When Volume Matters More Than Pressure: a case of Acute Low-Pressure Hydrocephalus
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Abstract
Background: Acute low-pressure hydrocephalus (ALPH) is a rare “phenotypic variant” of acute hydrocephalus where ICP is incongruously low for the level of ventriculomegaly and the clinical signs. ALPH often appears to clinicians as a contradiction of Monro-Kelly's law. 
Case description: We report a case of a 76-year-old woman with a ventriculoperitoneal shunt (VPS) implanted one year before for post-hemorrhagic hydrocephalus who presented to our Emergency Department for a progressively increasing drowsiness and impaired balance, associated with weight loss. We suspected a malfunction of the VPS, and we made an infusion test, which resulted positive. CSF culture revealed an infection. The patient developed a worsening ventriculomegaly, despite having implanted external ventricular drainage (EVD) which appeared to be normally functioning at our multiple checking. The last cerebral CT performed on day 20 showed brainstem ischemia. The patient died on day 24. 
Conclusion: We believe that the supratentorial ventricular system was excluded from the subarachnoid space due to arachnoid membranes following meningitis, or because of the original bleeding itself. Without a positive gradient pressure, the CSF could not exit from the EVD. For ALPH to occur it is necessary a compartmentalized ventricular system and a vent point for the ICP in the subarachnoid system.
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Introduction
[bookmark: Bookmark]Hydrocephalus is defined as an excessive accumulation of cerebrospinal fluid (CSF) within the central nervous system (CNS)(1). It can be triggered by several conditions such as infections, haemorrhages and tumours. Hydrocephalus is normally associated with an increase in intracranial pressure (ICP), resulting in headache, vomiting, progressive deterioration of the state of consciousness, coma and death. In other common forms of hydrocephalus, for example in normal pressure hydrocephalus, the CSF opening pressure is described in the normal range (5-18 mmHg), leading to a chronic condition of walking, memory and urinary incontinence disorders. 
[bookmark: Bookmark1][bookmark: Bookmark2][bookmark: Bookmark3][bookmark: Bookmark4][bookmark: Bookmark5][bookmark: Bookmark6]Much rarer is the condition of acute hydrocephalus with a low or negative ICP, recently described as a syndrome of inappropriately low-pressure acute hydrocephalus (ALPH), where ICP is incongruously low for the level of ventriculomegaly and the clinical signs(2–4). The condition of  ALPH, frequently not recognized by physicians, is a rare “phenotypic variant” of acute hydrocephalus(2), in which ventriculomegaly is present, but the measured ICP is less than expected. Because of its enigmatic characteristics, ALPH is frequently misdiagnosed, and patients tend to undergo multiple unsuccessful shunts for presumed device failure before the diagnosis of ALPH is made(2). This rare condition is described in both patients, with or without a prior CSF shunt device, but also in patients with neurosurgical procedures involving the opening of the dura(5). Temporizing EVDs fail to drain CSF at standard drainage height settings and shunts are ineffective at diverting CSF from abnormally low-pressure dilated ventricles into distal sites. There is a need for more information regarding factors that make patients vulnerable to ALPH and how to aid in early diagnosis. As far as we know, the only study done on a large number of patients is that by Keough et al.(2) To this point there are no accepted protocols for the treatment of ALPH(2,6,7). 
We present a case of ALPH and we propose a possible pathogenetic mechanism. 
Case description
A 76-year-old woman with a ventriculoperitoneal shunt (VPS) implanted one year before for post-hemorrhagic hydrocephalus (Figure 1a), presented to our Emergency Department for drowsiness and impaired balance, associated with weight loss. Radiological and clinical analyzes revealed malabsorption syndrome and Intestinal Pseudo-Obstruction, which were likely to be related to the rapid weight loss.
On day 1 head CT showed a modest increase in the size of the lateral ventricles compared to the previous one (Figure 1b). Suspecting a malfunction of the VPS we performed a lumbar puncture (LP) and an infusion test, obtaining pathological values that confirmed the malfunction. We sent CSF samples to examine for microbiological culture. Klebsiella oxytoca and Enterococcus faecalis were isolated on the CSF culture.
We decided to treat the patient through the removal of the VPS and performing an EVD, that always remained silent, despite being correctly positioned and although CSF flowed out with the manual aspiration. 
