Original pages 184–192
Chapter 4
PATHOPHYSIOLOGY OF INCREASED INTRACRANIAL PRESSURE IN BRAIN TUMOR

Raised intracranial pressure is extremely important because it is a major cause of death. Diseases affecting the brain—including brain tumors, intracranial hemorrhage, brain abscess, brain injury, cerebral edema, and obstruction of cerebrospinal fluid circulation—are all space-expanding lesions that cause raised intracranial pressure and ultimately death. The brain tumor itself, or the other lesions mentioned above, does not cause death by directly destroying vital brain structures. Rather, death results when the tumor raises intracranial pressure and displaces the brain, compressing the brain stem. Early diagnosis of this condition therefore improves treatment results. Conversely, delayed diagnosis delays treatment, leading to poor recovery or death. Physicians should understand the pathophysiological changes, symptoms, and signs of raised intracranial pressure so that they can recognize the condition early.

Intracranial pressure (ICP)

The human skull consists of rigidly fused plates that cannot expand, except in young children whose skull plates have not yet fused. Its only outlets are the foramen magnum and the openings for the cranial nerves. Intracranial pressure arises from three components within the cranial cavity: (1) brain tissue; (2) cerebrospinal fluid (CSF) in the ventricles, cisterns, and subarachnoid spaces; and (3) blood vessels and the blood circulating within the cranial cavity (Figure 4.1). The Monro–Kellie doctrine (1821) states that the intracranial contents are incompressible. If the volume of any one of these three components increases, or an expanding mass enters the cranial cavity, the volume of the other components must decrease. CSF and blood are the first components whose volumes can decrease most rapidly and readily. Loss of water from brain tissue occurs slowly.

[image: Figure 4.1. Intracranial components that generate pressure under normal conditions. These components can compensate for rising intracranial pressure and maintain it within normal limits for a time.]Color added · Anatomical details based on the original imageFigure 4.1. Intracranial components that generate pressure under normal conditions. These components can compensate for rising intracranial pressure and maintain it within normal limits for a time.
Because the skull cannot expand, increasing the volume of its contents progressively raises intracranial pressure. Compensatory mechanisms initially maintain pressure within normal limits, but they can compensate only to a certain extent. Once these mechanisms are fully utilized, continuing progression of the lesion raises intracranial pressure and produces decompensation. Unless the condition is corrected or its cause removed in time, brain herniation and eventual death may occur.

Compensatory mechanisms for intracranial pressure

1. Loss of tissue fluid from the brain. The brain is soft and can undergo localized atrophy through loss of water from the tissue at the site of a tumor or another expanding mass, leaving intracranial pressure unchanged. This phenomenon is often seen with slowly growing benign tumors, such as meningiomas. Removal of the tumor reveals a distinct cavity in the brain (Figure 4.2). In contrast, rapidly growing malignant tumors or other rapidly expanding masses, such as an intracerebral hematoma, cause brain edema (Figure 3.13) and a rapid increase in intracranial pressure, leading to brain herniation within a short time.

[image: Figure 4.2. Localized atrophy forms a cavity in the brain (arrow) at the site of an expanding tumor (arrowhead).]Figure 4.2. Localized atrophy forms a cavity in the brain (arrow) at the site of an expanding tumor (arrowhead).
2. Reduction in ventricular, cisternal, and subarachnoid CSF volume. CSF in these spaces is displaced most readily and provides the most important mechanism for compensating intracranial pressure. The ventricles and subarachnoid spaces clearly become smaller or collapse when intracranial pressure is very high (Figure 4.3). The effectiveness of this mechanism depends on the CSF passageways at the tentorial opening and foramen magnum. If downward displacement of brain tissue obstructs these sites, little or no CSF can flow into the spinal canal, limiting pressure reduction. In such cases, lumbar puncture and measurement of CSF pressure in the lumbar subarachnoid space may not reflect the true intracranial pressure. Lumbar puncture is also dangerous because it may increase brain herniation and cause death.

