigators believe that “negative-pressure hydro-
cephalus” can only occur in patients with a ventriculoperito-
neal shunt. Review of the relevant literature reveals a dearth 
of information on this topic, and the exact pathophysiology 
remains controversial. When SILPAH is unrecognized, 
treatment decisions are inappropriate. Patients may experi-
ence multiple shunt revisions, each with no obvious shunt 
obstruction identifi ed; or patients may have acute non-shunt-
related ventriculomegaly that does not respond to standard 
external ventricular drainage techniques or insertion of a 
ventriculoperitoneal shunt. 

 A clear understanding of the pathophysiology is impor-
tant because it will determine effective treatment strategies. 
Some have attempted to defi ne the pathophysiology of 
SILPAH with mathematical pressure volume models  [  1,   3–  5  ] . 
The premise of these models is based on the mathematical 
derivation of the pressure-volume index of the brain. They 
suggest that these patients have experienced an alteration in 
the viscoelastic properties of the brain parenchyma, or brain 
turgor. Patients experiencing hydrocephalus with high ICP 
have ventriculomegaly secondary to increased CSF and the 
resulting pressure of this intraventricular fl uid compressing 
the cerebral mantle. Patients experiencing ventriculomegaly 
with inappropriately low ICP have ventricular expansion 
secondary to decreased brain turgor. It was initially proposed 
that decreasing brain turgor resulted in a decrease in the size 
of the cerebral mantle, loss of an effective cortical subarach-
noid space (CSAS) for CSF circulation and consequently 
ventricular expansion  [  3–  5  ] . Our population of patients had a 
large age range (2–65 years), but only 20% were children. 
This conforms to a hypothesis that the mechanical conditions 
(i.e., that result in decreased brain turgor) that come into play 
to allow SILPAH are more likely acquired, not congenital. A 
decrease in brain turgor may occur secondary to potential 
insults such as infection, hemorrhage, tumors, cranial irra-
diation, and trauma. 

 All these previous models have failed to appreciate the 
importance of the relationship between the CSAS and the 
intraventricular obstructive hydrocephalus present in patients 
with SILPAH. Rekate et al.  [  6  ]  recently presented a synthesis 
of these issues as the following hypothesis for the shunted 
patient: In the presence of a complete obstruction of CSF out-
fl ow from the ventricular system, the CSAS is subject to drain-
age due to a leak or through the dural venous system. Selective 
drainage of the CSAS, in the presence of low brain turgor 
results in a decrease in ICP, accumulation of CSF within, and 
resultant expansion of, the ventricles (the ICP is lower than the 
opening pressure of the shunt valve and therefore drainage 
does not occur). We suggest that the hypothesis of Rekate 
et al. is equally applicable to a patient with SILPAH who does 
not have a shunt. Patient 2 did not have a shunt, had isolation 
of his ventricular system from his CSAS, and experienced 
clinical deterioration (and the onset of SILPAH) after a LP. 
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 An EVD is typically used as an initial therapy for all 
patients. Treatment of patients with SILPAH can then be 
directed at: (1) restoring brain turgor by increasing dural 
sinus pressure to inhibit drainage of CSF from the CSAS 
with either a gentle neck tourniquet or an abdominal binder; 
(2) “forced” drainage of the ventricular system by lowering 
an EVD to subzero pressures until normal ICP and cerebral 
mantle size is obtained; and (3) restoration of communica-
tion between the ventricular system and the CSAS by ETV. 

 The process to either reestablish a working shunt system 
or to wean the EVD can be protracted. In certain circum-
stances, a long ventricular drain (tunneled to the abdomen) 
can be used to allow a patient to mobilize until the ICP 
dynamics (SILPAH) is “correct.” At that time, the EVD may 
potentially be weaned, or a ventriculoperitoneal or lumbo-
peritoneal shunt inserted if indicated. Neck wrapping and 
abdominal binders likely increase both brain turgor and dural 
venous pressure, allowing distention of the CAS and reex-
pansion of the brain with fl ow of CSF out of the ventricle. A 
neck tourniquet or abdominal binder can also be used in the 
presence of a “working” shunt to facilitate drainage. Other 
methods to facilitate CSF drainage through a patent shunt 
system include: (1) shunt pumping; (2) raising the head of 
bed to 30-45°; (3) use of the lowest resistance shunt system 
possible or replacing the valve with a simple reservoir; and 
and (4) use of a ventriculopleural shunt (subzero intratho-
racic pressures). 

 These strategies are however self-limited by their failure 
to correct the underlying pathophysiology. An appreciation 
of the observation that these patients typically have complete 
obstruction of CSF outfl ow from the ventricular system (as 
illustrated by Patient 3) was used to establish an alternative 
strategy for management of patients with SILPAH (i.e. rees-
tablish communication between the CSAS and the ventricu-
lar system). This can be accomplished in many patients by 
performing an ETV. ICP dynamics are quickly reestablished, 
and in many patients the treatment is defi nitive and no shunt 
system is required. Furthermore, the treatment process is 
typically much faster, and hospital stay is reduced, in com-
parison with the non-ETV-treated patients with SILPAH. A 
limitation of this report is its lack of a randomized controlled 

clinical trial structure. However, the observation that the long-
term requirement for a shunt was substantially lower in this 
ETV-treated population (20% vs. 70%) is clinically robust.  

   Conclusion 

 The syndrome of inappropriately low-pressure acute hydro-
cephalus (SILPAH) is a little recognized but clinically impor-
tant clinical entity occurring in both adults and children. The 
pathophysiology likely involves isolation of the ventricular 
system from the CSAS, decreased brain turgor, and loss of 
an effective CSAS. Reestablishment of communication 
between the ventricular system and the CSAS has the poten-
tial to defi nitively correct ICP dynamics and reduce the prob-
ability that a shunt will be required.      

  Confl icts of interest statement   We declare that we have no confl ict 
of interest   .  
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  Abstract   Lhermitte–Duclos disease (LDD) is a rare cere-
bellar disorder characterized by diffuse or focal enlargement 
of cerebellar folia. Clinical manifestations are usually related 
to a mass effect and secondary obstructive hydrocephalus. 
Increased intracranial pressure symptoms and cerebellar 
symptoms are the most frequent patient complaints. We 
describe the case of a patient with LDD who developed sec-
ondary obstructive hydrocephalus. A 68-year-old woman 
was brought to the emergency room for sudden vertigo fol-
lowing several bouts of vomiting and headache. There were 
no external signs of trauma, serious illness or infection. On 
admission, the patient was alert and had no neurological 
defi cits. Brain computed tomography (CT) and magnetic 
resonance imaging (MRI) showed hydrocephalus and a cer-
ebellar mass in the right cerebellar hemisphere compressing 
the fourth ventricle. Suboccipital craniotomy and subtotal 
removal of the mass was performed. Pathological study of 
the surgical specimen showed abnormal ganglionic neurons 
and an enlarged molecular layer compatible with dysplastic 
gangliocytoma. Cytoreduction can achieve improvement in 
symptoms caused by mass effect, but postoperative swelling 
may aggravate obstructive hydrocephalus. Therefore, if 
symptoms still remain after removal of the mass, an addi-
tional shunting procedure may be needed as a further man-
agement option.  

  Keywords   Gangliocytoma  •  Lhermitte–Duclos disease  • 
 Hydrocephalus  •  Cerebellar signs  •  Shunt    

   Introduction 

 Since Lhermitte and Duclos reported the fi rst case of 
Lhermitte–Duclos disease (LDD) in 1920, various synony-
mous descriptions, such as diffuse gangliocytoma of the 
 cerebellar cortex, benign hypertrophy of the cerebellum, 
Purkinjeoma and hamartoma of the cerebellum have been 
used to describe this lesion  [  10,   12,   16  ] . LDD has benign path-
ological fi ndings, but its pathophysiology has not been estab-
lished defi nitively. LDD has been considered to be a congenital 
and genetic malformation or hypertrophy of the cerebellar 
cortex, but recurrent cases have prompted questions regarding 
a neoplastic etiology  [  5,   8,   10  ] . Clinical symptoms are mainly 
the results of two pathogenetic mechanisms. One is the grad-
ual increase of intracranial pressure due to mass effect and 
secondary obstructive hydrocephalus, and the other is cerebel-
lar dysfunction. Most patients complain of long-standing or 
slowly aggravating symptoms such as occipital headache, ver-
tigo, cranial nerve palsies, and cerebellar ataxia. 

 LDD was diffi cult to diagnose before the development of 
neuro-imaging modalities, and patients with LDD had very 
poor prognoses. About one-third of patients in the approxi-
mately 90 reported cases died due to mass effect  [  10,   17  ] . 
Utilization of magnetic resonance (MR) imaging facilitated 
the correct preoperative diagnosis and enabled more accurate 
procedures in surgical treatment. Although LDD is benign in 
nature, many concomitant diseases have been described in 
LDD patients, such as cutaneous lesions, dysmorphic fea-
tures, and tumors of other organs. Furthermore, association 
with genetic syndromes such as Cowden syndrome, Proteus 
syndrome, and Bannayan–Riley–Ruvalcaba syndrome – all 
PTEN hamartoma tumor syndromes – have not been clarifi ed 
 [  7,   10,   17,   19  ] . Among the several PTEN mutation syndromes, 
Cowden syndrome is the most commonly cited disease that is 
speculated to be related to LDD. Simultaneous occurrence 
and similar clinical manifestations are described in many case 
reports. Moreover, Williams et al. suggested that LDD could 
be a component of Cowden syndrome  [  15,   18  ] . 

 In our report, we describe a rare case of an elderly patient 
with a dysplastic gangliocytoma in the right cerebellar 
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hemisphere combined with obstructive hydrocephalus. Diag-
nostic and therapeutic modalities as well as pathological 
fi ndings are discussed through our experience and literature 
review.  