 Notwithstanding the antibiotic therapy for meningitis, progressive deterioration of neurological conditions occurred in the next few days. Serial head CT scans, performed between day 3 and day 20, showed a constant increase in ventricular volume (Figure 2) despite the presence of a silent EVD set at 10 cmH2O and then at 5 cm H2O. Head MRI performed on day 10 confirmed the hydrocephalus but did not show anything meaningful (Figure 3). Multiple checks were made on the EVD and it was found to be working correctly, but CSF still did not come out through the drain. The last cerebral CT performed on day 20 showed brainstem ischemia (Figure 4). The patient died on day 24.
Discussion
[bookmark: Bookmark7][bookmark: Bookmark8]The primary reason why it is so difficult to diagnose ALPH is that a context of acute hydrocephalus refers to an increased ICP, instead, the detection of such a low ICP looks to be apparently in contrast with the Monro-Kelly law(2). Several explanations have been advanced for the pathogenesis of this rare condition, including intrinsic change in brain turgor, the presence of a transmantle pressure between the ventricles and the subarachnoid space and a mechanical obstruction between these two spaces (2,4–7).
[bookmark: Bookmark9]We proposed the pathophysiological explanation in our case (Figure 5). The exclusion of the ventricular system from the subarachnoid space may be due to arachnoid membranes following meningitis, or as a result of the bleeding itself(2). In this situation, there is no continuity between the ventricular system and the subarachnoid spaces. The supratentorial ventricles continued to produce CSF, leading to an enlargement of the ventricular chambers. The increase in volume, however, did not correspond to an increase in ICP, as the subarachnoid space was excluded from the ventricular chambers due to compartmentalization, and the pressure was released in the vent point created iatrogenic, after the LP. With the LP, we created a continuity between the subarachnoid space and the outside allowing the ICP to discharge from the inside out. The lateral ventricles increased in size rapidly, damaging the brain structures, and being able to also determine ischemia of the pons, which was fatal.
[bookmark: Bookmark10]We have to consider, also, that in our case the inveterate compartmentalization of the ventricular chambers was also favoured by the VPS, which did not stimulate the physiological opening of the foramina of Monro, the natural pathways of the CSF flow, as suggested by Retake et. al(8). 
It is therefore very clear that neurological decline does not need high ICP but only the physical distortion of the brain structures to happen.
[bookmark: Bookmark11]We were observing a low pressure but rapidly expanding ventricular system. The mistake in our case was to put an EVD in a low-pressure ventricular system and set it to 5 cm H2O. Having no positive gradient pressure, the CSF could not exit through the EVD. Following the experiences reported in the literature instead, we should have set the EVD to a sub-atmospheric value(2,4,6,8–10). In this way we would have created a negative pressure gradient that would have led the CSF to outflow from the lateral ventricles, lessening their volume, and therefore reducing the distortion they were generating on the brainstem.
In this rare phenotypic variant of acute hydrocephalus, volume matters more than pressure.
Conclusion
ALPH is an unusual acute hydrocephalus phenotype that affects patients of all ages and which can even lead to death if it is not diagnosed and treated promptly. There is currently no solid evidence to propose a gold standard treatment for this rare condition, even if setting the EVD to a sub-atmospheric value seems to be the most plausible logical solution. The first step is the knowledge of its existence and the drop in the diagnostic delay. There are two conditions necessary for the development of ALPH according to the proposed pathophysiological scheme: 1) the existence of a compartmentalized ventricular system (often associated with VPS that favours compartmentalization) and 2) a vent point for the ICP in the subarachnoid system, often caused iatrogenic. 
Financial disclosures and conflicts of interest: none. 
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Figure captures
Figure 1. a) axial head CT scan showing sub-arachnoid hemorrhage, the initial clinical event. b) axial head CT scan showing VPS implanted because of post-hemorrhagic hydrocephalus.
Figure 2. a), b), c), d), e), f) serial axial CT images showing a constant increase in ventricular volume despite the implantation of EVD set at 5 cm H2O.
Figure 3. a) and b) axial head MRI showing a framework that can be completely superimposed on the head CT. In the images taken for in-depth diagnostics there is no evidence of a cause for the constant increase in ventricular size. Ischemia is not evident in the MRI images.
Figure 4. Axial head CT scan showing hypodensity and swelling of the pons, compatible with pontine infarction. 
Figure 5. Schematic representation of our hypothesis on the pathogenesis of ALPH in the case described.
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