[image: Figure 4.3. A tumor in the right frontal lobe raises intracranial pressure. The right ventricle (arrow) and subarachnoid space (arrowhead) are collapsed, whereas those on the left remain wide and clearly visible.]Figure 4.3. A tumor in the right frontal lobe raises intracranial pressure. The right ventricle (arrow) and subarachnoid space (arrowhead) are collapsed, whereas those on the left remain wide and clearly visible.
3. Reduction in intracranial blood volume. It is difficult to determine how important the reduction in blood volume is in compensating intracranial pressure. Nevertheless, changes in blood volume almost certainly occur. Cerebral angiograms in patients with very high ICP show narrowing of the arteries, veins, and sinuses. In some patients no contrast material is seen in the cerebral vessels—the non-filling phenomenon—when ICP exceeds arterial blood pressure (Figure 4.4).

[image: Figure 4.4. Carotid angiogram showing absence of blood flow into the cerebral vessels because intracranial pressure is very high.]Figure 4.4. Carotid angiogram showing absence of blood flow into the cerebral vessels because intracranial pressure is very high.
4. Separation of the skull sutures. Separation of the cranial sutures occurs in young children whose sutures have not yet fused into bone. This is another important mechanism for compensating intracranial pressure in children. A child with raised intracranial pressure may therefore have an abnormally large head before symptoms of raised pressure become apparent.

Intracranial volume–pressure relationship

Langfitt, T.W.(3) demonstrated an interesting relationship between volume and ICP that is useful in explaining changes in the condition of patients with raised intracranial pressure caused by an expanding intracranial mass. In his experiment, a balloon was placed in the epidural space and gradually inflated with water at 1 cc per hour while ICP was measured continuously. During the early stages of balloon expansion, ICP remained normal without rising. In Figure 4.5, the horizontal portion of the curve shows that the added volume is offset by an equal reduction in the volume of other intracranial contents—CSF, blood, and brain tissue fluid—so pressure remains constant. This is called the compensation period. Further increases in balloon volume raise the pressure. Beyond a certain point, even a small increase in volume causes an immediate, steep rise in ICP, shown by the vertical portion of the curve. This indicates that the intracranial volume available to compensate for the enlarging mass has been exhausted, so pressure rises abruptly.

[image: Figure 4.5. Relationship between the volume of an expanding intracranial mass and intracranial pressure.]Color added · Anatomical details based on the original imageFigure 4.5. Relationship between the volume of an expanding intracranial mass and intracranial pressure.
When a mass expands rapidly, the compensatory mechanisms are exhausted sooner and the vertical portion of the curve shifts to the left. Other conditions that reduce the effectiveness of these mechanisms, such as cerebral edema or anoxia, likewise shift the vertical portion to the left. The experiment shows that if a large intracranial volume is available to compensate for an expanding mass, ICP does not increase and the mass can become very large (Figure 4.6). Conversely, if little compensatory volume is available, even slight expansion of a mass can produce a dangerous, marked increase in ICP. In patients who already have expanding lesions, care must therefore be taken to avoid conditions that cause vasodilatation, such as respiratory obstruction, hypercapnia, hypoxia, and the use of volatile anesthetic agents. All increase cerebral blood flow through cerebral vasodilatation and may raise intracranial pressure sufficiently to cause death.

[image: Figure 4.6. Relationship between the intracranial volume available for pressure compensation, intracranial pressure, and the size of an expanding mass. 1. With little compensatory volume available, even a small mass markedly raises intracranial pressure. 2. Normal intracranial volume available for pressure compensation. 3. With a large compensatory volume available, a mass can become very large before raising intracranial pressure.]Color added · Anatomical details based on the original imageFigure 4.6. Relationship between the intracranial volume available for pressure compensation, intracranial pressure, and the size of an expanding mass.
1. With little compensatory volume available, even a small mass markedly raises intracranial pressure.
2. Normal intracranial volume available for pressure compensation.
3. With a large compensatory volume available, a mass can become very large before raising intracranial pressure.
The compensatory mechanisms for intracranial pressure do not depend on the type of lesion. Tumors, intracerebral hemorrhage, brain abscesses, cysts, and other lesions provoke the same compensatory response. The speed of compensation, however, depends on the location, size, and rate of development of the mass; the presence of cerebral atrophy; the capacity of the CSF spaces to expand; the expansibility of the skull; and the edema surrounding the tumor.