   Case Report 

 A 68-year-old woman visited the emergency room presenting 
with sudden paroxysmal vertigo, nausea, vomiting, and loss 
of consciousness. The patient had never suffered from these 
symptoms before the attack. She recovered, and left-beating 
nystagmus was the only residual abnormal fi nding detected 
by cranial nerve examination on admission. Cerebellar func-
tion tests showed a positive Romberg sign and cerebellar dys-
function. Computed tomography (CT) scans showed a large 
mass in the right cerebellar hemisphere combined with amor-
phous calcifi cations. The mass compressed the fourth ventri-
cle, and secondary obstructive hydrocephalus was noted. MR 
images showed cortical thickening with subcortical high sig-
nal intensity on T2-weighted images. Change in the cerebel-
lar cortex similar to the so-called tiger-striped appearance 
pattern was observed, and gadolinium-enhanced images 
showed subtle enhancement of the lesion (Fig.  1 ). The tumor 
was immediately removed via a right suboccipital osteoplas-
tic craniotomy. Because the margins of the mass were not 
clearly demarcated in the surgical fi eld, as much of the mass 
as possible was removed, avoiding damage to the vermis or 
cerebellar peduncle. Histological examination showed areas 
of increased dysplastic ganglion-like cells of the cortex. An 
enlarged molecular layer with dysplastic ganglion-like cells 
and a hypertrophied granular layer were observed with hema-
toxylin and eosin staining, but no mitotic, atypical, or pleo-
morphic features or other invasive behaviors were noticed 
microscopically. The dysplastic ganglion cells were diffusely 
positive for synaptophysin and neurofi lament on immunohis-
tochemical analysis (Fig.  2 ). The patient’s slight drowsiness 
and confused mental state continued for a week after surgery. 
Postoperative CT scanning was performed, and slightly 
aggravated hydrocephalus due to cerebellar swelling was 
noticed despite medication for increased intracranial pres-
sure. An additional shunt operation was considered, but the 
patient’s cerebellar swelling was becoming slowly controlled, 
and her symptoms were getting better after a week following 
surgery. Her obstructive hydrocephalus spontaneously imp-
roved on serial radiological examination, and regrowth of the 
tumor or development of hydrocephalus did not recur.    

   Discussion 

 LDD exhibits different radiological and pathological fea-
tures from other neoplastic lesions of the brain. MRI fi ndings 

in this rare cerebellar disorder include a striated and lami-
nar pattern of the cerebellar cortex, especially well mani-
fested on T2-weighted imaging. Gadolinium-enhanced 
T1-weighted images usually show scanty enhancement of 
the lesion and, to our knowledge, peritumoral invasion or 
necrotic changes have not been observed in reported cases 
 [  1,   2,   9  ] . Histopathological examination of LDD shows 
thickening of cerebellar folia due to a hypertrophied molec-
ular layer composed of hypertrophic myelinated and non-
myelinated axons originating from underlying abnormal 
ganglionic cells. In contrast, the Purkinje cell layer and 
granular layer are replaced and expanded by large neurons 
with vesicular nuclei and prominent nucleoli  [  10,   11,   14  ] . 
These dysplastic cells seem to be derived from granular 
cells for the most part, but several Purkinje-cell-specifi c 
antibodies are labeled by immunohistochemical staining. 
Our results from microscopic examination and immunohis-
tochemical staining were not different from those in previ-
ous case reports. In spite of some reported late recurrences, 
histological and immunohistochemical studies of recurrent 
cases did not reveal proliferative activity  [  4,   5,   8  ] . As evi-
dence supporting a congenital etiology for LDD, associa-
tion of LDD with chromosomal mutation also suggests 
genetic control of the dysplasia  [  14,   19,   20  ] . PTEN gene 
mutations are representatively related to this genetic disor-
der. Mutations in this region can promote proliferation and 
invasion as well as inhibit apoptosis, and the mutated allele 
has been shown to be expressed in 83% of pathological 
specimens  [  14,   21  ] . Mutation in the PTEN gene has a ten-
dency to produce dysplastic-hyperplastic lesions and neo-
plasms in the skin, gonads, thyroid, and colon. These kinds 
of mutation are also observed in Cowden disease. Padberg 
et al. postulated that Cowden disease and LDD could be 
related to each other, and that LDD could be one of the cen-
tral nervous system manifestations associated with Cowden 
disease, among others such as megalencephaly, mental 
impairment, and seizure  [  13  ] . After the description by 
Padberg et al., many coincident cases have been reported of 
these two rare diseases  [  3,   13,   14,   17  ] . Case reports of iso-
lated LDD patients, in contrast, have also been described. 
Our patient had no clinical or radiological evidence satisfy-
ing the criteria for Cowden disease (except LDD) and also 
had no familial history. According to some case reports, 
however, LDD patients frequently develop other central 
nervous system manifestations as well as skin and soft-tis-
sue lesions such as trichilemmomas, angiomas, lipomas, 
and café au lait spots, in addition to dysmorphic anomalies 
such as large hands or feet and polydactyly. Neoplastic 
lesions of the thyroid, breast, and gastrointestinal tract have 
also been reported in patients with LDD. Approximately 
50% of case reports describe these concomitant abnormali-
ties  [  3,   6,   10,   11,   14,   17  ] . Physicians should always consider 
a diagnosis of Cowden disease or other concomitant dis-
eases in patients with LDD, considering the reported cases. 
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 Our patient was not a typical case considering her old age, 
paroxysmal symptoms, and absence of other clinical symp-
toms and signs occasionally related to LDD, but the diagno-
sis of this rare cerebellar disorder was not diffi cult, due to 
pathognomonic MRI fi ndings. In actuality, the development 
of imaging modalities such as CT and MRI has simplifi ed 
both the diagnosis and the decision process regarding a ther-
apeutic plan. Focal or diffuse thickening of the cerebellar 
cortex without enhancement is a characteristic MRI fi nding 

in patients with LDD and is common to most reported cases 
 [  1,   9,   10,   14  ] . 

 Complete excision of the hypertrophied lesion is the 
treatment of choice, but total excision destroying important 
adjacent structures is unnecessary, because of the benign 
nature of LDD, especially in elderly patients. Compression 
of the fourth ventricle is a cause of obstructive hydrocepha-
lus and syringomyelia in LDD patients. Excision of the 
cerebellar mass mostly resolves the compression and can 

  Fig. 1    ( a ) Preoperative computed tomography (CT) scan showing a 
large mass (3.7 × 5.7 × 3.5 cm) in the right cerebellar hemisphere with 
amorphous calcifi cations. ( b ) Postcontrast CT scan demonstrating the 
subtle enhancement of the tumor. ( c ) Preoperative T2-weighted axial 

MRI displaying the “tiger-striped appearance” pattern that is a typical 
fi nding in Lhermitte–Duclos disease. ( d ) Preoperative T2-weighted 
axial magnetic resonance imaging (MRI) demonstrating secondary 
hydrocephalus       
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slowly reduce intracranial pressure and ventricle size. Long-
standing hydrocephalus or syringomyelia, however, may 
not be affected by decompression. Postoperative swelling 
may aggravate the symptoms, so if severe swelling and 
aggravated symptoms are observed after surgery, an addi-
tional shunting procedure or temporary drainage of cere-
brospinal fl uid should be considered.  

   Conclusion    

 LDD has a benign pathological fi nding. However, in symp-
tomatic case, cytoreduction can improve symptoms caused 
by mass effect. If symptoms still remain after removal of the 
mass, an additional shunting procedure should be required.      
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  Abstract   Colpocephaly is an abnormal enlargement of the 
occipital horns, i.e., the posterior or rear portions of the lat-
eral ventricles of the brain, and is associated with several 
other brain abnormalities. Colpocephaly is occasionally mis-
diagnosed as hydrocephalus, and various etiologies have 
been postulated, including genetic disorders and errors of 
morphogenesis. Meanwhile, chromosomal losses including 
22q and rarely 21q are observed in malignant and atypical 
meningiomas. We report an uncommon case of a 67-year-old 
woman with colpocephaly and an atypical meningioma in 
the posterior fossa. There were no neurological defi cits or 
family history of hereditary neuropsychiatric disorders. 
Brain magnetic resonance (MR) images showed bilateral 
enlarged occipital horns, agenesis of corpus callosum, and a 
cerebellar mass in the right cerebellar hemisphere. Right 
suboccipital craniotomy was performed, and the tumor was 
resected totally. Pathological study of the surgical specimen 
showed fi ndings of atypical meningioma, and the postopera-
tive course was uneventful until hydrocephalus developed. 
At 36th day after tumor removal, the patient undertook an 
external ventricular drainage followed by replacement of the 
ventriculoperitoneal shunt. We discuss the importance of 
colpocephaly in terms of the differential diagnosis for hydro-
cephalus and review the pertinent literature.  

  Keywords   Atypical meningioma  •  Colpocephaly  •  Hydro-
cephalus  •  Corpus callosum    

   Introduction 

 Colpocephaly is a congenital enlargement of the occipital 
horns of the lateral ventricles  [  1  ]  and is associated with a 
number of other central nervous system malformations, 
including agenesis of the corpus callosum, neuronal migra-
tion disorders, schizencephaly, microcephaly, meningomy-
elocele, and hydrocephalus  [  4,   11,   14  ] . There are a variety of 
possible etiologies for colpocephaly including intrauterine 
infection, intrauterine growth retardation, maternal drug 
ingestion (corticosteroids, salbutamol, and theophylline), 
perinatal anoxic-ischemic encephalopathy, and chromosomal 
abnormalities such as deletion of chromosome 21  [  8,   9  ] . On 
the other hand, meningiomas comprise up to 30% of intrac-
ranial neoplasms. Approximately 10–40% of meningiomas 
correspond to atypical (World Health Organization grade II) 
and anaplastic (grade III) subtypes  [  3,   6,   15  ] . Meanwhile, 
frequent chromosomal losses including 22q and 1p have 
been detected in malignant and atypical meningiomas  [  5  ] . 
We report an unusual case of colpocephaly with an atypical 
meningioma, and also emphasize the importance of colpo-
cephaly in terms of the differential diagnosis for hydroceph-
alus and review the pertinent literature.  

   Case Report 

 A 67-year-old woman presented with a 4-month history of 
headache and dizziness. There was no family history of 
hereditary neuropsychiatric disorders. On neurological exam-
ination, no signifi cant abnormalities were found, and cere-
bellar dysfunction was not disclosed. Brain magnetic 
resonance imaging (MRI) showed a well-enhanced mass in 
the posterior fossa that was approximately 3.7 × 3.5 × 3.3 cm 
in size, bilateral enlarged occipital horns, and agenesis of 
corpus callosum (Fig.  1 ). We performed a total surgical 
resection of the tumor via suboccipital craniotomy. The mass 
adjacent to the cortex was fragile, and its margin was poorly 
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defi ned, while the deep portion of the mass was of fi rm con-
sistency. Histopathological examination of the tumor revealed 
the whorl patterns of spindle-shaped cells which showed 
hyperchromatism, hypercellularity, and four mitoses in ten 
high-power fi elds (HPFs). Immunohistochemical study 
showed 9% in Ki-67 labeling index. These fi ndings were 
compatible with atypical meningioma (Fig.  2 ).   

