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NEGATIVE-PRESSURE and low-pressure hydrocepha-
lus cases are clinical entities distinct from other 
types of hydrocephalus. Both entities are defined 

by the presence of very low or negative ICP and ventricu-
lomegaly. The presentation is quite rare and has been de-
scribed in patients with subarachnoid hemorrhage,5,21,29,32 
intraventricular hemorrhage,21 lumbar puncture,9 menin-
gitis,21 posterior fossa tumors, congenital aqueductal ste-

nosis, spinal arachnoid cysts,39 hemispherectomy,7 and 
normal-pressure hydrocephalus.4,5,28,29,35 Patients with 
low- or negative-pressure hydrocephalus frequently un-
dergo multiple shunt revisions, without success in revers-
ing the signs of ventriculomegaly. The neurological clini-
cal course is insidious. Patients show a declining level of 
consciousness and function, with decreases in areas such 
as appetite, energy, speech, motor function, and balance. 
Although low pressure is the cornerstone of the defini-
tion, the clinical picture is similar to ventriculomegaly as-
sociated with high ICP symptoms in that they share signs 
and symptoms such as low level of consciousness, head-
aches, vomiting, and cranial neuropathies.29,35,39
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Abbreviations used in this paper: CSAS = cortical subarachnoid 
space; ECF = extracellular fluid; ETV = endoscopic third ventricu-
lostomy; EVD = external ventricular drain; ICP = intracranial pres-
sure; VP = ventriculoperitoneal.
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The underlying pathophysiology leading to ventric-
ulomegaly with low ICP and symptoms resembling in-
tracranial hypertension is complex. In this report we de-
scribe 3 patients who developed negative- or low-pressure 
hydrocephalus after undergoing a cranial approach for 
treatment of a ruptured posterior inferior cerebellar ar-
tery aneurysm, a vermian cavernous malformation, and a 
dissecting aneurysm of the left internal carotid artery ter-
minus. These patients developed CSF leaks and required 
VP shunt placement at some point in their clinical course.

Case Reports
We retrospectively reviewed 3 cases of negative- or 

low-pressure hydrocephalus complicating cranial base 
approaches with CSF leaks at our institution. Each case is 
described and the origin and course of treatment for this 
condition are discussed.

Case 1
This 61-year-old man with a ruptured left posterior 

inferior cerebellar artery aneurysm presented with a se-
vere subarachnoid hemorrhage with a bilateral intraven-
tricular contribution. The aneurysm was clipped through 
a far-lateral craniotomy, and due to ventricular blood 
casts, bifrontal EVDs were placed to treat his posthem-
orrhagic hydrocephalus. A CT scan obtained on the 2nd 
postoperative day demonstrated normal ventricle size and 
a fluid collection adjacent to the craniectomy site resem-
bling a pseudomeningocele. On the 5th postoperative day, 
CT showed that the size of the ventricles had increased 
and the size of the fluid collection was stable. Given con-
cerns about underdrainage, the catheter from the right 
frontal horn was replaced.

On postoperative Day 8, the patient became febrile, 
and CSF studies revealed a high cell count and leukocy-
tosis. An evaluation for infectious diseases revealed men-
ingitis caused by a gram-negative rod. Antibiotic therapy, 
tailored to infectious diseases consultations and CSF cul-
tures, was initiated and the bifrontal EVDs were replaced 
on the 20th postoperative day.

The patient was extubated on the 11th postoperative 
day. A CT scan obtained the same day showed ventriculo-
megaly and a stable fluid collection as described previous-
ly in the subcutaneous tissue at the craniectomy site. The 
ventriculomegaly noted on the CT scan was attributed to 
an obstructed right frontal EVD catheter. Subsequently, 
the catheter was replaced with a right parietooccipital VP 
shunt. The patient was discharged in good condition.