Tumors within or near the ventricular system can obstruct CSF pathways early, causing obstructive hydrocephalus and generalized increased ICP. Compensatory mechanisms are consequently exhausted rapidly. Tumors in the middle cranial fossa near the tentorial edge readily cause herniation of the medial temporal lobe through their local pressure. This is another cause of obstruction of cisternal CSF flow and rapid elevation of intracranial pressure.

The rate at which a mass develops is an important factor. When a mass develops rapidly, the brain cannot adapt in time and the compensatory mechanisms for intracranial pressure are quickly exhausted. Brain herniation therefore tends to occur early. Malignant tumors, such as metastatic tumors, glioblastoma multiforme, and sarcoma, grow rapidly and are accompanied by considerable cerebral edema. Patients thus show signs of raised intracranial pressure early in the disease. In contrast, benign tumors such as meningiomas grow slowly, giving the brain time to adapt through the mechanisms described above. A conspicuous change is localized atrophy through loss of water at the site compressed by the tumor. This atrophy results from impaired blood flow caused by compression of the vessels.(1) Such tumors can therefore become large before producing symptoms and signs of raised intracranial pressure.

In patients with cerebral atrophy, such as elderly people, there is less brain tissue and the ventricles and subarachnoid spaces are enlarged. The greater available intracranial space allows tumors to become very large. Conversely, younger people have very narrow ventricles and subarachnoid spaces and often develop symptoms of raised intracranial pressure sooner.

Expansion of the skull is another compensatory mechanism. It occurs in young children whose cranial sutures have not yet fused firmly. This change accompanies a gradual rise in pressure, but does not occur when intracranial pressure rises abruptly.
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Anatomy

Before studying the symptoms and signs of intracranial pressure, it is helpful to understand the anatomy of the cranial cavity and the pathophysiology of an expanding intracranial mass. This makes the resulting symptoms and signs easier to understand.

As already discussed, the skull is rigid and cannot expand, so its capacity changes very little. The exception is in children whose sutures have not yet fused, allowing the skull to expand. The cranial cavity is divided into compartments by the falx cerebri and tentorium cerebelli. The tentorium is a fold of dura attached to the anterior and posterior clinoid processes, petrous ridge, and occipital bone. It curves inward to join its counterpart on the opposite side, forming a tent that separates the intracranial cavity into the supratentorial compartment and the infratentorial compartment, or posterior fossa. The edges of the two sides of the tentorium form an opening for the brain stem, blood vessels, cranial nerves, and CSF, called the tentorial notch or tentorial opening (Figures 4.7, 4.8, and 4.9). The infratentorial compartment contains the cerebellum, brain stem, cranial nerves, and blood vessels. The brain stem leaves the cranial cavity through the foramen magnum to continue as the spinal cord. The cerebellar tonsils lie at the margins of the foramen magnum (Figure 4.10). These important structures may be displaced downward when posterior fossa pressure rises, compressing the medulla and posterior inferior cerebellar artery and causing immediate respiratory arrest and unconsciousness.

