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Abstract

Background: Hydrocephalus or ventriculomegaly is a condition brought on by an
overabundance of cerebrospinal fluid (CSF) in the ventricular system. The major
contributor to posttraumatic hydrocephalus (PTH) is traumatic brain injuries (TBIs),
especially in individuals with occupations set in industrial settings. A variety of
criteria have been employed for the diagnosis of PTH, including the combination
of neurological symptoms like nerve deficits and headache, as well as an initial
improvement followed by a worsened relapse of altered consciousness and
neurological deterioration, which is detected by computed tomography-brain
imaging that reveals gradual ventriculomegaly.

Aim: In this article, we discuss and summarize briefly the current understandings and
advancements in the management of PTH.

Methods: The available literature for this review was searched on various
bibliographic databases using an individually verified, prespecified approach. The
level of evidence of the included studies was considered as per the Centre for
Evidence-Based Medicine recommendations.

Results: The commonly practiced current treatment modality involves shunting CSF
but is often associated with complications and recurrence. The lack of a definitive
management strategy for PTH warrants the utilization of novel and innovative
modalities such as stem cell transplantations and antioxidative stress therapies.
Conclusion: One of the worst complications of a TBI is PTH, which has a high
morbidity and mortality rate. Even though there hasn't been a successful method
in stopping PTH from happening, hemorrhage-derived blood, and its metabolic by-
products, like iron, hemoglobin, free radicals, thrombin, and red blood cells, may
be potential targets for PTH hindrance and management. Also, using stem cell
transplantations in animal models and antioxidative stress therapies in future studies

can lower PTH occurrence and improve its outcome. Moreover, the integration of
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1 | INTRODUCTION

Hydrocephalus or ventriculomegaly is a condition caused by an
overabundance of cerebrospinal fluid (CSF) in the ventricular system.1
CSF is produced in the choroid plexus and is reabsorbed by arachnoid
granulations that drain into venous sinuses as they travel down the
ventricles.> Any barrier or gliosis can reduce CSF absorption, hinder
bulk CSF flow, or lead to ventricular overfilling.! Hydrocephalus can
develop with an underlying disease or can present alone.? To classify
hydrocephalus, numerous intricate categorization schemes have been
created.? Hydrocephalus may be characterized as obstructive, commu-
nicative, hypersecretory, or normal pressure.! One of the most
common causes of communicating hydrocephalus is posthemorrhagic
hydrocephalus (PHH).> Traumatic brain injuries (TBls) are a major
contributor to posttraumatic hydrocephalus (PTH), especially in
individuals with occupations set in industrial settings.® Diffuse axonal
injuries (DAIs), cerebral contusions, subarachnoid hemorrhage (SAH),
and epidural hematomas (EDH), alongside other pathologies associated
with TBIs, can contribute to PTH development.®

The precise etiology of PTH is still unknown despite its initial
recognition in 1914.# The symptoms of PTH may vary considerably and
are difficult to identify, although they range from mild to severe TBI,
exhibiting signs of either high- or low-pressure hydrocephalus.>®
Hence, in addition to radiological evaluations, the clinical manifestation
of hydrocephalus is utilized to diagnose PTH.* Uncertainty surrounds
the prevalence of PTH, which is estimated to be between 0.7% and
45%.> Due to the wide array of diagnostic criteria and the lack of a gold
standard diagnostic tool, the incidence varies greatly.** PTH is a
progressive illness with an undefined timeline, which makes manage-
ment exceedingly challenging.® Appropriate surgical intervention may
be warranted initially if PTH manifests during the acute stages of a TBI;
nevertheless, PTH may develop later and worsen during rehabilitation.®

PTH has been reported to carry complications in more than 65%
of patients and carries the probability of frequent misdiagnosis and

mistreatment.®”

Whether the outcome is positive or negative, PTH
impairs the quality of life within the affected populace by lengthening
hospital admissions and periods of rehabilitation.®

PTH remains a perplexing disease. There is a lack of gold-
standard diagnostic criteria. The currently used criteria and investi-
gations have limited sensitivity and specificity, and thus, clear
epidemiological data is hard to obtain.® In addition, treatment options
are quite limited, and outcomes remain poor.® This highlights the
need for more accurate biomarkers and more effective therapies.

This review comprehensively examines the pathophysiological

clinical trials and theoretical knowledge should be encouraged in future research

projects to establish effective and updated management guidelines for PTH.

animal model, cerebrospinal fluid, posttraumatic hydrocephalus, stem cell therapy, traumatic
brain injury, ventriculoperitoneal shunt

mechanisms, clinical manifestations, epidemiological insights, risk
factors, and contemporary management strategies. It also offers an
extensive exploration of recent advancements and pioneering
therapeutic modalities. Our aim is to guide future research endeavors

and offer a contemporary update for practitioners.