Two days later he was acutely readmitted due to a 
decreased level of consciousness. A CT scan of the head 
revealed ventriculomegaly (Fig. 1A). The shunt was not 
working and the workup gave us the impression of a dis-
tal shunt failure, so treatment was initiated. The shunt was 
revised, but the patient’s symptoms and ventriculomegaly 
did not improve. As a part of his workup, an attempt was 
made to place a lumbar drain. During the placement of 
the drain, however, it was extremely difficult to obtain 
adequate CSF flow. The question of a significant block 
between the cortical subarachnoid space (CSAS) and spi-
nal subarachnoid space was raised. A nuclear scan using 

infusion of Tc-99m DTPA in the shunt showed that the 
radionucleotide tracer progressed no further than the pa-
tient’s occiput, indicating the presence of an obstruction.

The patient underwent a VP-to-ventriculopleural 
shunt conversion, but his hydrocephalus still failed to 
resolve. At this point, suspicion for negative-pressure 
hydrocephalus was further explored and confirmed. A 
subatmospheric EVD (draining to gravity) was placed.29 
Neck wrapping with an elastic bandage to increase ve-
nous pressure in the head resulted in smaller ventricles 
and complete resolution of the hydrocephalus (Fig. 1B). 
Removal of the neck wrap resulted in the return of his 
ventriculomegaly (Fig. 1C). The patient was followed up 
with serial CT scans, which demonstrated resolving hy-
drocephalus. The drain was then clamped, and 12 days 
later a shunt revision to a Codman-Hakim VP shunt set at 
30 mm H2O was performed.

During the next 6 years, the patient underwent mul-
tiple shunt revisions. In 2009 the patient was admitted 
due to increased lethargy, dyspnea, and confusion, and an 
iatrogenic Chiari malformation was diagnosed. His far-
lateral craniotomy was reexplored to clear scar tissue in 
the area and to seal the CSF leak that was presumed to be 
the cause of his pseudomeningocele. Thereafter, the pa-
tient underwent a shunt revision to a programmable ven-
triculoatrial shunt at 30 mm H2O without an antisiphon 
device. He recovered well. According to the charts, the 
last follow-up was 2 months after the last intervention. At 
this time point the patient was readmitted due to a shunt 
infection without any indications of previous episodes of 
negative-pressure hydrocephalus or headaches.

Case 2
This 67-year-old man had a history of a vermian cav-

ernous malformation extending into the fourth ventricle 
and a dural arteriovenous fistula, which had been embo-
lized and irradiated with the Gamma Knife. The patient 
underwent a suboccipital craniotomy down to C-1 for the 
excision of the vermian cavernous malformation. Due to 
bleeding from the floor of the fourth ventricle, cottonoid 
packing was used; closure of the craniotomy was inad-
equate.

Postoperatively, the patient developed a cerebellar 
stroke with subsequent cerebellar swelling, which re-
quired reopening of the suboccipital craniotomy and re-
moval of the cottonoid and bone flap. The cerebellum was 
partially resected to reduce the pressure in the posterior 
fossa, after which a CSF leak developed. After an ade-
quate recovery, the patient was discharged for rehabilita-
tion. Ten days later he returned with signs and symptoms 
of hydrocephalus, and a CT scan showed ventriculomega-
ly. When draining CSF at 20 cm below head level we saw 
a decrease in ventricular volume and improvement in the 
neurological condition. A VP shunt and ICP monitor were 
placed and indicated the presence of negative-pressure 
hydrocephalus. A CT scan repeated 3 days later did not 
show any difference in the size of his ventricles. A retro-
cerebellar pseudomeningocele related to a CSF leak was 
present, and the patient underwent surgical exploration of 
the craniectomy to seal the leak. Postoperative CT scans 
showed no change in the size of his ventricles.

Consequently, CT ventriculography was scheduled 
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to identify any points of blockage along the CSF path-
ways. There was no communication between the ventri-
cles and the posterior subarachnoid space; therefore, the 
patient underwent placement of an EVD and an ETV to 
reestablish it. Postoperatively, the patient exhibited signs 
of ETV failure. The patient’s condition declined for 6 
weeks. After long conversation with his wife, treatment 
was withdrawn.