 On the 36th day after the operation, the patient com-
plained of headache and poor oral intake, and ultimately 
deteriorated into a stuporous state despite conservative man-
agement. Follow-up brain computed tomography (CT) scans 
were performed and revealed a marked enlargement of the 
ventricles and swelling of the entire brain parenchyma. An 
external ventricular drainage was performed immediately, 
and 7 days later the ventriculoperitoneal shunt with a pro-
grammable valve was replaced. After this procedure, the 
postoperative course was uneventful, and a follow-up CT 
examination 1 month later revealed a markedly decreased 
size of bilateral ventricles and resolving cerebral gyral 
effacement (Fig.  3 ). The patient recovered, and the headache 
gradually improved after the second operation. She was dis-
charged home without neurological defi cits.   

   Discussion 

 Colpocephaly is an abnormal enlargement of the occipital 
horn of the lateral ventricles, and is also described as persis-
tence of the fetal confi guration of the lateral ventricles. 
Colpocephaly is a disorder of multiple and diverse etiolo-
gies, including (1) chromosomal anomalies such as trisomy 
8 mosaicism and trisomy 9 mosaicism, (2) intrauterine 

infection such as toxoplasmosis, (3) perinatal anoxic-isch-
emic encephalopathy, and (4) maternal drug ingestion dur-
ing early pregnancy, such as corticosteroids, salbutamol, 
and theophylline  [  8,   9  ] . Familial occurrence of colpoceph-
aly has been noted in many reports. Early reports suggested 
that the ventricular enlargement in colpocephaly is caused 
by white matter development arrest occurring between the 
middle of the second month to the fi fth month of fetal life 
 [  2,   9  ] . More recent publications have favored the idea that 
colpocephaly may result from an anatomic malformation of 
genetic origin with an autosomal or X-linked recessive 
inheritance  [  2,   7  ] . Some authors have suggested that brain 
abnormalities with overlapping deletions of chromosome 
21 include cortical dysplasia consisting of pachygyria, 
polymicrogyria, and colpocephaly; hypoplasia of the cor-
pus callosum; cerebellar hypoplasia; and enlargement of 
the ventricular system  [  7  ] . 

 Agenesis of the corpus callosum is the most frequently 
associated malformation. Unfortunately, the congenital dila-
tation of the occipital horns of the lateral ventricles, a striking 
feature in this case, is often misdiagnosed as hydrocephalus. 
Colpocephaly is accurately diagnosed when signs of mental 
retardation, microcephaly, and seizures are present  [  13  ] . 
While there is no defi nite treatment, anticonvulsant medica-
tion and the prevention of contractures (shortening of mus-
cles) are essential for the care of patients with colpocephaly. 

 Meningiomas are common brain tumors and approxi-
mately 10–40% of meningiomas have atypical or anaplas-
tic characteristics. Atypical and anaplastic meningiomas 
are associated with less favorable clinical outcomes  [  10, 
  12,   15  ] . Meningiomas are among the most studied human 
solid tumors by karyotype analysis, and among the charac-
teristic genetic alterations, the loss of chromosome 22 is 

  Fig. 1    Preoperative brain magnetic resonance (MR) images. ( a ) 
Gadolinium (Gd)-enhanced axial MRI showing a large, homogeneous 
hyperintense mass (3.7 × 3.5 × 3.3 cm in size) in right cerebellar hemi-
sphere and vermis. ( b ) Gd-enhanced axial MRI revealing enlargement 

of both occipital horns and normal size of bilateral frontal horns. 
( c ) Coronal MRI scan demonstrating abnormal enlargement of tempo-
ral horns and agenesis of the corpus callosum       
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commonly reported  [  16  ] . Meanwhile, high proportions 
(85%) of atypical meningiomas exhibit the loss of 22q. 
The second most frequent regions of loss are confi ned to 
the short arm of chromosome 1, particularly subbands 
1p33-p36.2 (70%) and 1p13.2 (64%)  [  3  ] . However, chro-
mosome 21 abnormality has been observed very rarely  [  5  ] . 
Because there is a paucity of data evaluating the clinical 

correlation and signifi cance of genetic abnormalities in 
atypical meningiomas and colpocephaly with agenesis of 
the corpus callosum, this report provides clues to the pos-
sible relationships among the colpocephaly, callosal agen-
esis, and atypical meningioma, even though this case with 
atypical meningioma and colpocephaly may be a coinci-
dental association.  

  Fig. 2    Microscopic examination of tumor specimens. ( a ) Photo-
micrograph showing whorls and sheet-like growth pattern of spindle 
shaped cells (hematoxylin and eosin stain [H & E], magnifi cation ×  200). 
( b ) Picture displaying the prominent and hyperchromatic nuclei and 

hypercellularity with a few mitoses (3–4 cells/10 high-power fi elds) 
(H & E, × 400). Tumor specimen shows a diffuse immunoreactive to epi-
thelial membrane antigen (EMA) ( c ) and Ki-67 ( d ) (magnifi cation × 400)       
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  Fig. 3    Postoperative brain computed tomography (CT) scans. ( a ) Brain 
CT scan taken at 36th day after tumor resection showing total removal 
of tumor in the right cerebellar region, prominent temporal horns, and 
pseudomeningocele. ( b ) Brain CT scan demonstrating markedly 
enlarged ventricles and effacement of the gyral markings. ( c ) Brain CT 

scan obtained after shunt procedure revealing disappearance of pseudo-
meningocele and reduced size of temporal horns. ( d ) Brain CT scan 
taken after shunt procedure displaying the decreased size of ventricles 
and prominent sulcal marking       
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   Conclusion 

 Colpocephaly is often misdiagnosed as hydrocephalus, and 
when ventriculomegaly is present, it is important to differen-
tiate whether it is due to obstructive hydrocephalus or colpo-
cephaly. A correlation between colpocephaly with callosal 
agenesis and atypical meningioma is poorly established at 
present, and we suggest that further study is necessary to 
determine whether atypical meningioma is a coincidental 
fi nding or whether it represents de novo cancerogenesis.      
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  Abstract   The management of posthemorrhagic hydroceph-
alus is diffi cult and not well standardized. We evaluated our 
management protocol for infants with intraventricular and/or 
periventricular hemorrhage (IVH and PVH, respectively). 
There were four deaths and two signifi cant treatment-related 
complications in our series. We also observed two cases of 
isolated ventricle in patients treated with reservoir place-
ment. After evaluating our series, we modifi ed our protocol 
from reservoir placement to either cerebrospinal fl uid (CSF) 
drainage or ventriculosubgaleal shunt directly. We will 
reevaluate this new protocol in the near future.  

  Keywords   Preterm infant  •  Low birth weight  •  Intra- and 
periventricular hemorrhage  •  Hydrocephalus  •  Isolated 
ventricle    

   Introduction 

 Intraventricular hemorrhage (IVH) and periventricular hem-
orrhage (PVH) and resultant hydrocephalus are common 
causes of neonatal morbidity and mortality among preterm 
and low-birth-weight infants. The management of posthem-
orrhagic hydrocephalus is diffi cult and not well standardized. 
In this study, we aimed to determine the incidence of hydro-
cephalus after IVH and the associated risk factors for surgi-
cal intervention in those patients treated in our institute.  

   Materials and Methods 

 Between January 1998 and September 2005, 18 premature 
babies were reported as suffering from IVH. The number of 
the patients admitted to our neonatal intensive care unit in 
the same period was 1,346. The diagnosis of IVH and/or 
PVH was made with echogram via anterior fontanel, and the 
grading system for IVH was adapted from that described by 
Papile et al.  [  6  ]  Our treatment strategy during that period was 
(1) close observation of the patient’s condition, (2) cerebro-
spinal fl uid (CSF) withdrawn via lumbar tap, (3) reservoir 
placement, and (4) ventriculoperitoneal (V-P) shunt place-
ment (Fig.  1 ). Criteria for surgical intervention were continu-
ously enlarging ventricle, tense anterior fontanel, and/or 
enlarging head size more than 2 mm/day. V-P shunt was 
placed after the body weight reached approximately 2,000 g. 
We retrospectively analyzed birth weight, gestational age, 
and patient’s condition both before and after discharge.   

   Results 

 The mean birth weight was 969.1 g varying from 466 to 
2,190 g. Mean gestation age was 27.7 weeks (range 23.4–
36.5 weeks). The Apgar score of these patients varied from 0 
to 10 for 1 min and 1 to 10 for 5 min. The IVH and/or PVH 
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were noticed between days 1 and 25. More than 82% of cases 
were detected within 72 h after birth. Seven patients were 
classifi ed as grade II, fi ve patients were grade III, and two 
patients were grade IV, while the remaining four patients 
were grade I. Three out of 18 patients required a lumbar tap. 
Four patients required reservoir placement. Two patients 
required V-P shunt placement eventually. Four patients died, 
but the cause of death was not related to the IVH. The body 
weights of those who died were 666, 636, 609 and 892 g, and 
their grades were IV, III, II, and III, respectively. 

 When the management for each grade was analyzed, the 
treatment seemed to be diverse. One out of two patients with 
grade IV IVH required reservoir placement; however, the 
second patient with grade IV died before treatment. Two out 
of fi ve patients with grade III IVH required reservoir place-
ment, and the other two patients with grade III required a 
lumbar tap. The remaining patient with grade III eventually 
needed shunt placement. Only one out of seven patients with 
grade II IVH required shunt placement. 

 The complications varied from severe to mild, while two 
patients developed severe and one patient developed mild 
morbidity. Additionally, two patients who required reservoir 
placement developed a so-called isolated ventricular system. 
The isolated ventricular system was observed in these cases 
due to inadequate CSF removal. The condition of one of 
them    had deteriorated severely, and the family of the patient 
refused further treatment. The other patient required neu-
roendoscopic surgery. The remaining patients developed 
normally according to their correct age.  