[image: Figure 4.7. Division of the cranial cavity into compartments by the tentorium cerebelli and falx cerebri.]Color added · Anatomical details based on the original imageFigure 4.7. Division of the cranial cavity into compartments by the tentorium cerebelli and falx cerebri.
[image: Figure 4.8. Superior view of the skull base showing the tentorial notch (tentorial incisura), formed by the edges of the tentorium cerebelli. It provides passage for the brain stem, blood vessels, cranial nerves, and CSF.]Color added · Anatomical details based on the original imageFigure 4.8. Superior view of the skull base showing the tentorial notch (tentorial incisura), formed by the edges of the tentorium cerebelli. It provides passage for the brain stem, blood vessels, cranial nerves, and CSF.[image: Figure 4.9. Posterior view of the tentorial notch, showing the brain stem passing into the posterior fossa. (From Rohen, J.W., and Yokochi, C., Color Atlas of Anatomy, Igaku-Shoin Medical Publisher, 1988.)]Figure 4.9. Posterior view of the tentorial notch, showing the brain stem passing into the posterior fossa. (From Rohen, J.W., and Yokochi, C., Color Atlas of Anatomy, Igaku-Shoin Medical Publisher, 1988.)
[image: Figure 4.10. The cerebellar tonsil (arrow), whose lower margin normally lies at the level of the edge of the foramen magnum (arrowhead).]Figure 4.10. The cerebellar tonsil (arrow), whose lower margin normally lies at the level of the edge of the foramen magnum (arrowhead).

Within the supratentorial compartment, the falx cerebri is a dural fold in the sagittal plane. It attaches anteriorly to the crista galli, then curves backward to meet both sides of the tentorium in the midline. It divides the supratentorial compartment into right and left halves, each containing a cerebral hemisphere. An important feature of the falx is its narrow anterior portion, which leaves the cingulate gyrus on the medial surface of the frontal lobe uncovered (Figures 4.7 and 4.11). A supratentorial expanding lesion can therefore displace the cingulate gyrus beneath the free edge of the falx to the opposite side.

[image: Figure 4.11. Midline section showing the narrow anterior portion of the falx cerebri. The cingulate gyrus and anterior cerebral artery are not covered by the falx.]Color added · Anatomical details based on the original imageFigure 4.11. Midline section showing the narrow anterior portion of the falx cerebri. The cingulate gyrus and anterior cerebral artery are not covered by the falx.
The tentorial notch (Figure 4.8) allows passage of the brain stem at the midbrain level. The midbrain lies close to the edge of the tentorium. The oculomotor nerve (third cranial nerve) emerges from the midbrain in the interpeduncular fossa and courses forward alongside the posterior communicating artery into the cavernous sinus. As it passes forward, the nerve also lies close to the tentorial edge. It is therefore an important cranial nerve for recognizing transtentorial herniation, as discussed below. The posterior surface of the midbrain is farther from the edge of the tentorial notch. Here the cerebellar vermis and superior surface of the cerebellar hemisphere lie close to the tentorial edge. These are other important parts of the brain that can be displaced upward from the infratentorial compartment through the tentorial notch when posterior fossa pressure rises.

In the posterior fossa, the vertebrobasilar arteries supply the brain stem and may be affected during brain herniation. At the junction of the pons and midbrain, the basilar artery gives rise to important branches: the superior cerebellar and posterior cerebral arteries. The superior cerebellar artery remains infratentorial and supplies the superior surface of the cerebellar hemisphere and the vermis. The initial segment of the posterior cerebral artery, after leaving the basilar artery, is also infratentorial. It courses along the midbrain to the edge of the tentorial notch, crosses the tentorial edge into the supratentorial compartment, and supplies the temporal and occipital lobes. The vertebrobasilar vessels supplying the brain stem give rise to two groups of branches: paramedial and circumferential arteries (Figure 4.12). The paramedial arteries enter the brain stem on either side of the midline and pass toward its dorsal surface, supplying the gray matter beneath the floor of the fourth ventricle. The circumferential arteries course around the outer surface of the brain stem and send branches inward from its periphery. Small branches of the anterior inferior cerebellar artery supply the lower pons. These vessels are important in the development of secondary brain stem hemorrhage, as discussed below.