2 | PATHOPHYSIOLOGY OF PTH

The mechanism of CSF generation is still not fully understood because
of opposing views. It was once widely accepted that the choroid plexus
was the main source of CSF. Following production, the CSF largely
transits from the lateral ventricles to the third ventricle through the
foramen of Monro. Once arrives at the third ventricle, CSF flows
through the Aqueduct of Sylvius to the fourth ventricle, where it
ultimately reaches the subarachnoid cisterns via passage through the
foramina of Luschka and Magendie. The superior sagittal sinus would
then reabsorb the CSF through the arachnoid granulations.® Primary
injury, also known as direct physical damage to the brain from TBI, may
be focal, like contusions, or widespread, like DAL’ Subsequent to the
initial injury, secondary injuries may appear, which may be precipitated
by excitotoxicity, mitochondrial malfunction, oxidative stress, or other
factors.’ Brain tissue may also experience intraparenchymal, acute
subdural hemorrhage (ASH), or EDH, which may result in a variety of
neurological sequelae.!® Cerebral edema, ischemia, or gliosis are
further pathological alterations that may develop following TBI.2*"13
PTH may be caused by a variety of circumstances. Clot formation
preceded by SAH or intraventricular hemorrhage (IVH) may obstruct
the ventricular system, thus resulting in reduced CSF drainage, which
then would lead to acute hydrocephalus.® Scarring of the arachnoid
granulations may potentially have an impact on CSF drainage. This
occurs when a decompressive craniectomy (DC) is not performed to
manage an ASH precipitated by TBI. An increase in venous return or
the development of subdural hygromas may cause ventriculomegaly
and PTH in cases where ASH is refractory to standard treatment

methods. Thus, DC is performed to prevent cerebral herniation.®

3 | CLINICAL PRESENTATION

The intersection of clinical manifestations exhibited from PTH, such
as urinary incontinence, ataxia, gait difficulties, memory loss and
amnesia, retarded psychomotor function, cognitive impairment, nausea,

headache, and obtundation, alongside the presented clinical picture of
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the initial injury, is a frequent obstacle in the diagnosis of PTH.1#
Yet, following a TBI, a poor recovery or stagnation in improvement
is a common indicator of PTH. It is important to note that early
identification is essential for the management of TBI patients.'®
The diagnosis of PTH may be confirmed by the existence of
associated signs and symptoms alongside favorable radiological
investigations. A variety of criteria have been employed, including
the combination of neurological symptoms like nerve deficits and
headache, as well as the gradual improvement of the clinical
condition over time. This is followed by a worsened relapse of
altered consciousness and neurological deterioration and com-
puted tomography (CT)-brain imaging that reveals gradual
ventriculomegaly.®

In addition to PTH, TBI may cause a variety of sequelae, including
seizures, posttraumatic epilepsy, meningitis, stroke, vertigo, cranial
nerve injury comprising facial nerve palsy, and symptoms like
dizziness and nausea that should be contemplated when establishing
the differential diagnosis of PTH.1¢

4 | EPIDEMIOLOGY AND RISK FACTORS
PTH is a well-known neurological sequela of TBI that may
adversely affect patients. However, there isn't a unified diagnostic
criterion for it to be adequately reported; its prevalence ranges
from 0.7% to 45%.° Even though the exact etiology remains
unknown, with little present information on its risk factors, it has
been demonstrated that increasing age, displaying low Glasgow
coma scale (GCS) scores, undergoing a DC, having meningitis with
a positive CSF culture, and possessing an IVH or SAH are all
thought to be potential risk factors.r” However, in a specific study
on 116 patients, it was elucidated that 60 out of 86 males and
17 out of 30 females had poor outcomes, respectively, and age was
divided into three subgroups: less than 44, between 45 and 49, and
exceeding 60 years old.}” There were no conclusive statistics to
conclude the development of such a complication based on either
gender or age.