   Discussion 

 From around 1970 to the early 1980s, the incidence of the 
IVH was more than 30%. At the end of the 1990s, the inci-
dence declined to approximately 10%. The reason for this 
decline was thought to be the advent of new instruments and 
improvement of total neonatal care by attending physicians 
 [  1,   3  ] . The incident of IVH in this study was around 1.3%. 
No grade I patient needed surgical intervention. In those with 
grade II, one out of seven patients required V-P shunt place-
ment. In those with grade III, two patients needed CSF with-
drawal via lumbar tap, two patients required reservoir 
placement, and one patient required V-P shunt placement. In 
those with grade IV, one patient required reservoir place-
ment. Because of the continuous ventricular enlargement in 
this last patient, we thought shunt placement was suitable. 
But the parents of this patient did not want further surgical 
intervention. So 2 patients out of 13 survivors required shunt 
placement eventually. This rate is relatively low compared 
with that in previous reports. There was a correlation    between 
severity of hemorrhage and treatment outcome. The higher 
the volume of IVH, the more severe the developmental delay 
became. The mortality rate in our series was approximately 
22.2%. Even though there was no direct connection between 
the cause of death and IVH in this series, the rate was consid-
ered high  [  7  ] . One reason for this was that the average weight 
of these patients was fairly low (mean 700 g). 

 Until now, there is still no established treatment protocol 
for these patients. The indication for the necessity of a surgi-
cal intervention in our institute was a combination of the fol-
lowing: (1) tense fontanel, (2) enlarging head circumference, 
by approximately 1.5 cm/week, (3) increasing ventricular 
size at the level of the third ventricle and foramen of Monro 
(larger than 1.5 cm)  [  2,   4  ] . We prefer to place a V-P shunt 
when the patient is heavier than 2,000 g. 

 Although there are no data    indicating whether repeated 
lumbar taps prevent V-P shunt placement or not  [  5,   8  ] , we per-
formed lumbar taps for a few days during which a plentiful 
amount of CSF was withdrawn. When it was diffi cult to with-
draw CSF via lumbar tap, we placed a reservoir for further 
CSF removal. We performed CSF removal once or twice a day 
based upon the ventricular size and/or head circumference. 
Only in a few cases, were multiple CSF removals per day 
required because of suspected high intracranial pressure. The 
CSF production and absorption in the infants at this period 
varied, based not only on the patients’ weight and age, but also 
on their condition. Therefore, it was diffi cult to estimate how 
many milliliters of CSF should be removed each time. 

 We found that an isolated ventricular system was observed 
in two cases, because an inadequate amount of CSF was 
withdrawn in these patients. Two cases also developed severe 
morbidity. Due to multiple operations and possible develop-
mental delay in one patient, the parents did not want further 
treatment, as described earlier. The other patient developed 
severe mental delay. She only spoke a few words at the age 
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  Fig. 1    Previous protocol for management of infants with intraventricu-
lar hemorrhage (IVH)       
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of 4 years. Her whole body was also insensitive to any kind 
of pain. One patient who had an isolated fourth ventricle 
treated with both V-P shunt and neuroendoscopic aqueductal 
plasty had mild spasticity in his lower extremities. The mor-
bidity in this series was not very high compared with the 
previous reported series. 

 After evaluating these patients, we have changed our pro-
tocol from reservoir placement to CSF drainage or ventricu-
losubgaleal shunt insertion (Fig.  2 ). We will reevaluate this 
to see if there is a statistical difference in our new protocol 
regarding the patients requiring surgical intervention and 
their corresponding outcomes.   

   Conclusion 

 The management of posthemorrhagic hydrocephalus is dif-
fi cult and not well standardized. From our own experience, 
we described our current treatment strategies for those 
patients.  
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  Abstract   Overdrainage in hydrocephalus therapy is a com-
mon shunt complication responsible for many different side 
effects. Especially an association with an impairment of 
upper brainstem structures causing symptoms of a dorsal 
midbrain syndrome (DMS) has already been described. Yet 
apart from these known mesencephalic lesions, we found 
several more brainstem signs and symptoms resulting from 
overdrainage. Parinaud’s syndrome was diagnosed in all six 
patients examined; moreover, parkinsonism, memory distur-
bances, fl uctuations in the level of consciousness, and hypo-
thalamic dysfunctions could be detected in fi ve of six patients. 
In addition hypersalivation combined with peripheral facial 
nerve palsy and blepharospasm occurred in two patients 
each, respectively. We postulate an upward herniation of the 
midbrain into the tentorial notch causing a secondary aque-
ductal stenosis as causal. An obstructed Sylvian aqueduct 
and the occurrence of shunt failure can lead to a bulging or 
enlargement of the third ventricle resulting in diencephalic 
lesions. If combined with fourth ventricle outlet occlusion, 
secondary aqueductal stenosis aggravates the situation with a 
fourth ventricle entrapment. Symptomatology and proposed 
pathophysiology are presented.  

  Keywords   Hydrocephalus  •  Overdrainage  •  Brain stem 
lesions  •  Upward herniation  •  Dorsal midbrain syndrome  • 
 Fourth ventricle entrapment  •  Parinaud’s syndrome  • 
 Hypersalivation  •  Blepharospasm  •  Facial nerve palsy    

   Introduction 

 Dorsal midbrain syndrome (DMS), also known as Parinaud’s 
syndrome, Pretectal syndrome, Sylvian aqueduct syndrome, 
or Koerber–Salus–Elschnig syndrome  [  9  ] , is a common clin-
ical entity associated with hydrocephalus and shunt malfunc-
tion: Overdrainage as well as underdrainage can both be 
responsible for typical eye movement abnormalities and 
pupil dysfunctions  [  1,   2,   9,   15  ] . In constract, DMS combined 
with more complex clinical signs such as parkinsonism, 
mental disturbances, and fl uctuations in the level of con-
sciousness – a constellation called global rostral midbrain 
dysfunction  [  1,   2,   16  ]  – has not yet been described as a con-
sequence of overdraining shunts. Hypothalamic disorders 
and deeper brainstem lesions such as cranial nerve failures 
 [  6  ]  have not so far been mentioned in the literature either. 

 The initial pathophysiological event is a brainstem upward 
herniation due to overdrainage resulting in direct lateral mid-
brain compression in the tentorial notch  [  4,   5  ] . The direct 
impact leads to mesencephalic lesions, and further augmented 
reduction of cerebrospinal fl uid (CSF) can cause a secondary 
aqueductal stenosis  [  7  ] . Such preconditions combined with 
shunt failure – e.g., ventricular catheter obstruction resulting 
from overdrainage  [  1,   2,   8,   12,   15  ]  – may result in a third 
ventricle enlargement. If an obstruction of fourth ventricle 
outlets (foramina of Luschka and Magendie) also emerges 
(e.g., congenitally or functionally)  [  3  ] , its entrapment  [  3,   6, 
  10,   11,   13  ]  could be the logical consequence resulting in 
direct compression on nearby brainstem structures.  

   Materials and Methods 

 During the past 10 years we have observed six shunt-treated 
adults with typical signs of DMS. For clinical work-up, 
 high-resolution magnetic resonance imaging (MRI) with 
CSF  fl ow-sensitive sequences, bicompartimental intracranial 
pressure (ICP) monitoring, and the DaTSCAN™ technique 
were  performed. Depending on the fi ndings, different thera-
peutic  strategies were indicated: To overcome the underlying 
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pathophysiological phenomenon of overdrainage, the implan-
tation of gravitational shunts had been the fi rst measure. If 
clinical symptoms did not improve thereafter, and mesen-
cephalic fi xation in the tentorial notch had to be assumed, 
endoscopic third ventriculostomy (ETV) was necessary to 
eliminate an inverse supratentorial/infratentorial pressure 
gradient. In cases of a fourth ventricle entrapment, decom-
pression of the posterior fossa to reestablish the 
 communication of all CSF compartments was performed. 
Furthermore, symptomatic and supportive treatment (e.g., 
dopamine agonists, hydrocortisone, amitriptyline, botulinum 
toxin, and hormone substitution) was provided. Patients were 
followed up annually.  

   Results 

 All six patients showed symptoms of a DMS with typical 
eye movement abnormalities (e.g., upward gaze palsy) and 
pupil dysfunctions (Argyll Robertson pupils). Beyond typ-
ical DMS signs, parkinsonism, short-term memory defi -
cits, and fl uctuations in the level of consciousness could be 
observed in fi ve of six patients. These persons presented 
with brainstem upward herniation into the tentorial notch 
leading to a compression of the proximal Sylvian aqueduct 
as could be seen on MRI (Fig.  1 ): Hyperintensity on 
T2-weighted imaging in the upper brainstem region points 

to direct mesencephalic damage. Interestingly, an inverse 
supratentorial/infratentorial pressure gradient typically 
did not exceed fi gures of 7–12 mmHg (after correction for 
hydrostatic pressure differences). In patients suffering 
from parkinsonism, the DaTSCAN™ technique revealed 
lower radionuclide ( 123 I-iofl upane) uptake in the caudate 
nucleus (about 50–60% compared with normal values), 
while enhancement in putamen amounted to normal val-
ues. Consequently the C/P quotient was about 0.5 (in 
healthy persons 1.0) indicating disturbed dopamine metab-
olism. Endocrine dysfunctions were diagnosed in fi ve 
patients resulting from shunt failure. The MRI (Fig.  1 ) 
showed a clear deformation and downward bulging of the 
third ventricle, implying hypothalamic structures and 
mamillary bodies; in some cases, a kinking of the pituitary 
stalk could be observed too. Two of the six patients devel-
oped further symptoms of brainstem lesions: One pre-
sented a peripheral facial nerve palsy combined with 
hypersalivation, another suffered from severe blepharos-
pasm. Imaging revealed a signifi cant fourth ventricle 
enlargement in both.  

 Treatment of all patients consisted of multimodal, indi-
vidualized therapeutic approaches combining causal and 
symptomatic strategies. Retrospectively, duration of treat-
ment including surgical and drug therapy to achieve con-
valescence amounted to 1–3 years. All symptoms except 
for blepharospasm, which required further treatment, could 
be totally cured.  