The temporal lobe is important because its medial portions—the uncus and parahippocampal gyrus—lie close to the edge of the tentorial notch. These structures can be displaced downward and compress the brain stem when supratentorial pressure rises.

[image: Figure 4.12. Paramedial and circumferential arterial branches supplying the brain stem, which are important in the development of secondary brain stem hemorrhage.]Figure 4.12. Paramedial and circumferential arterial branches supplying the brain stem, which are important in the development of secondary brain stem hemorrhage.
The ventricular system is another important structure. It includes the right and left lateral ventricles, from which CSF flows through the two foramina of Monro into the third ventricle. It then passes through the aqueduct of Sylvius, a narrow channel in the midbrain tegmentum, into the fourth ventricle. The fourth ventricle opens into the cerebral cisterns through the foramina of Magendie and Luschka. The choroid plexus within the ventricles continuously produces CSF at approximately 20 cc per hour. Thus, if a tumor and brain herniation—for example, tonsillar herniation—obstruct the fourth ventricular outlets, or if transtentorial herniation compresses the aqueduct of Sylvius, CSF cannot leave the ventricles. Intracranial pressure then rises rapidly beyond the pressure caused by the tumor itself. The physician must promptly restore CSF outflow from the ventricles.
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Pathophysiological Changes
A brain tumor or another expanding intracranial mass can produce several pathophysiological changes in the brain. The important changes are:

	Loss of function in the part of the brain compressed or destroyed by the tumor, producing symptoms and signs of dysfunction of that region.
	Increased intracranial pressure (increased ICP).
	Brain displacement and herniations.


The lesion may produce only one of these three changes, or all three may develop together as a continuous process. This depends on the type, location, and rate of expansion of the lesion.

This chapter discusses in detail only raised intracranial pressure, brain displacement, and herniation.

[image: Chart 4.1. Changes in the brain caused by a brain tumor or an expanding intracranial mass.]Chart 4.1. Changes in the brain caused by a brain tumor or an expanding intracranial mass.
Increased intracranial pressure (increased ICP)

In general, an expanding mass alone does not greatly alter intracranial pressure. Raised pressure usually results from the combined effects of expansion of the mass and secondary changes: brain edema, venous congestion, disturbed intracranial blood circulation, and obstruction of CSF pathways (Chart 4.1).

Chart 4.1 shows that raised intracranial pressure results from the following:

1) Tumor expansion accompanied by brain edema. Malignant tumors are an example. Edema develops through two mechanisms: the primary toxic effect of the malignant tissue on the brain,(2) and abnormal blood circulation around the mass.

2) Abnormal intracranial blood circulation. A tumor can compress local veins and capillaries, impairing circulation and causing congestion and cerebral edema. The author has often observed that benign tumors, such as parasagittal meningiomas, cause considerable surrounding edema that is clearly visible on CT. At operation, the capillaries compressed by the tumor show slowed circulation and local hypoxia, making the cortex at the tumor site appear pale. Thus, the primary toxic effects of malignant tumors, venous congestion, and localized hypoxia all affect the blood–brain barrier and contribute to cerebral edema.

3) CSF obstruction. Obstruction can occur anywhere along the CSF pathways and causes obstructive hydrocephalus. The patient's condition may deteriorate to unconsciousness within a short time. Obstruction may be caused by a small tumor within the ventricular system or by an extraventricular tumor enlarging and compressing a narrow CSF passage, such as the aqueduct of Sylvius or the ventricular foramina. Tumors distant from the ventricles can also obstruct CSF flow through cerebral displacement or herniation. For example, a supratentorial tumor can cause herniation of the uncus and parahippocampal gyrus, compressing the midbrain and its narrow aqueduct of Sylvius, or tonsillar herniation can obstruct the fourth ventricular outlets. Rising intracranial pressure increases brain herniation, which further obstructs CSF flow. This continuing cycle progressively worsens the patient's condition and ultimately causes death.