The severity of TBI is determined by three factors: whether
a patient has posttraumatic amnesia, how long the patient has
been unconscious, and the severity of the patient's presenting

GCs.'8
TABLE 1 Pharmacological treatment of PTH.
Medication Mechanism of action
Acetazolamide
Osmotic diuretics Lowers ICP by drawing excess fluid
Anticonvulsants Treats seizures in PTH patients

Furosemide
in the brain

Anti-inflammatory  Reduces brain swelling and inflammation

Inhibits carbonic anhydrase and reduces CSF production

Encourages excretion of water and salt and reduces CSF production by inhibiting sodium absorption

3 of 14
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5 | CURRENT MANAGEMENT STRATEGIES

Management strategies for PTH are determined by the severity of the

symptoms as well as the underlying etiology of the hydrocephalus.

A. Medical management: Various pharmacological and nonpharma-
cological interventions are regularly administered in the

treatment of PTH.

5.1 | Pharmacological agents

Pharmacological treatment of PTH aims at symptomatic relief of
hydrocephalus by decreasing CSF production or increasing CSF
absorption. PTH may be managed with any of the pharmacological

agents mentioned below (Table 1):

1. Acetazolamide: This drug works by blocking the enzyme carbonic
anhydrase, which lowers CSF production.’’ Both oral and intra-
venous administration methods are available. In PTH patients, it is
usually administered to lower intracranial pressure (ICP).*?

2. Osmotic diuretics: By removing excess fluid from brain tissue,
osmotic diuretics, such as mannitol?® or glycerol,?* may be used to
reduce ICP. Typically, these drugs are administered intravenously.

3. Anticonvulsants: Patients with PTH may be treated for seizures
with anticonvulsants like phenytoin or levetiracetam.??

4. Furosemide: This diuretic drug stimulates the body to excrete salt
and water. By preventing sodium uptake in the brain, it may also
lower CSF production.?? Acetazolamide and furosemide are
commonly used in combination when managing PTH.2®

5. Anti-inflammatory medications: Corticosteroids may be utilized in
patients with PTH to reduce cerebral edema, swelling, and
inflammation.?* Additionally, these medications may be taken

either orally or intravenously.

5.2 | Nonpharmacological interventions

While there are several pharmacological treatments for PTH,
nonpharmacological interventions may also help reduce symptoms
and improve overall quality of life.

Route of administration
Oral or intravenous
Intravenous usually
Oral or intravenous

Oral or intravenous

Oral or intravenous

Abbreviations: CSF, cerebrospinal fluid; ICP, intracranial pressure; PTH, posttraumatic hydrocephalus.
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1. Physiotherapy: Physiotherapy may aid with muscle strength,

flexibility, balance, and coordination. This is especially beneficial
for those who have suffered TBI as it can assist in regaining
individual physical function and independence.?®

. Speech therapy: Individuals with PTH who have communication
difficulties, such as difficulty finding the right words or speaking
clearly, may benefit from speech therapy. Cognitive rehabilitation
and memory training may also benefit from speech therapy.

. Cognitive rehabilitation: This entails a variety of techniques aimed
at improving cognitive function, such as attention, memory, and
problem-solving abilities. This may be especially beneficial for
individuals with PTH who have cognitive deficits because of TBI.
Apps such as CogniFit, Peak, and Lumosity have made home-
based cognitive rehabilitation more accessible, aiding in address-
ing these deficits.26728

. Lifestyle modifications: There is mounting evidence that lifestyle
choices, including sleep, exercise, and eating habits, may contrib-
ute to either neuroprotective or pathogenic processes that affect
how severe TBl-related neurocognitive impairments are, and
further investigations are needed.?’ Although no class | evidence
supporting nutritional supplementation is available, zinc and
magnesium proved most effective in improving TBI outcomes in
class 1l studies.%° In addition, endogenous showed improvement

in cognition in class IIC studies.*°

B. Surgical management: PTH is surgically managed with either an

endoscopic third ventriculostomy (ETV) or a ventriculoperitoneal
shunt (VPS). A VPS is a device that is implanted to transfer excess
CSF from the brain to another area of the body, usually the
abdomen.3? Relieving excessive ICP brought on by hydrocepha-
lus is the goal of VP shunting.23® Although it is linked to a
favorable clinical outcome, complications can arise. These include
mechanical malfunction, placement failure, infection, CSF leak,
and, in rare cases, intracerebral hemorrhage.®®** Peritoneal
catheter complications can also arise, including ileus, pseudocyst
formation, and bowel perforation that leads to shunt failure.®>3¢
Within the first month of a pediatric surgical series, 14% of
children experienced shunt failure, and 4%-50% of shunts fail
within the first year.3* Within the first year, adults also have a
rather high (29%) shunt failure rate. Regardless of age, long-term
studies indicate that 45%-59% of patients will need a shunt
revision. Infections and multiple shunt failures are frequent, and
48% of shunt-related surgeries involve modifications.3”-38
Infection should always be suspected in patients exhibiting
symptoms of shunt malfunction since shunt infection is a dangerous
complication that carries a high risk of major morbidity and
death.®?° Selecting the right particular antibiotic medication and
isolating the pathogenic organisms depend on the CSF culture.*!
The conventional approach to treating shunt infections usually
entails removing the contaminated hardware and starting intra-
venous antibiotic treatment. According to research by Shurtleff
et al., patients who got systemic antibiotics alone had a 9% cure rate,
compared to 100% for those who received total shunt removal

6

along with treatment.*?