  Fig. 1     Left  Sagittal T2-weighted magnetic resonance (MR) image 
showing an upward herniation of the brainstem into the tentorial notch 
with secondary aqueductal stenosis and mesencephalic edema before 

treatment.  Right  After endoscopic third ventriculostomy (ETV), proxi-
mal aqueductal stenosis and dislocation of the brainstem could be 
reversed       
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   Discussion 

 Lesions of the dorsal midbrain resulting from shunt malfunc-
tion in hydrocephalus therapy have already been described in 
the literature  [  2,   8,   9,   15,   17  ] . And those combined with 
overdrainage have been mentioned as well  [  9  ] . Many authors 
refer to an inverse pressure gradient as the cause for mid-
brain dysfunctions  [  2,   9,   16  ] . Contrary to the earlier interpre-
tations of the underlying pathomechanisms, we postulate 
that the pathophysiology of all sequels emerges from the dis-
crepancy between the maximal fl ow rate of overdraining 
shunts and that of the small Sylvian aqueduct. This differ-
ence must result in underdrainage of the fourth ventricle 
(during each episode of shunt overdrainage in supratentorial 
compartments). A consequence of relative fourth ventricle 
underdrainage can be the mass displacement of hindbrain 
structures  [  13  ]  effectuating midbrain upward herniation into 
the tentorial notch: On the one hand, sharp tentorial edges 
cause direct damage to lateral mesencephalic structures, 
while on the other hand, compression affects the more medi-
ally located structures – e.g., by cerebral blood fl ow reduc-
tion  [  12,   17  ] . Resulting compressive forces  [  13  ]  on the brain 
stem, the occurrence of periaqueductal edema  [  14  ]  or a col-
lapse of the aqueduct due to a reduction of intracranial CSF 
 [  7  ]  may be the reason for secondary aqueductal stenosis. 
Whether a measured inverse pressure gradient (7–12 mmHg) 
is suffi cient to cause shear and distortion leading to such 
serious mesencephalic damage remains questionable. 

 Many different theories about the pathophysiology of par-
kinsonian symptoms due to shunt malfunction have been 
described in the literature  [  2,   12,   16,   17  ] . Lateral midbrain 
damage may affect the substantia nigra. Our theory is sup-
ported by the anatomical relation between the location of the 
substantia nigra and the more medial red nucleus. While signs 
of red nucleus damage were not seen, parkinsonism occurred 
in all patients with brainstem upward herniation. Therefore 
we hypothesize that direct lateral mesencephalic lesions 
caused by sharp tentorial edges play a signifi cant causative 
role in the pathophysiology of parkinsonism in an overdrain-
age situation. In contrast, compressive effects on central 
midbrain structures – e.g., the nuclei of Darkschewitsch and 
Cajal, posterior commissure, nuclei of the posterior commis-
sure, and the interstitial nucleus of the medial longitudinal 
fasciculus  [  2  ]  – may result in Parinaud’s syndrome (e.g., due 
to regional blood fl ow reduction) and aqueductal stenosis as 
mentioned above. 

 In cases of shunt malfunction due to an obstruction of the 
ventricular catheter, memory disturbances and fl uctuations in 
the level of consciousness have been described in the litera-
ture  [  1,   2,   15,   16  ] . The underlying pathophysiology for these 
symptoms is still under discussion: A huge enlargement of 
the third ventricle may cause a malfunction of the mamillary 
bodies and a stretching of the columns of the fornix leading 

to the observed memory defi cits. Direct compressive stress 
on the upper midbrain may be responsible for fl uctuations in 
the level of consciousness. The same pathological mecha-
nisms may have resulted in endocrine disorders in our 
patients: Enlargement and compression can affect the bottom 
of the third ventricle leading to an impairment of hypotha-
lamic structures or the pituitary stalk (e.g., by kinking). 

 Two patients of our group who presented an entrapment 
of the fourth ventricle suffered from blepharospasm or 
peripheral facial nerve palsy combined with hypersalivation. 
An association between fourth ventricle entrapment and 
overdrainage have been previously described in the literature 
 [  10,   11,   13  ] . Such an enlargement causes compressive stress 
on neuronal structures which are in close contact with the 
bottom of the fourth ventricle (Fig.  2 ). Sialorrhea and tet-
raventricular hydrocephalus emerging from direct involve-
ment of the superior and inferior salivary nuclei have been 
described  [  6  ] . Extrapyramidal pharyngeal dysfunction in 
patients suffering from parkinsonism may aggravate this 
symptomatology. The discussed direct compressive stress on 
the rhomboid fossa can also be responsible for other clinical 
signs: Impairment of the inner genu of the seventh cranial 
nerve may effectuate peripheral facial nerve palsy and prob-
ably blepharospasm too. Yet the latter could also be a result 
of an affection of the sensory nucleus of the trigeminal nerve. 
In our cases, it remains unclear whether the obstruction of 
the fourth ventricle outlets has simply been the underlying 
reason for hydrocephalus – e.g., congenital or infl ammatory 
 [  3  ]  – or brainstem shifting has caused a functional occlusion. 
Yet congenital or early acquired outlet blockage may remain 
asymptomatic as long as no secondary aqueductal stenosis 
due to overdrainage occurs.   

Facial nerve
(VII)

Superior salivary
nucleus (VII)

Inferior salivary
nucleus (IX)

Sensory nucleus
of the trigeminal

nerve (V)

  Fig. 2    The anatomical relationship between the bottom of the fourth 
ventricle and superfi cially located neuronal structures which may be 
responsible for blepharospasm, peripheral facial nerve palsy, and hyper-
salivation in cases of an entrapped ventricle       
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   Conclusion    

 Several brainstem signs and symptoms in shunt-treated 
hydrocephalus patients may arise from CSF overdrainage. 
We postulate a midbrain upward herniation into the tentorial 
notch to be the preliminary pathophysiological event initiat-
ing a complex impairment of adjacent neuronal structures      
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  Abstract    Introduction:  Although slit ventricle syndrome 
(SVS) is identifi ed as a serious complication in shunt-treated 
hydrocephalus, cerebral spinal fl uid (CSF) fl ow via external 
ventricular drainage (EVD) or shunts in SVS have not been 
studied up to now. 

  Material and methods:  A new apparatus (LiquoGuard ® ; 
Möller-Medical, Fulda, Germany) was used for EVD in a 
child with SVS. The LiquoGuard actively controls CSF 
drainage, based on intracranial pressure (ICP). 

  Results:  To achieve well-tolerated clinical conditions, an 
ICP level of 4 mmHg was necessary; realizable by drainage 
rates between 0 and 35 mL/h. Drainage rate variations typi-
cally occurred with repetitive time intervals of 2 h causing a 
“saw tooth” shaped CSF fl ow pattern throughout 24 h. 

  Discussion:  SVS seems to be characterized largely by 
quickly varying CSF drainage demands. Whether this is a 
general phenomenon or just true for this case has still to be 
studied and needs further clarifi cation.  

  Keywords   Slit ventricle syndrome  •  Hydrocephalus  •  Intra-
cranial pressure  •  Cerebrospinal fl uid  •  CSF  •  Complication  • 
 ICP measurement  •  CSF fl ow rates    

   Introduction 

 Slit ventricle syndrome (SVS) is a serious, potentially sud-
denly life-threatening complication of long-term (many 
years) overdrainage in shunted children  [  2,   17  ] . Especially 
when shunting occurs before fontanelle and suture closure, 
the risk can amount to 20% according to some reports in the 
literature  [  17  ] . Hence true SVS prevalence is still under 
debate as a consequence of diverging defi nitions: Some 
sources do not differentiate between pure imaging morphol-
ogy of slit ventricles with and without accompanying clinical 
symptoms. 

 Given low intracranial pressure (ICP) due to chronic 
overdrainage, the driving force for head growth defi ciency, 
resulting in microcephalus, premature suture ossifi cation 
and fontanelle closure, causing typical scaphocephalic head 
deformity  [  4  ] . The craniospinal compliance becomes in this 
way osseously fi xed and reduced that some milliliters of CSF 
more or less can decide a patient’s clinical state. 

 Reduced compliance and cerebrospinal fl uid (CSF) overd-
rainage go along with venous overdrainage due to a lack of 
the Starling effect on the bridging veins, resulting in crush-
ing of the superfi cial and the inner cerebral veins which nor-
mally forms one of the major intracranial buffering capacities. 
As a consequence, the shearing and compressing stress on 
the brain parenchyma increases during the systolic capillary 
loading. Periventricular gliosis, as seen in animal models 
 [  5,   13,   15  ] , might be related to chronic tissue damage  [  9  ] . 
The periventricular accentuation of such effects can easily be 
understood as being the result of the differently shaped inner 
and outer CSF–brain interface. The application of such sim-
ple (oversimplifying) physical laws as Pascal’s and Laplace’s 
predicts a much higher impact on the inner compared with 
the outer brain surface  [  1,   9  ] . Whether the periventricular 
gliosis and/or purely the consequences of physics cause what 
has been termed “stiff ventricles” remains a matter of debate. 
This being the situation,  noncompliant ventricle syndrome  
might be a much more accurate term for what is typically 
termed SVS  [  14  ] . 

 Accordingly, slit ventricles require    enormous intraven-
tricular pressure (IVP) before enlarging  [  9  ]  as a simple 
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physical principle, and given that they lack ventricular 
enlargement during shunt failure  [  1  ] , the enlargement must 
be not just because of microcephalus. 

 Another pathophysiological concept of SVS is that shunt-
related idiopathic intracranial hypertension (IIH) due to 
increased sagittal sinus venous pressure  [  17  ]  appears as an 
excellent completion of the aforementioned: The osseous 
skull base deformation in scaphocephalous due to SVS also 
reduces the jugular veins’ outlets on the skull base increasing 
the pressure in the intracranial venous sinus and amplifi es the 
missing Starling effect on the bridging veins while increasing 
the inner veins’ diameter. The latter mimics conditions simi-
lar to those in benign intracranial hypertensions (BIH) (yet 
restricted to the inner brain tissue) and in parallel, due to 
increased venous pressure, reduces CSF absorption capacity. 

 Based on ICP and clinical symptoms (headache) Rekate 
(1993)  [  16  ]  established a new SVS classifi cation to facilitate 
individual treatment, separating:

   Intermittent extremely low pressure headaches  • 
  Intermittent proximal obstruction of ventricle catheter  • 
  Shunt failure with small ventricles (normal volume hydro-• 
cephalus [NVH])  
  Intracranial hypertension with working shunts (hydro-• 
cephalic BIH)  
  Headaches unrelated to shunt function.    • 

 Even when combining all these pathophysiological concepts, 
the CSF hydrodynamics of SVS has not been fully under-
stood. To provide some further insight into that complexity, 
we studied the circadian CSF fl ow dynamics in SVS during 
external CSF drainage.  

   Materials and Methods 

 A 12-year-old girl    (body mass index 23 kg/m 2 , height 159 cm, 
distance from foramen of Monro to diaphragm 39 cm) suf-
fered amnesia for about 5 h in an upright position, as a result 
of suffering from orthostatic headache for several years. At 
the age of 2 weeks, an adjustable shunt had been inserted 
with an initially setting of 8 cm H 

2
 O to treat her diagnosed 

   hydrocephalus. As she had not been treated in our depart-
ment before, the initial setting had not changed during fol-
low-up to compensate for the increasing hydrostatic pressure 
due to her growing. 