Case 3
This 56-year-old woman presented to the emergen-

cy room with an extensive subarachnoid hemorrhage. 
Diagnostic angiography revealed a dissecting aneurysm 
of the left internal carotid artery terminus and a right pos-
terior communicating artery aneurysm. The aneurysms 
were treated by surgical clipping via an orbitozygomatic 
craniotomy. Ultimately, the patient required shunt place-
ment and was discharged to a skilled nursing facility in 
stable condition.

Fourteen months after the initial surgical clipping 
of the aneurysms, the patient returned to our institution 
with symptoms of hydrocephalus, ventriculomegaly, and 
concerns about shunt failure (Fig. 2 left). Shunt revision 
failed to reverse her persistent ventriculomegaly and 
symptoms of hydrocephalus. After revision of the shunt, a 
skull defect at the site of the orbitozygomatic craniotomy 
into the frontal sinus was identified and a CSF leak was 
present (Fig. 2 right). The repair of the skull base defect 
CSF leak resulted in recovery and partial reversal of her 
clinical picture of hydrocephalus.

Discussion
Low-pressure and negative-pressure hydrocephalus 

cases are complex and rare clinical entities. These 3 rep-
resentative cases come from a total of 20 or fewer cases 
of negative-pressure hydrocephalus in a neurosurgical 
practice of 25 years that has included approximately 7500 
shunt procedures. Clinical suspicion for low- or negative-
pressure hydrocephalus should be high when patients 
with enlarged ventricles have repeated “shunt failures” 

that do not improve with shunt revisions, and present with 
a CSF leak and loss of patency between the ventricles 
and the cortical subarachnoid space. The clues to under-
standing the changes in ventricular size in these types of 
hydrocephalus are transmantle pressure and brain turgor, 
the intrinsic property of the brain to resist distortion. 
Selective drainage of the CSAS when a CSF leak is pres-
ent is also a key step in the evolution of events.

Role of Transmantle Pressure
Transmantle pressure is the differential pressure 

equal to the ventricular pressure minus the CSAS pres-
sure, which reflects the pressure transmitted to the brain 
parenchyma.27 The existence of transmantle pressure 
is hotly debated in the literature.6,10,11,14,15,22–24,29,31,34,36,39 
Reports in support of a minimal transmantle pressure 
gradient cite this factor as the initial event that facilitates 
the development of ventriculomegaly.6,10,14,15,22–24,29,39 Other 
authors have been unable to measure a transmantle pres-
sure gradient that could be used to interpret the induction 
of ventriculomegaly.11,31,34,36

There are many challenges in measuring a trans-
mantle pressure gradient experimentally. In particular, it 

Fig. 1. Case 1. A: A CT scan obtained on postoperative Day 5 showing ventriculomegaly. B and C: CT scans show- 
ing resolution of the ventriculomegaly after neck wrapping (B) and recurrence of ventriculomegaly when the neck wrap is re-
moved (C).

Fig. 2. Case 3. Left: A CT scan showing ventriculomegaly, raising 
the question of shunt failure in a patient with subarachnoid hemorrhage 
who developed hydrocephalus and was treated with a shunt. Right: 
A CT scan showing a skull base defect and a leak at the site of the 
craniotomy.
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is difficult to measure a transmantle pressure gradient for 
the brain because it is difficult to isolate specific brain 
compartments. Furthermore, to study transmantle pres-
sure, the experimental setup must have a sensor that mea-
sures both time and pressure with an adequate resolution 
for dynamic states of pressure. These difficulties were 
demonstrated by Rekate and McCormick31 in a previous 
attempt.