According to a meta-analysis by Schreffler
et al,, replacing the infected shunt with a new one right away or
using antibiotics alone is not nearly as effective as completely
removing it with EVD implantation and antibiotic therapy.*® To save
expenses and lower morbidity, it is crucial to develop strategies for
preventing shunt infections, such as the use of catheters impreg-
nated with antibiotics** perioperative antibiotics,*> improving sterile
procedures, and shortening procedure times.*®

By far, the most frequent cause of shunt malfunction is shunt
catheter occlusion, yet the exact causes of this issue are still
unknown. The proximal catheter is the most often found location of
obstruction in most investigations. However, obstruction can also
occur within the valve or the distal catheter.*”*® Shunt blockage is
often diagnosed by a combination of lumbar puncture, shunt
tapping, and CT scans. Although this isn't always the case, and these
studies may produce conflicting data, in cases with shunt obstruc-
tion, CT is likely to reveal an increase in the size of the ventricles, and
LP is likely to show a higher opening pressure. It is beneficial to
diagnose the site of shunt obstruction before surgery, as the blocked
portion of the shunt (proximal catheter, valve, or distal catheter) can
be removed and replaced separately, keeping the other hardware
intact. "

Subdural collections and SDHs may develop during shunting
procedures due to CSF over drainage.*>° Patients with low-
pressure hydrocephalus may be more likely to develop SDH as a
result of bridging veins stretching when the brain depressurizes
following shunting, causing the brain to recede from the skull.>
Additionally, patients with higher ICPs and NPH may be more
susceptible to increased CSF leakage, increasing their risk of
developing SDHs.>? While the invention of programmable shunt
valves has greatly aided in the treatment of symptoms, surgical
drainage was necessary in certain situations.>®

Another treatment option for hydrocephalus involves a slightly
invasive surgical procedure called ETV. ETV entails making a small
hole in the floor of the third ventricle, where an endoscope is
introduced into the ventricular system.>* Through this opening, CSF
may move from the ventricles and into the subarachnoid space
encircling the brain, where it is reabsorbed back into the body.
Neurostimulation techniques: A study has suggested that through
diminishing cephaledema and anti-inflammatory pathways, vagus
nerve stimulation efficiently, and significantly protects the
brain.>> In addition, another study has concluded the safety
and feasibility of transcutaneous vagus nerve stimulation in
patients suffering from TBI. However, further studies are still
needed.>®

| TRAUMATIC BRAIN INJURY VERSUS

PTH MANAGEMENT

The management of TBI is dependent on the severity of the injury.

Patients might be monitored in the intensive care unit (ICU) and given

the previously discussed medications to maintain an adequate ICP.
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They may also have to undergo surgeries such as craniotomy only or
DC and rehabilitation therapy for neurological deficits.
In addition to these therapies, however, patients with PTH might

require the surgical placement of VPS.

7 | TECHNOLOGICAL ADVANCEMENTS IN
WEARABLE DEVICES USED TO MONITOR
AND MANAGE PTH

The technological advancements of the 21st century have changed
our daily lives. These breakthroughs are revolutionizing medicine to
better patient outcomes, and this case is no exception.

Patients now have access to smart monitors such as Raumedic
Neurovent that enable them to continuously monitor their ICP and
transmit it to their healthcare providers.>” The device uses a telemetric
catheter that is capable of measuring pressure (ICP), temperature (ICT),
and partial pressure of oxygen (ptiO2).” Another monitor is the
Miethke Sensor Reservoir, which allows for noninvasive ICP measure-
ments and subsequent CSF drainage through VPS.58

A common complication of VPS is failure. As a matter of fact,
15%-23% of shunts in adults fail within 6 months, and that rate goes
up to 50% in high-risk populations.’? This is being tackled by
Rhaieos's Flowsense noninvasive, wireless, wearable monitor. The
device comes in the form of a skin patch that subdermally detects
CSF flow in the body and allows early detection of shunt failure and,

subsequently, early intervention.®®

Hydrocephalus
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Certain monitors, such as Embrace2, are capable of detecting
seizures that can happen in patients with PTH. These devices can
alert caregivers and healthcare professionals of abnormal electrical
brain activity.®*

Other wearable sensors such as the Apple Watch, Fitbit, and
Garmin can monitor vital signs, sleep patterns, and activity levels.527¢*
Although not directly developed for cases of PTH, these devices can

definitely help with monitoring symptoms related to the condition.