 She was actually operated on for appendicitis causing 
peritonitis in another hospital 4 h before her fi rst admission 
to our department. During the appendectomy, the peritoneal 
catheter was externalized by the general surgeon. 

 On admission she complained of severe headache while cra-
nial computed tomography (CCT) revealed very small ventri-
cles (frontal occipital horn ratio: 0.33). To treat the initially 

suspected retrograde shunt infection with meningitis, the 
remaining parts of the shunt were explanted immediately. The 
explanted catheter and CSF samples were examined for bacteria 
and other signs of intracranial infection. According to Rekate’s 
recommendations  [  16  ]  an external drainage with features to 
measure ICP was implanted. Assuming dramatically reduced 
craniospinal compliance in this child, an extremely precise CSF 
drainage, avoiding both overdrainage and underdrainage seemed 
mandatory. The new Möller-Medical LiquoGuard ®  (Möller-
Medical, Fulda, Germany) device appeared most suitable for 
that purpose, allowing an ICP-controlled automated external 
CSF drainage. Built-in algorithms avoid unintended overdrain-
age during coughing and other Valsalva maneuvers that might 
provoke overdrainage in a conventional external ventricular 
drainage (EVD) that uses drip chambers for controlling the tar-
geted IVP. The drainage speed can be controlled by preselecting 
drainage rates between 0 and 50 mL/h, while the drainage vol-
ume is ICP-controlled. The device allows predefi ning an ICP 
level between 2 and 30 cm H 

2
 O, which is maintained by auto-

matically varying drainage at the preset drainage speed. When 
ICP is lower than the preset maximally tolerated ICP, no drain-
age occurs. If ICP exceeds the critical limit, then CSF is drained 
until the preset level is regained. In this way, the ICP level can 
be controlled perfectly constantly over time. All data (time 
stamps, ICP, drainage rate, drainage speed, drainage volume, 
and presettings) are electronically stored at a sampling rate of 
1 Hz. Data can be transferred to Microsoft Excel ®  (as we did) or 
other software for further analysis. 

 External CSF drainage was performed for 7 days before a 
new shunt was inserted.  

   Results 

 No bacteria were detected from the culture of CSF samples 
collected daily or from the entire hardware of the removed 
shunt, nor were there any further signs of general infection. 
In parallel, clinical signs of meningitis did not occur. 

 The headache on admission was due to underdrainage and 
consequent increased ICP as could be seen by the fact that it 
vanished immediately after CSF drainage. The initial con-
ventional EVD proved unsuitable, as the girl suffered some 
hours later from severe position-dependent headache. As 
clinical signs of meningitis were absent, the drained CSF vol-
ume was comparatively greater, so that the underlying reason 
for headache seemed to be overdrainage. This could be well 
understood, because, as a consequence of some pain and 
vomiting due to the preceding abdominal operation and peri-
tonitis, short episodes of Valsalva maneuvers occurred caus-
ing overshooting of CSF drainage with conventional EVD. 
Therefore precise, ICP-controlled EVD using the LiquoGuard 
device seemed reasonable, as it avoids unnecessary CSF 
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drainage during Valsalva maneuvers. It took some effort to 
establish the most suitable presetting. The optimum value 
for the ICP was found to be 4 mmHg as with this setting the 
girl remained free of headache. However, identifi cation of 
the proper drainage speed was still challenging: If set too 
low, underdrainage and headache might occur again, if set 
too high, ventricular collapse and overdrainage-related 
headache might result (Fig.  1 ). Using, as is normal when 
applying the LiquoGuard, a constant preset CSF drainage 
speed proved to be insuffi cient (Fig.  2 ). The drainage had to 
be precisely controlled according to circadian variations, 
ranging between 25 and 35 mL/h, so that the drainage speed 
maintained a constant ICP level of 4 mmHg. An appropriate 
pattern of CSF drainage    rates was found (Fig.  2 ) for a time 
period of 120–180 min. During these time slices, the CSF 
drainage requirement normally increased steadily from 
nearly 0 ml/h up to 35 mL/h within 60–90 min. Thereafter, 
the drainage requirement again decreased to the starting 
level within the same duration, thus forming a sine-shaped 
cyclic CSF drainage requirement over time. The CSF vol-
ume drained per time unit at a given preset drainage speed to 
maintain the desired ICP level was automatically adapted by 
the LiquoGuard. When maximal CSF delivery was neces-
sary, the device drained permanently. Eventually, as the 
drainage requirement was reduced, the periods of drainage 
became shorter. In this way constant ICP at the desired level 
could be maintained. Only one or two times a day, the drain-
age speed had to be adjusted. By day, a drainage speed of 
25 mL/h was normally the best, while a setting of 35 mL/h 
was necessary at night.   

 As no episodes of damped ICP pulse amplitude occurred 
it can be assumed that the measured ICP was reliable and 
ventricular collapse could be forestalled.  

   Discussion 

 As conventional EVD, using hydrostatic pressure defi ned 
by the height of a dripping chamber over the foramen of 
Monro, has many drawbacks, more sophisticated concepts 
for ICP-controlled EVD have been explored recently  [  19  ] . 
The LiquoGuard ®  is the fi rst commercially available 
device providing ICP-controlled, artifact-adjusted, “intel-
ligent” EVD. Physicians predefi ne the desired ICP setting, 
and the drainage speed and the CSF volume drained per 
time period is automatically controlled by a closed-loop 
ICP-regulated control cycle. Any accidentally or naturally 
occurring disturbances (e.g., coughing or other Valsalva 
maneuvers), which typically result in hydraulic misman-
agement in conventional EVD therapy, can be eliminated. 
In this way, a reliable and precise ICP-controlled EVD 
can be maintained. The importance of such perfectly con-
trolled EVD becomes obvious with the clinical precondi-
tions discussed. 

 In this child,    an inadequate craniospinal compliance as a 
consequence of chronic overdrainage, must be assumed, 
because minimally higher or lower drainage rates promptly 
resulted in underdrainage and overdrainage symptoms, 
respectively. 
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 Textbooks still claim that CSF production rates are con-
stant at about 20 mL/h. For the last two decades, however, 
there has been some evidence of circadian rhythms con-
trolled mainly by the autonomic nervous system  [  3,   6,   7, 
  10–  12  ] , which cause lower CSF production rates during the 
day (range 7–30 mL/h) and higher production rates at night 
(30–70 mL/h) as we (unpublished data) and others have 
found  [  6  ] . Extremes can typically be found at midnight to 
2 a.m. and at 4–6 p.m. Hence, CSF production rate varia-
tions at short intervals have been observed only once before 
with quite similar time periods as those we have observed 
 [  12  ] , though never before in SVS. The exceptional nature of 
our observations    lead us to suppose that inadequate cranio-
spinal compliance as measured by the CSF drainage rates 
can be assumed to refl ect the rhythmicity of CSF production 
too. The variation range (0–35 mL/h) within 2–3 h, by far 
exceeds the variations attributable to the state of the autono-
mous nervous system, as the rhythmicity and range of varia-
tion remain nearly the same by day and night and have also 
been proven to be independent of alertness. Recently there 
is some evidence that further infl uencing factors such as age 
and ICP level might affect CSF production rates  [  18  ] . In the 
case presented here, we assume that ICP may be one of the 
most infl uential variables regulating CSF production. In 

such cases of SVS with extremely reduced craniospinal 
compliance, minimal variations of CSF production must 
signifi cantly change ICP. The constant phase shift between 
ICP and CSF drainage rates (Figs.  1  and  3 ) supports these 
conclusions.  

 However, a precondition for claiming that the CSF drain-
age rates refl ect its production rate is that the resistance to 
CSF outfl ow (Rout) remains constant during 24 h and unaf-
fected by the ICP level. Figure  2  might suggest that there is 
no circadian rhythm to CSF absorption. The infl uence of ICP 
on Rout is vigorously being debated  [  12  ] . Since Rout might 
change rapidly as the response to ICP increases or decreases, 
this might introduce some bias when concluding that the 
observed drainage rates refl ect CSF production rates. While 
ICP-induced Rout variations are mild to moderate at ICP lev-
els <20 mmHg (depending on the hydrodynamic model), 
signifi cant Rout increase is predicted by all models if ICP 
exceeds 30 mmHg. As ICP never reached such a level during 
the observation period, bias due to ICP-induced Rout varia-
tions can be assumed to be mild in the given case. Therefore 
our assumption of the ICP role in CSF production rates 
appears reasonable for the observed rhythmicity. And yet, 
even now, unknown factors affecting CSF production rate 
cannot be ruled out. 
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    Conclusion    

 The case presented here, moreover, demonstrates how 
quickly and precisely shunts have to control CSF drainage in 
SVS, as maintenance of a preset ICP level with minimal hys-
teresis is of utmost importance. Accordingly, any infl uence 
of hydrostatic pressure alterations must be excluded too, to 
achieve reasonable quality of life. In the presented case, an 
adjustable gravitational shunt seemingly provided such pre-
conditions, as the girl remained free of any symptoms after 
the implant of an adjustable shunt design, in signifi cant con-
trast to her complaints with the formerly implanted simple 
differential pressure valve.       
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  Abstract    Introduction:  Intracranial pressure (ICP) monitor-
ing is usually conducted in-hospital using stationary devices. 
Modern mobile ICP monitoring systems present new moni-
toring possibilities more closely following the patients’ daily 
life. We reviewed patient safety, quality of technical data, 
and adequacy for clinical evaluation in ICP monitoring in the 
home setting versus in-hospital monitoring. 

  Methods:  Patients were divided into two subgroups (home 
or hospital monitoring). We noted technical curve quality 
and clinically useful parameters for both subgroups. 

  Results:  Forty-four patients (aged 1–55 years) were included 
in this survey, with 50 sessions (home/in-hospital monitoring: 
21/29). No difference was found in technical curve quality by 
comparing number of interruptions ( p  = 0.22), percentage of 
measurement duration with valid curve ( p  = 0.57), or the ability 
to perform adequate clinical evaluation of the data ( p  = 0.52). 
No clinically detectable complications were encountered in 
either group. 

  Conclusion:  We propose home ICP monitoring as a fea-
sible and safe alternative to in-hospital monitoring in select 
cases where the patient’s caregiver – with prior meticulous 
instructions – can adequately observe the patient during the 
monitoring session.  