We propose the theory, based on the observed cas-
es, that in negative- and low-pressure hydrocephalus the 
blockage of CSF pathways between the ventricles and the 
CSAS and the presence of a CSF leak that communicates 
between the subarachnoid space compartment and at-
mospheric pressure establish a pressure gradient. These 
pressure gradients provide the basis for the creation of 
a transient and subtle transmantle pressure that leads to 
ventriculomegaly.22,29,39

The existence of a transmantle pressure in patients 
with blocked CSF pathways and a CSF leak could fill 
the gap in our understanding of the pathophysiology of 
hydrocephalus in these cases. When CSF communicates 
freely between the ventricles and the CSAS, the pressures 
are equally distributed. The transmantle pressure is near 
zero, and the ventricles maintain their size due to the 
pressure equilibrium. Ventriculomegaly can occur when 
the ventricular pressure is higher than pressure from the 
CSAS. This relationship can be observed whenever there 
is a block between the ventricles and CSAS and process-
es that increase the ventricular compartment pressure 
or that decrease the CSAS compartment pressure are at 
work.17,19,29,32,39 In Case 1, posthemorrhagic events leading 
to blood products in the subarachnoid space and menin-
gitis could probably provide the basis for an obstruction 
between the ventricular space and the CSAS as was con-
firmed by nuclear studies and intraoperative findings. In 
Case 2, posthemorrhagic events also occurred, and the 
level of obstruction at the posterior CSAS was confirmed 
by CT ventriculography. The next pathophysiological step 
is the creation of a transmantle pressure difference.

In all of our cases, a CSF leak was present postopera-
tively. Thus, the loss of fluid from the CSAS could lead to 
a lower CSAS pressure than ventricular pressure in com-
partments that are disconnected as in cases with blocked 
CSF circulation.29 This is the equivalent of the CSAS act-
ing as a “vacuum” for the ventricles because this space is 
selectively drained by a CSF leak.

The Role of Modified Brain Turgor
The role of brain parenchyma and its response con-

cerning the various pressure differences that occur in this 
sequence of events cannot be overlooked. Brain paren-
chyma has viscoelastic properties and behaves in a bipha-
sic fashion between 2 borderline states (a highly elastic 
state and a highly compliant state). Changes between the 
2 states are easily observed whenever the most motile el-
ements of the brain, which are the venous blood content 
and brain ECF, shift.12,21,29,30,32,33,39

Brain possesses the ability to resist or permit distor-
tion due to changes in brain turgor. Brain turgor (Kb), a 
correction factor ranging from 0 to 1, describes the ability 
of the brain parenchyma to resist distortion due to applied 

pressures.30 A value of 0 means that the brain shows no 
resistance to distortion so that a change in brain volume 
could not effectively change ICP. A brain turgor value of 
1 signifies the opposite and thus refers to a more compli-
ant brain.30

The features that characterize brain turgor are the 
brain parenchymal mass, the brain ECF, and the blood 
volume content.30 In our cases, the ventricles were en-
larged due to the presence of transmantle pressure cre-
ated by a CSF leak in the CSAS and a block between the 
ventricles and CSAS.29,30 Whether the viscoelastic prop-
erties and thus brain turgor (Kb) change in cases of nega-
tive- or low-pressure hydrocephalus complicating cranial 
approaches with CSF leaks is unknown.

The first proposed theory assesses the role of venous 
brain-blood shifts and the subarachnoid space in changing 
the brain viscoelasticity in cases of negative- or low-pres-
sure hydrocephalus. This theory uses indirect evidence to 
support the role of venous blood shifting in this context. 
It is based on observations and reversal of the clinical pic-
ture in this specific subgroup of patients derived from the 
application of a cervical tourniquet (neck wrapping) to 
patients with altered brain viscoelasticity.30,32 Veins act as 
highly compressible structures whereas the blood within 
them behaves as an incompressible fluid. In patients with 
negative- or low-pressure hydrocephalus associated with 
a CSF leak and no communication between the ventri-
cles and the subarachnoid space, the evolved transmantle 
pressure could act as the factor that decreases the diam-
eter of the cerebral venous network and drives part of the 
cerebral venous blood volume out of the cerebrum.