8 | ADVANCES IN THE UNDERSTANDING
AND TREATMENT OF PTH

Advancements in understanding the pathophysiology of PTH have
helped to devise specific management modalities targeting the
intermediates of the pathway and hence enhance the treatment
efficacy and improve patient prognosis. The role of retinoic acid
receptors in PHH is currently being investigated and can be a
potential target for its treatment (Figure 1).

The occurrence of PTH is attributed to varied aetiologies in both
pediatric and adult populations.®® TBI in the pediatric population can
have fatal and long-lasting effects on the developing brain. Under-
standing the pathogenesis (Figure 2) and the associated effects of TBI
in this population is thus vital in devising a comprehensive treatment
plan to address the complications of it as well. In neonates, the
commonest subtype of IVH causing hydrocephalus is germinal matrix

hemorrhage.®®%” This may lead to fatal ICP elevation, neuronal tissue

Y

W
~

Regulated by
oxidative stress
state of the body

Expressed in
Adult Central
nervous system

”

Abnormal enlargement of Cerebral Ventricles Retinoic Acid
Receptors
Inflammation (RARs): g

Increased CSF strongly Member of Nuclear'

Production or associated with Receptor Superfamily

Decreased drainage Hydrocephalus

and absorption
Following Sub R.egmlate.s qell
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hemorrhage or traumatic related changes in oncogene homolog B (MAFB) development
brain injury Alzheimer's disease and and accelerates post-ischemic and metabolism

Post-hemorrhagic Hydrocephalus stroke inflammation resolution

Blood clots following
aggregation of RBSs
blocks cerebral
aqueducts causing
massive ventricular
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ventricular system,
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iron: both causing
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FIGURE 1 Role of retinoic acid receptors (RARs) in the pathogenesis of posthemorrhagic hydrocephalus (PHH) and associated

manifestations.
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Pathogenesis of Paediatric Traumatic Brain Injury (TBI)

Diffuse axonal injury volume resulting in in the CSF

(DAI) cognitive deficits

Cerebral edema, Extra- Reductions in Major cpnlributor: Pf’“‘ Deficits in functional white oot o o pro-
axial and Intraparenchymal Cortical, traumatic Inflammation, matter, compound action inflammatory
Haemorrhage, Hippocampal and Elevated pro- potential (CAP) of myelinated cytokines: interleukin-
Ventriculomegaly, and Thalamic tissue inflammatory cytokines fibers in the corpus callosum, 1B, interleukin-6, and

impairment in the ability to
induce long term potentiation

TNF-0 are acutely
elevated

FIGURE 2 Pathogenesis of pediatric traumatic brain injury (TBI). CSF, cerebrospinal fluid.

damage, and hydrocephalus.®®%® Currently, VPS is the first line of
management for CSF permanent diversion’® (Figure 2).

Conventional management methods include”?7%:

1. External ventricular drainage (EVD)
2. CSF shunting
3. Endoscopic surgery

These techniques have been used for some time, but they are
also prone to issues, including infection and drainage tube occlu-
sion.”®74 At this point, newer therapeutic approaches are necessary

to lessen the probability of said issues.

1. Clot lysis: It has been proposed to remove ventricular clots and
thereby halt hydrocephalus progression and formation.”” A
clinical trial involving a series of intra-ventricular thrombolysis,
named CLEAR-IVH, is being conducted by injecting recombinant
tissue plasminogen activator (rt-PA). Early phases showed
promising results with faster clot dissolution.”®~”® For further
understanding of the potential of this option, a phase-3 trial is
currently being performed.”®

2. A combination of drainage, fibrinolytic therapy, and irrigation,
collectively termed “Brain-washing,” targeted to remove blood
and associated metabolic products, was conducted in the clinical
trials by Whitelaw et al. to find its efficacy.®® The results were,
though, not in favor of reducing the incidence of PHH.