  Keywords   Hydrocephalus  •  Intracranial pressure  •  Intra-
parenchymal  •  Patient monitoring    

   Introduction 

 Intracranial pressure (ICP) monitoring is a useful diagnos-
tic tool in complex cases of shunt dysfunction with ques-
tionable clinical and/or radiological fi ndings. There is no 
particular requirement for the length of time the device 
has to remain in place. The added value of overnight mon-
itoring sessions, as opposed to daytime measurements, has 
become apparent  [  6  ] , as some patients display a normal 
diurnal ICP curve, but an abnormal nocturnal curve. Curve 
analysis comprises an estimation of average baseline pres-
sure and analysis of the curve waveform. The normal 
supine baseline is assumed to be between 10 and 15 mmHg, 
and a baseline in the upright position between 0 and 
10 mmHg  [  5  ] . Analysis of the curve usually includes 
description of the waveform, amplitude, and occurrence 
of abnormal pressure waves, known as A and B waves. 
A waves are always pathological and require intervention 
or further investigation. However, the clinical and physi-
ological signifi cance of B waves is much less clear. They 
may be normal and show a possible correlation with REM 
sleep  [  10  ] , or they could refl ect abnormal compliance or 
defective autoregulation  [  4  ] . Thus, analysis of the curve is 
often a valuable adjunct to the clinical symptoms of abnor-
mal intracranial pressure. 

 ICP monitoring sessions are usually conducted in-hospi-
tal using a stationary device, which places restrictions on the 
mobility of the patient for the duration of the test. It is our 
experience that patients would be more likely to remain in 
bed when using the stationary ICP monitoring system. This 
behavior reduces the chances of observing abnormal ICP 
curves during activity, and presents concerns that the moni-
toring session may fail to accurately mirror the patients’ 
 special daily and nightly routines. Modern mobile ICP moni-
toring systems present new possibilities for monitoring, 
including during the patient’s routine and daily life – thus 
allowing us access to an ICP curve that is potentially more 
true to life. The aim of this study was to evaluate if the qual-
ity of technical and clinical data obtained by home ICP 
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monitoring sessions equaled those obtained in-hospital, and 
consequently if the advantages of a mobile ICP monitoring 
system could be exploited outside the confi nes of the hospi-
tal with proper respect for patient safety.  

   Materials and Methods 

   Patient Selection and Subgroups 

 Our survey included all patients – pediatric as well as adult – 
requiring nonemergency ICP monitoring in our department 
from June 2007 until November 2009. All sessions were 
reviewed along with clinical data based on a review of the 
patients’ charts. Clinical information included demographic 
data, the indication for ICP registration, the treatment conse-
quences of ICP monitoring, and complications. 

 Patients were divided into two groups according to the 
location of the monitoring session: hospital or at home/out-
side the hospital. The decision was made by the attending 
physician based on the patient’s neurological status, and an 
assessment of the family’s skills in safely observing the 
patient outside the hospital for the duration of the session. 
Individual instructions were given to make sure the patient 
was safely cared for during the monitoring period.  

   Postoperative Observation 

 Following insertion of the ICP measurement probe, patients 
were observed postoperatively for at least 6 h before going 
home on leave or being transferred to a non-intensive-care 
ward, as surgical hematomas are most likely to occur within 
this timeframe  [  9  ] . As many of the patients have undergone 
numerous radiological examinations over the years, with 
potentially harmful radiation exposure, we do not routinely 
perform postoperative computed tomography (CT) to exclude 
a surgical hematoma. None of the patients in this study 
exhibited clinical signs of complications after insertion of 
the probe.  

   ICP Measurement Probe 

 The Raumedic NEUROVENT-P intraparenchymal ICP mon-
itoring system (Raumedic AG ® , Münchberg, Germany) was 
used. This system allows the patient to move about freely 
with the measurement probe attached to a mobile datalog-
ging system in a shoulder bag or strap, with minimal discom-
fort  [  2,   3,   7  ] . After completing the ICP measurement, the 

data is extracted to a Windows PC for postprocessing and 
archiving in the data analysis software.  

   Curve Evaluation 

 All monitoring sessions were reviewed for their technical 
quality and clinically useful parameters. To assess technical 
quality, we noted the number of interruptions in the curve-
registration and the percentage of the monitoring session 
containing a valid curve. Multiple short sessions lasting 
between a few seconds and a few minutes, because of 
repeated resetting of the device, were classifi ed as a single 
longer lasting interruption. To assess clinically useful param-
eters, all ICP curves were reviewed for variations of mean 
ICP between daytime and nighttime, percentage of the curve 
containing B waves, number of episodes with raised ICP, and 
duration of the longest lasting episode with raised ICP. 

 For each of these parameters, it was noted whether a sat-
isfactory assessment could be made. For monitoring sessions 
lasting more than 24 h, we reviewed the second day and night 
of the session for the above clinical parameters.  

   Statistics 

 Statistical analysis was carried out using PASW Statistics 
package v18.0 (SPSS Inc., Chicago, IL, USA). The Mann–
Whitney  U  test was used to compare ICP measurement time 
and number of interruptions between home and in-hospital 
monitoring groups. Values of  p  < 0.05 were considered statis-
tically signifi cant.   

   Results 

 Forty-four patients were included, presenting 50 monitoring 
sessions. Six patients were monitored more than once. A single 
patient was excluded from the study: Upon waking from sur-
gery, this severely autistic patient removed the ICP measure-
ment probe, and no new measurement attempts were made. 
Twenty-one patients were outside the neurosurgical depart-
ment during the ICP monitoring session (and thus placed in the 
Home group). Twenty-nine patients were admitted for the 
duration of the monitoring session (In-hospital group). 

 When looking at indications for ICP measurement, 
diagnostic procedures to uncover idiopathic intracranial 
hypertension (IIH), shunt dysfunction, or hydrocephalus 
were the most common indications (Fig.  1 ). No signifi cant 
age difference was noted between the two subgroups 
(Table  1 ;  p  = 0.86).   
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   Technical Curve Evaluation 

 Curve evaluations are summarized in Table  2 , and show that the 
Home group participated in longer monitoring sessions than 
the In-hospital group ( p  = 0.01). No differences were found 
when comparing the percentage of curve containing valid data 
( p  = 0.57), the number of technical interruptions in the curve 
data ( p  = 0.22), or the sessions that were interrupted ( p  = 0.35).   

   Clinical Curve Evaluation and Results 
of Monitoring 

 When comparing clinical parameters for the two subgroups, 
no difference was noted in the ability to verify required clini-
cal parameters (Table  3 ;  p  = 0.52). Setting the equipment in 
long play mode provides only information on mean ICP 
without wave details. This was the case in almost all cases 
where curve details were unavailable.  

 When looking at the clinical consequences of ICP moni-
toring, further clinical action was taken in 20 cases, and there 
was no signifi cant difference between the two subgroups 
(Table  4 ;  p  = 0.73).    

   Discussion 

 Our results show home ICP monitoring to be a safe and reli-
able addition to the existing toolkit used in diagnosing 
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Radiologically proven hydrocephalus

  Fig. 1    Indications for intracranial pressure (ICP) measurement. The 
frequency of clinical indications listed for ICP measurement. The 
“Other” category consists of a single patient with atypical facial pains 
following shunt removal       

   Table 1    Age of participating patients   

 Mean 
(years) 

 Range 
(years) 

 SD 
(years) 

 Median 
(years) 

  p  value 

 Home 
group 

 15.14  1–43  11.47  12  0.86 

 In-hospital 
group 

 17.07  1–55  15.27  12 

  Mean patient age was slightly lower for the patient group monitored in 
the home setting, but the groups showed identical medians  

   Table 2    Length and technical quality of ICP monitoring sessions   

 Mean  Range  SD  Median   p  value 

 a Length of ICP measurement 

  • All patients  38.4 h  3–98 h  23.5 h  29 h  0.01 

  • Home group  47.9 h  5–95 h  25.3 h  44 h 

  • In-hospital group  31.5 h  3–98 h  19.8 h  24 h 

 b Length of ICP measurement with valid curve 

  • All patients  37.2 h  3–97 h  23.6 h  26.5 h  – 

  • Home group  46.7 h  5–94 h  26.0 h  44 h 

  • In-hospital group  30.4 h  3–97 h  19.5 h  24 h 

 c Part of curve with valid measurement 

  • All patients  96.80%  57–100%  9.2%  100%  0.57 

  • Home group  96.10%  63–100%  10.2%  100% 

  • In-hospital group  97.20%  57–100%  8.7%  100% 

 d Number of interruptions 

  • All patients  1.2  0–6  1.8  0  0.22 

  • Home group  1.5  0–6  1.9  1 

  • In-hospital group  1.0  0–6  1.8  0 

   Row ‘a’  shows home sessions to be signifi cantly longer than in-hospital sessions. This is not surprising as the group consisted of more diffi cult 
cases requiring longer monitoring.  Rows ‘b’ and ‘c’  show the sessions to be of a consistent quality, regardless where the session took place.  Row 
‘d’  shows a slightly higher – but not signifi cant – frequency of interruptions in the home group 
  ICP  intracranial pressure  
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conditions related to abnormal ICP. In this study, placement 
in either the home or the in-hospital subgroup was based 
solely on the clinical assessment of the attending physician. 
To standardize future use of home ICP monitoring, we rec-
ommend establishing working criteria for the routine use of 
monitoring in the home setting. Based on our experiences 
with home ICP monitoring, a large group of patients can 
safely be discharged from the hospital to a monitoring ses-
sion in the home setting. The limitations of this method are 
primarily competing medical disorders, surgical risks, and 
problems with inadequate observation by the patient’s care-
giver at home. 

   Safety 

 Other studies have shown varying complication rates. By 
performing routine postimplantation imaging, the occur-
rence of radiologically detected surgical hematomas may be 
as high as 10% without clinical implications or symptoms 
resulting from this  [  1,   8  ] . Most studies have been carried out 
in patient populations with head injuries, different from the 
patients of this study. 

 Following 6-h postoperative observation, there were no 
clinical symptoms compatible with complications in either 

group. We consider the procedure safe only if postoperative 
observation has been completely uneventful, and the patient’s 
caregiver is capable of observation at home. The mean age of 
patients in the home group was slightly lower than in the in-
hospital group, which we attribute to easier access to a com-
petent adult caregiver for the duration of the monitoring 
session in the pediatric patient subgroup.  