This shift of cerebral venous blood volume decreases 
brain turgor.30,32 Therefore, the brain becomes less stiff 
and more vulnerable to deformation forces. The cycle of 
events creates a feedback loop in which the transmantle 
pressure initially may lower brain turgor. Lower brain 
turgor would make the brain more susceptible to the ef-
fects of transmantle pressure until a new equilibrium is 
reached and ventriculomegaly reaches its peak.

The second proposed theory involves a shift in brain 
ECF in cases of low-pressure hydrocephalus as a key step 
in changing brain viscoelasticity. In their series of patients 
with low-pressure hydrocephalus, Pang and Altschuler29 
showed that 3 children had an increased pressure-volume 
index measured at the peak of their symptoms and ven-
tricular volume. No data about the presence of a CSF 
leak or a pseudomeningocele were reported in this series. 
Pang and Altschuler proposed that the observed increase 
in the pressure-volume index could be attributed to a 
highly compliant brain at the peak of ventriculomegaly.

Ventriculomegaly increases cortical radial pressure,15 
and the brain acts like a sponge that is “squeezed.” A per-
centage of ECF exits the brain, and a final state of a highly 
compliant viscoelastic material is reached, demonstrating 
increased brain turgor (Kb). Peak radial cortical pressure 
is present when equilibrium is established. According to 
Pang and Altschuler29 and Hakim et al.,15 these events ex-
plain why it is difficult to treat ventriculomegaly in cases 
of low- or negative-pressure hydrocephalus.

Another possibility is that prolonged ventriculo-
megaly changes the structure of brain parenchyma and 
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diminishes its recoil properties.29 Unfortunately, there is 
no direct evidence for the loss of ECF in patients with 
negative- or low-pressure hydrocephalus because no mea-
surements of brain water content or MR imaging diffu-
sion-weighted studies are available for these patients. Del 
Bigio and Bruni8 reported mostly loss of brain water con-
tent in hydrocephalic rabbits or no changes depending on 
the methods used to assess the ECF content of the brain. 
Numerous studies, however, have reported increases in 
brain water content in cases of high- or normal-pressure 
hydrocephalus.2,3,13,18,20,25,38 Still, other studies have report-
ed no changes in brain ECF.37

Interpretation of the Clinical Picture
The neurological clinical course is insidious. These 

patients show a declining level of consciousness and 
function (decreased appetite, energy, speech, motor func-
tion, and balance). Headaches, vomiting, and cranial 
neuropathies are common. Classic signs and symptoms 
of high ICP are observed in patients with low-pressure 
hydrocephalus, so the source and the cause should be fur-
ther clarified to reveal the shared pathophysiology.5,7,9,16,21, 

26,28,29,32,35,39

Four approaches have been proposed for interpret-
ing the clinical picture: neural tissue stretching, altered 
cerebral perfusion, brain herniation related to ventriculo-
megaly, and pressure differences between the ventricles 
and subarachnoid space.1,15,16,21,27,29,32,39 The dilated frontal 
horns could probably affect the integrity of the pyrami-
dal tracts as they course around the horns. Differences in 
the integrity of white matter tracts have been observed 
on diffusion tensor MR imaging in children with hydro-
cephalus before and after shunt placement.1 The dilation 
of the third ventricle could account for patients’ memory 
problems. High cortical radial pressure could compro-
mise cortical regional blood flow and lead to global con-
fusion, altered affect, and psychomotor retardation.15,29 
Symptoms of decreased consciousness can be attributed 
to either brain herniation due to differences in cranio-
spinal pressure or to low blood flow and compromised 
perfusion.15,29,39 Evidence concerning the existence of a 
significant craniospinal pressure gradient leading to a 
gradual brain herniation can be drawn from Case 1. In 
this patient, we managed to identify an iatrogenic Chiari 
malformation caused by pressure differences. Ventricular 
pressure was constantly greater than pressure in the 
CSAS and spinal subarachnoid space, leading to tonsillar 
herniation.