3. Medical management, ETV, catheterization of choroid plexus, and
ventricular shunting procedures have been attempted for the

management of hydrocephalus following IVH.81-83

In cases of hydrocephalus secondary to SAH, the current
treatment protocol consists of a combined approach involving blood
pressure maintenance, ICU care, and complication prevention. The
surgical care comprises a permanent ventricular shunt, CSF drainage,
and repeated lumbar punctures and is dependent on the radiological
results and the patient's level of cognition.

Even though EVD has been traditionally used to manage acute
cases of hydrocephalus, it is associated with the complication of

ventriculitis if placed for more than 3 days.®* Recent clinical trials
have indicated lumbar drainage as an effective alternative for
managing elevated ICP, draining CSF, and preventing cerebral
vasospasm.&>8¢

PTH in adults is mostly associated with TBI.87®® First-line
management options include CSF shunting and placement of
EVD.®?"?! Elevated ICP following PTH is managed by DC, where
some concerns regarding the size of the craniectomy have been
expressed in the literature.”? But on the contrary, few studies suggest
that it may not be a risk factor for PTH.?%%4

8.1 | Newer therapeutic alternatives for PTH are
proposed below

1. Blood clots: The extravasated blood in the ventricular system or
subarachnoid space, during the initial stages of evolution of
hydrocephalus, forms blood clots, disrupting normal CSF flow and
hence resulting in hydrocephalus.”>~??

The efficacy of fibrinolytic for the first time was shown in a
dog model of IVH by Pang et al. in 1986, which showed an
effective attenuation of ventriculomegaly following intra-
ventricular administration.2°® Subsequently, several studies have
been performed to determine the efficacy of fibrinolysis. Studies
conducted in porcine and cat models showed alleviation of
ventricular dilation following hemorrhage.””'*°! Conversely, it was
seen that patients receiving intra-ventricular tPA infusion devel-
oped severe inflammatory responses, as shown by a recent clinical
trial.1°2 They also made an interesting observation that the
severity of this response was associated with the extent of
fibrinolysis. It is also worth noting the significance of an older
thrombolytic drug, Urokinase-tissue plasminogen activator

(uPA),20310% \yhich has shown similar effects in clot resolution

but significant outcome improvement when compared to

tPA,105.106

2. Thrombin: Many studies have shown the involvement of thrombin
in the early phase of brain injury following hemorrhage and the

formation of hydrocephalus following IVH.1°771%? Significant
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ventricular damage and severe ependymal ciliary damage were
seen in a rat model following intra-ventricular thrombin infusion.
The resolution of this injury by the administration of a protease-
activated receptor 1 (PAR-1), SCH79797, shows that PAR-1 may
have a role in hydrocephalus formation.*°
Also, studies in rat models showed that thrombin caused an
upregulation of TGF-betal expression and severe fibrosis of the
subarachnoid membrane, which, on the administration of a TGF-
betal inhibitor, was reversed completely.*** This finding points to
the fact that thrombin-induced TGF-betal may have a role to play
in the formation of hydrocephalus following SAH.
3. Iron, hemoglobin, and free radicals: Several studies have shown

the role of iron and hemoglobin in the evolution of PTH.11?
According to a recent study, an intraventricular administration of
hemoglobin caused ventricular enlargement and the overexpres-
sion of the iron-handling protein lipocalin 2 (LCN2).1*3

Intra-ventricular administration of hemoglobin was shown to
cause significant ventricular enlargement at 24 h in rat models,
which also indicates the involvement of hemoglobin causing
hydrocephalus following IVH.1*#

A possible role of iron in the development of hydrocephalus
was originally suggested by the iron chelator deferoxamine (DFO),
which reduced IVH-induced hydrocephalus.’*®> According to a
study done on adult rats, lysed red blood cells (RBCs) but not
packed RBCs were found to cause ventricular dilatation when
injected intravenously.¢ It has also been demonstrated that iron
infusion alone causes ventricular enlargement. Moreover, coin-
jection of DFO dramatically reduced the swelling of the ventricles
brought on by lysed RBCs. These findings suggest that iron is a
critical factor in IVH-induced hydrocephalus.

Earlier research has shown that iron, through the Haber
-Weiss reaction, causes oxidative brain damage following ICH.*”
Following that, generating reactive oxygen species, like harmful
hydroxyl radicals, may cause DNA damage and lipid peroxidation.
In vitro, brain exposure to hydrogen peroxide (3% w/v) destroys
the ependymal structure and alters normal ependymal ciliary beat
frequency, according to research by Hirst et al. published in
2009.118

4. RBCs: According to several research, hemoglobin contributes to
the development of PTH, and encouraging anti-RBC lysis or RBC
phagocytosis may be a potential strategy for preventing PTH.114
Earlier studies have shown that ICH-induced brain edema and
neurological impairment in mice are dramatically decreased by
complement C3 deletion and that MAC-mediated RBC rupture is

a parallel damage mechanism after ICH.**’

The potential effectiveness of complement inhibition in avoiding
PTH has not, however, been extensively assessed so far. The
likelihood that brain phagocytic cells, such as macrophages and
microglia, are to blame for RBC phagocytosis before lysis and the
consequent release of harmful substances is growing.'2°~122 Hence,
by boosting RBC clearance in the early stages of IVH, SAH, and TBI,
PTH could be prevented from progressing.