   Data Quality 

 For this study we kept a narrow focus on whether the gath-
ered data was of suffi cient quality for clinical decisions. 
Typical ICP wave oscillations were present throughout the 
duration of all measurement periods (Table  2 ; part of curve 
with valid measurement). Our fi ndings are consistent with 
frequently observed ICP ranges in the daily clinical setting. 
We did not ask patients to register postural changes during 
the day, but consistent with previous results  [  10  ]  diurnal ICP 
values were lower than nocturnal values, and values in 
shunted patients were 10–20 mmHg lower than in nons-
hunted patients depending on the type of shunt. 

 We found no differences in the number of interruptions of 
the curve, the percentage of the curve with valid data, or pos-
sibility to suffi ciently assess selected clinical curve 

   Table 3    Clinical curve evaluation   

 Mean ICP  Percentage of curve 
with B waves 

 No. episodes with 
raised ICP 

 Duration of longest 
episode with raised ICP 

 Day  Night  Day  Night  Day  Night  Day  Night 

 Parameter measurable 

  • All patients  48/50  46/50  42/50  43/50  39/50  43/50  41/50  43/50 

  • Home group  20/21  20/21  15/21  17/21  16/21  18/21  17/21  18/21 

  •  In-hospital group  28/29  26/29  27/29  26/29  23/29  25/29  24/29  25/29 

 Parameter not measurable 

  • All patients  2/50  4/50  8/50  7/50  11/50  7/50  9/50  7/50 

  • Home group  1/21  1/21  6/21  4/21  5/21  3/21  4/21  3/21 

  •  In-hospital group  1/29  3/29  2/29  3/29  6/29  4/29  5/29  4/29 

  For each monitoring session we noted whether the selected clinical parameters were measurable and thus of suffi cient quality to be used for clinical 
decisions. If the answer was no to just one of the clinical parameters, we fl agged the session as being of inadequate quality 
  ICP  intracranial pressure  

   Table 4    Clinical result of ICP measurement   

 No 
action 

 Shunt 
insertion 

 Shunt 
revision 

 Medical 
treatment 

 Decompressive 
surgery 

 Shunt 
removal 

 Other  Total 

 Home group  12  2  6  0  0  1  0  21 

 In-hospital group  18  5  1  1  2  1  1  29 

 Total  30  7  7  1  2  2  1  50 

  Decompressive surgery’ concerns two cases with craniosynostosis, requiring frontal advancement of the cranium. The ‘Other’ group contains 
a single patient who underwent third ventriculostomy with good clinical effect 
  ICP  intracranial pressure  
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parameters. Therefore there should be no reservations regard-
ing the quality of the home ICP monitoring sessions com-
pared with in-hospital sessions. 

 Several patients presented with a normal diurnal curve, but 
showed abnormal nocturnal activity, highlighting the need for 
overnight ICP monitoring sessions. Furthermore, in most 
patients we observed clustering of the ICP elevations during 
phases of REM sleep, consistent with other reports  [  10  ] . 

 The treatment decision following in-hospital monitoring 
was mostly primary shunt insertion, whereas shunt revision 
usually occurred after home monitoring (Table  4 ). We feel 
this highlights the potential of home ICP monitoring in clini-
cally diffi cult cases, where several diagnostic as well as 
treatment procedures had previously failed.   

   Conclusion 

 Based on our results, we propose home-ICP monitoring as a 
feasible and safe alternative to in-hospital monitoring in 
select cases where the patient’s caregiver – with prior metic-
ulous instructions – can adequately observe the patient dur-
ing the monitoring session.      
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 statistical analysis, 188 
 technical quality evaluation, 189 

 pressure volume index, 2  
  Intraventricular hemorrhage (IVH) management 

 Apgar score, 173–174 
 complications, 174 
 diagnosis, 173 
 mortality rate, 174 
 neonatal care, 174 
 protocol, 175 
 treatment strategy, 173 
 ventricular system, 174–175  

  IVH.  See  Intraventricular hemorrhage (IVH) management   

  K 
  Kaolin injection, 56  
  Koerber-Salus-Elschnig syndrome.  See  Dorsal midbrain syndrome 

(DMS)   

  L 
  Lactated Ringer’s solution, 104  
  L- a -lysophosphatidylcholine (LPC) stearoyl injection, 56  

  Laser-assisted techniques.  See  2-Micron continuous wave laser, 
neuroendoscopic procedures  

  LDD.  See  Lhermitte-Duclos disease  
  Leucine-rich alpha–2-glycoprotein (LRG) 

 antibody staining, 98 
 anti-myelin basic protein, 99 
 autopsied brain specimens, 97–98 
 cerebral cortex, expression in, 98 
 expression changes, with age, 100 
 Olig2, and GLUT5 immunostaining, brain, 99 
 reverse transcriptase polymerase chain reaction, 98, 100  

  Lhermitte–Duclos disease (LDD) 
 clinical fi ndings, 161 
 computed tomography, preoperative, 163 
 diagnosis, 161 
 gangliocytoma, 162 
 histological examination, 162 
 imaging, 162 
 microscopic examination, tumor, 164 
 obstructive hydrocephalus, 162 
 PTEN gene, 162 
 symptoms, 163  

  Low-pressure hydrocephalus, 158  
  LRG.  See  Leucine-rich alpha–2-glycoprotein  
  Lumboperitoneal (LP) shunt, 26, 117   

  M 
  Magnetic resonance imaging (MRI) 

 colpocephaly, 168 
 dorsal midbrain syndrome (DMS), 178 
 idiopathic normal pressure hydrocephalus, 33–34 
 research tool, 3–4  

  Mathematical modeling, CSF, 10–13  
  2-Micron continuous wave laser, neuroendoscopic procedures 

 application, 146 
 characteristics, 146 
 clinical study, 143 
 endoscopic procedure, 145 
 fl exible laser fi ber, 144 
 postoperative CT scan, 145 
 surgical technique, 144 
 technical description, 144  

  Mini-Mental State Examination score, 17   

  N 
  Negative-pressure hydrocephalus, 158  
  Neuroendoscopic surgery 

 artifi cial cerebrospinal fl uid role, 103–106 
 2-micron continuous wave laser, 143–146  

  Normal pressure hydrocephalus (NPH) 
 clinical fi ndings, 119 
 computed tomography, 119 
 CSF fl ow parameters, 121 
 diagnosis and management, 2 
 endoscopic third ventriculostomy 

 Black’s scale, 125 
 clinical evaluation, 130, 131 
 cognitive impairment assessment, 124 
 CSF outfl ow resistance, 126 
 effi cacy of, 132 
 external lumbar drainage, 124, 126 
 gait disturbance, 125 
 imaging techniques, 124 
 infusion tests, 125 
 lumbar Rout values, 124–125 
 patient identifi cation, 123–124 
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 surgical technique, 124, 131 
 symptomatology, 130 
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 pathological characterization, 120–121 
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 subdural hematoma, computed tomography, 120 
 ventricular system, 120  

  NPH.  See  Normal pressure hydrocephalus   
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  Obstructive hydrocephalus 

 endoscopic third ventriculostomy 
 complications, 138 
 etiology, 135–136 
 imaging, 136 
 postoperative evaluation, 137, 138 
 safe and effective, 137 
 stoma occlusion, 136 
 surgical technique, 136 
 venous bleeding, 137 

 Lhermitte–Duclos disease, 162   

  P 
  Parinaud’s syndrome.  See  Dorsal midbrain syndrome (DMS)  
  Parkinsonism, 178  
  Phase-contrast MRI 

 craniospinal hydrodynamics, 65 
 CSF fl ow quantifi cation, 41 
 idiopathic normal pressure hydrocephalus, 44, 45  

  Posterior fossa, meningioma, 167–171  
  Pressure volume index (PVI), 2  
  Pretectal syndrome.  See  Dorsal midbrain syndrome (DMS)  
  ProGAV shunt valve, 22, 23, 74  
  Programmable shunt assistant (ProSA) test 

 CSF drainage, 71 
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 experimental setup, 72 
 functions, 72, 73 
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 physical methods, 72 
 programmable valve, 72 
 programming, 74, 75 
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 statistical methods, 73 
 valve functions, 73–74 
 valve’s stability, 71  

  PTEN gene, 162   
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  Randomized controlled trial (RCT), 2–3, 17  
  Research ethics.  See  Ethical considerations  
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 high mobility group box–1 protein expression analysis, 91–92 
 leucine-rich alpha–2-glycoprotein localization, 98, 100   
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  Scanning electron microscopy, shunt valve deposits examination 

 abnormal deposits, 84 
 energy-dispersive X-ray microanalysis, 84 
 experimental setup, 83–84 
 inorganic crystals, 85 
 Medos programmable valves, 83 
 protein accumulation, 85 
 shunt malfunction, 85 
 synthetic ruby ball, 84 
 ventricular catheter occlusion, 83  

  Silicone catheters 
 animal model, 88 
 biocompatibility, of implants, 87 
 collagen fi ber-rich capsule, 89 
 histopathological fi ndings, 88–89 
 intraperitoneal occlusions, 89 
 light-optical microscope imaging, 89 
 shunted patients, 87–88 
 validity and reliability, 88  

  SILPAH.  See  Syndrome of inappropriately low-pressure 
acute hydrocephalus  

  Slit ventricle syndrome (SVS) 
 benign intracranial hypertensions, 182 
 diagnosis, 182 
 drainage rate, 183–185 
 external ventricular drainage, 183 
 idiopathic intracranial hypertension, 182 
 intracranial pressure, 181, 183, 184 
 intraventricular pressure, 181–182 
 periventricular gliosi, 181 
 symptoms, 182  

  Spinal arachnoid villi, 47–48  
  Subdural/intraparenchymal placement, 109–112  
  SVS.  See  Slit ventricle syndrome  
  Sylvian aqueduct syndrome.  See  Dorsal midbrain 

syndrome (DMS)  
  Syndrome of inappropriately low-pressure acute 

hydrocephalus (SILPAH) 
 clinical deterioration, 156 
 cortical subarachnoid space, 158 
 EVD, 159 
 initial treatment, 157 
 low ICP, 157, 158 
 neurological exam, 156–157 
 pathophysiology, 158 
 patients, 156 
 shunt system, 159 
 symptoms, 155 
 treatment, 157–158 
 ventricular catheter, 156 
 ventriculomegaly, 156 
 ventriculostomy, 155   

  V 
  Ventriculomegaly, 91, 120, 156, 158  
  Ventriculoperitoneal (VP) shunt, 116  
  Ventriculostomy, 138, 155.  See also  Endoscopic third 

ventriculostomy (ETV)  
  Virchow-Robin spaces, 33–36        
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