Treatment Approaches
Our treatment algorithm in cases of low- or negative-

pressure hydrocephalus involves the identification of the 
site of the CSF leak. To correct the ventriculomegaly 
and symptoms of increased ICP, the transmantle pres-
sure should be eliminated by sealing the CSF leak and 
making the CSF pathways patent (by means of ETV or 
surgical exploration) or by increasing pressure in the 
subarachnoid space (by neck wrapping). Another critical 
step in abolishing the phenomenon is to revise the highly 
compliant brain to its prior state of elasticity. This pro-
cedure requires time so that the lost brain water content 

can be regained gradually.29,30,32,39 External ventricular 
drainage, starting at a negative pressure and slowly and 
gradually approaching the zero pressure point (2–4 cm/
day stabilized for 2–3 days) over a period of few days, 
is required.29,30,32,39 In a series reported by Pang and 
Altschuler,29 the mean time for reversing ventriculomeg-
aly and related symptoms was 22.2 days. This procedure 
of negative-pressure brain drainage provides enough time 
for the brain to regain its recoil and to respond to differ-
ences in pressure. Another possible explanation could be 
that an EVD set to subatmospheric pressure helps create 
a lower ventricular drainage pressure than the drainage 
pressure created in the subarachnoid space in which pres-
sure has been artificially lowered by the CSF leak. The 
pressure of the CSAS is then higher than the pressure in 
the isolated ventricular compartment. The evolution of 
the dynamic phenomenon continues with the ventricles 
“pushed” back to their initial sizes. Subsequently, the ven-
tricular pressure gradually rises to near the opening pres-
sure of the draining EVD.

Another question that should be answered is how did 
the neck wrapping in our Case 1 manage to reverse the 
patient’s symptoms and ventriculomegaly? Neck wrap-
ping causes 2 different actions: it increases subarach-
noid space pressure and changes brain viscoelasticity.30,32 
Neck wrapping increases dural venous pressure and thus 
impedes the drainage of CSF from the subarachnoid 
space to the dural sinuses. The pressure of the subarach-
noid space rises and the transmantle pressure that created 
the phenomenon is reversed. The brain is pushed inward. 
If a shunt or an EVD is present, the inward movement 
of the brain causes CSF to be displaced from the ven-
tricles through the shunt or EVD, and the patient’s clini-
cal picture improves (Fig. 1B). Once a new pressure equi-
librium has been established between the different CSF 
compartments, the ventricular pressure gradually reaches 
the opening pressure of the shunt so that the shunt works. 
Another less likely mechanism is modification of the 
brain’s viscoelasticity. The venous drainage of the brain is 
blocked, the brain becomes stiffer, and more CSF egress-
es through a shunt or an EVD.30,32

Conclusions
Cranial approaches complicated with CSF leaks can 

manifest with difficult-to-treat negative- or low-pressure 
hydrocephalus. The symptoms often create confusion 
concerning the treatment approach because they are simi-
lar to the symptoms caused by increased ICP. The under-
lying pathophysiology, however, is completely different. 
In these cases the establishment of a transmantle pres-
sure due to a CSF leak and a block in the communication 
between the ventricles and the subarachnoid space could 
initiate the development of the clinical entity. Changes in 
brain turgor follow and feed the phenomenon.

To treat low- and negative-pressure hydrocephalus, 
the CSF leak should be sealed, and the CSF communica-
tion between the compartments should be reestablished. 
Neck wrapping should be applied judiciously whenever 
a trial confirms a positive result. One of the most criti-
cal steps in treatment is the application of prolonged 
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subatmospheric-pressure extraventricular drainage of the 
brain in difficult-to-treat cases in an effort to regain the 
previous viscoelastic properties and recoil of the brain. In 
all cases, patience and clear identification of the various 
jigsaw-puzzle pieces are required to achieve the goal of 
treatment.
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