Open Access

8.2 | Anti-oxidative stress treatment for PTH
Oxidative stress, which is triggered by hypoxia/ischemia and involves
lipid peroxidation, oxidative, and nitrosylation processes, is one of the
possible mechanisms of brain damage in hydrocephalus. These
processes may continue to be active even after ventricular expansion
has stopped.?® Antioxidants can be used to alleviate damage that is
followed by oxidative stress in hydrocephalus. Melatonin, a hormone
secreted by the pineal gland, has proven to have protective effects by
scavenging free radicals.

Rats who had hydrocephalus precipitated by kaolin injection
were administered melatonin. The findings showed that melatonin
could delay the loss of glutathione, an antioxidant and free radical
scavenger, as well as delay rises in nitric oxide levels in choroid plexus
tissue. 124

Angiogenesis is a defensive mechanism under the settings of
ischemia and hypoxia.'?® In preterm infants with PTH or patients
with adult hydrocephalus, vascular endothelial growth factor (VEGF),
which has a mitogenic action and increases the vascular permeability
effect on endothelial cells, is said to be substantially elevated in the
CSF.*2¢ Hypoxia-inducible factor-1 alpha accumulated quickly in rats
exposed to prolonged hypoxia and increased the expression of
VEGF.*?” An anti-VEGF antibody called bevacizumab can be used to
treat the symptoms precipitated via VEGF injection.'?® According to
reports, VEGF injection causes ependymal cell denudation, cilia loss,
and ventriculomegaly in rats. As a result, controlling VEGF and its
receptors should be investigated as a therapeutic option for

hydrocephalus.

8.3 | Stem cell transplantation in pediatric TBI

While neural stem cells (Figure 3) have the potential to promote
regeneration and neurogenesis in the injured brain due to their
capacity to self-renew and inherent potential to differentiate into

129 mesenchymal stromal cells (MSCs) are

neurons and glial cells,
useful because they can cross the blood-brain barrier, migrate to the
site of injury, and secrete trophic and anti-inflammatory factors that
prevent cell death.**°

Premature birth is frequently associated with severe IVH and the
PHH that follows, which increases mortality and neurological
morbidities. Following a biventricular injection of 80 uL of fresh
maternal whole blood at P7, Cherian et al. reported ventriculomegaly
in 65% of Wistar rat pups, with a death rate of 20%.%3! In a different
study, PHH was produced following severe IVH, and P4 rats—rather
than P7 rats—had a death rate of 17%. It was demonstrated that the
newborn rat pup model is appropriate and suitable for studying
preterm IVH and the accompanying PHH.**? Furthermore, observed
are the following: decreased corpus callosum thickness and MBP;
aberrant histological features such as increased astrocytic gliosis and
TUNEL-positive cells; impaired behavioral function on the negative
geotaxis and rotarod tests; and significantly attenuated PHH

following severe IVH following intraventricular transplantation of
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human umbilical cord blood (UCB)-derived MSCs, but not fibro-
blasts.*®? Thus, it lends credence to the possible application of human
UCB-derived MSCs as a cutting-edge therapeutic approach for
severe IVH, for which no proven cures exist.

It is also hypothesized that rather than their capacity for
regeneration, the anti-inflammatory properties of human UCB-derived
MSCs may be the primary mechanism mediating or linked to their
protection against PHH and brain injury following severe [VH.133134
After causing experimentally produced IVH in a rabbit model, USSC
injection decreased cell infiltration and denudation of ependymal cells
from the choroid plexus and lateral ventricle walls, as well as the
diameters of the ventricular cross-sectional area at postnatal ages 7 and
14 days. It lends credence to the theory that USSCs aid in the
regeneration and anti-inflammatory processes that follow damage.*3®

Local intraventricular transplantation using either low-dose
(5 x 106 cells/kg) or high-dose (1 x 107 cells/kg) of allogeneic human
UCB-derived MSCs did not result in any acute adverse effects or
mortality in a clinical investigation including nine extremely preterm
infants with grade 4 IVH. These results imply that it would be safe
and possible to transplant human UCB-derived MSCs into preterm
newborns suffering from severe IVH.1*¢ Proving the safety of MSC

FIGURE 3 Role of NSCs in cell replacement
therapy. NSC, neural stem cells.

\ {8

Astrocyte

transplantation requires a long-term follow-up safety evaluation
because serious brain injury caused by IVH can last throughout
childhood and increase the risk of cognitive disability, cerebral palsy,
and developmental delays.*®” 137 As a result, a 2-year assessment of
the nine preterm children in this research who received MSC
treatment is presently being conducted (NCT02673788).

These methods have demonstrated the effectiveness of stem cell
therapy in lowering neuronal cell death and inflammatory cascades
following TBI, resulting in improved recovery of cognitive and
motor functions.*>14% UCB stem cells have been shown to reduce
neurovascular damage following newborn brain injury.**!* By analyz-
ing the effects of stem cell therapies in these neonatal brain damage
models, future research on developing focused and effective stem

cell treatments for pediatric TBI will considerably benefit (Figure 4).
8.4 | Ethical and safety considerations associated
with stem-cell-based therapy

Due to their origins, elevated threat of tumorigenicity, and other factors,
embryonic/fetal stem cells raise significant ethical and safety concerns.
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FIGURE 4 Role of stem cell therapy in the management of posttraumatic hydrocephalus (PTH). MSC, mesenchymal stromal cells;

TBI, traumatic brain injuries.

Therefore, emphasis has turned to alternative cell types because of these

logistical issues, particularly adult tissue-derived cells.1*?

9 | CHALLENGES IN THE MANAGEMENT
OF PTH

PTH management can be challenging for a few reasons. PTH
administration presents several challenges, including:

Diagnoses are challenging because PTH symptoms can resemble
those of a TBI or other neurological conditions.'* It is essential to
separate PTH from other disorders to ensure optimal treatment.

Surgery schedule: Early intervention enhances results. Therefore,
PTH surgery scheduling is crucial. Determining the ideal period,
however, can be challenging because some individuals may not
exhibit symptoms until their illness has progressed.'*

Options for surgical therapy of PTH include ETV and shunt
implantation. Because each surgical procedure has a unique set of
advantages and dangers, choosing the ideal one can be challenging.2*®

Complication management: PTH patients run the risk of
consequences, including infections, shunt problems, and seizures.**
It can be challenging to manage these side effects, and more
surgeries or medical procedures might be required. To improve their
cognitive and physical function, PTH sufferers may need long-term

therapy. Because it requires a multidisciplinary strategy and a
customized treatment plan for each patient, rehabilitation can be
challenging.'** Neurosurgeons, neurologists, rehabilitation special-
ists, and other medical professionals must all work together to treat
PTH. Close observation and prompt action can help to improve
outcomes and lessen the burden of this condition's sequelae.***

9.1 | The importance of a multidisciplinary
approach involving neurosurgeons, neurologists, and
rehabilitation specialists in providing comprehensive
care for patients

PTH is a complex condition that requires a multidisciplinary approach
and strong interprofessional collaboration between neurologists,
neurosurgeons, and rehabilitation specialists. Neurologists are vital
in diagnosing and monitoring these patients. They have an important
role in treatment plans alongside neurosurgeons who perform
procedures such as VP shunt placements, endoscopic third ventricu-
lostomies, and craniotomies. Rehabilitation specialists such as
physical, occupational, and speech therapists are an essential part
of these patients' care. They form the backbone of postacute care,
improving quality of life and allowing patients to maximize their

recovery potential. With that said, the collaborative efforts of these
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medical professionals are crucial in achieving the best possible

outcomes for patients with PTH.

10 | CONCLUSION

PTH is a severe complication with a high mortality and morbidity rate
after TBI. Recent preclinical research has made some significant strides in
our knowledge of PTH's pathogenesis and treatment options. Although
there is currently no effective way of preventing PTH from occurring,
hemorrhage-derived blood and its metabolic by-products, such as iron,
hemoglobin, free radicals, thrombin, and RBCs, may be possible targets
for PTH prevention and treatment. Other therapeutic approaches, like
antioxidative stress therapy and stem cell transplantation in animal
models, offer great promise for further study and improved therapeutic
results. Multimodal interventions could culminate in even more benefits
for PTH prevention.2*® Facilitating the application of basic science in the
clinical context should be emphasized in future research to develop an

effective management strategy for this clinical entity.
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