Unless these three factors are corrected promptly, intracranial pressure continues to rise over time. The most important treatment is directed at the cause. A tumor must be removed to correct venous congestion, cerebral edema, CSF obstruction, and raised intracranial pressure. In some patients, however, the cause cannot be treated and CSF obstruction persists. CSF must then be drained to lower intracranial pressure. If pressure is allowed to rise progressively, two important changes occur: reduced cerebral blood flow and brain herniation compressing the brain stem. Loss of brain stem function ultimately causes death.

Effects of increased ICP on cerebral blood flow (CBF)
Changes in ICP affect CBF because increased ICP invariably affects systemic arterial pressure (SAP) and cerebral perfusion pressure (CPP).(4) CPP is related to carotid arterial pressure, jugular vein pressure, and cerebrovascular resistance by the following equation:

CPP = (carotid arterial pressure − jugular vein pressure) / cerebrovascular resistance

Normally, cerebral venous pressure is approximately equal to intracranial pressure and rises or falls with ICP. As ICP increases, cerebrovascular resistance decreases to maintain normal CBF. At very high ICP, the cerebral veins and sinuses collapse, increasing cerebrovascular resistance and eventually reducing CBF.(6) Zwetnow(5) found that with progressive elevation of ICP, CBF remained normal until CPP fell to 40 mmHg or below, when CBF decreased appreciably. Maintenance of normal CBF indicates cerebral vascular autoregulation adapting to blood pressure changes. Miller(4) likewise concluded that during increased ICP, CBF remains normal as long as the cerebral vessels retain their autoregulatory response to arterial pressure. Once autoregulation is lost through hypoxia or any other cause, increasing ICP immediately reduces CBF.(7)

Clinically, the effect of increased ICP on CBF is clearly demonstrated by cerebral angiography in patients with expanding intracranial lesions and very high ICP. Contrast injected into the internal carotid artery cannot enter the cranial cavity. This indicates that ICP approaches or equals SAP, leaving insufficient pressure to drive the contrast through the cerebrovascular resistance into the brain. This is called the non-filling phenomenon. All such patients subsequently die.

AUTOREGULATION. Autoregulation is related to ICP, SAP, and CBF. CBF delivers O₂ and glucose to the brain, continuously maintaining normal metabolism. Cerebral vascular autoregulation maintains normal CBF by adjusting vessel caliber to changes in blood pressure, ICP, and blood gases. Vasodilatation and vasoconstriction keep CBF constant. When SAP or CPP falls, cerebral vessels dilate to maintain CBF; when SAP rises, they constrict to achieve the same effect. This autoregulatory mechanism depends on the arterial smooth muscle reflex. Adjustment of the arteries to changes in CPP to maintain normal CBF is called “pressure autoregulation.” Its range, from maximal dilatation to maximal constriction, corresponds to a mean SAP of 50–160 Torr.(31) Thus, vessels progressively dilate as SAP and CPP fall, maintaining normal CBF until SAP reaches 50 Torr, when dilatation is maximal. Below 50 Torr, CBF falls with blood pressure, outside autoregulatory control. As blood pressure rises, arteries constrict, reaching maximal constriction at SAP 160 Torr. Above this pressure, the force of the blood pressure dilates the vessels and increases CBF. At this stage the blood–brain barrier is disrupted, water enters the brain tissue, cerebral edema develops, and ICP rises further.

In addition to responding to SAP, cerebral vessels adapt to tissue metabolism, a process called “metabolic autoregulation.” The demand for O₂ and glucose for brain metabolism is normally closely related to CBF. During a seizure, for example, metabolism increases in the affected brain region and vasodilatation increases its blood flow.(3) When metabolism decreases, as during hypothermia, CBF also decreases.(8) Lactic acid or H⁺ generated by metabolism continuously links CBF to metabolism. Hypoxia or increased metabolism raises extracellular lactic acid (H⁺), causing vasodilatation and increased cerebral blood flow. As long as the increased CBF compensates for the fall in blood O₂ and meets the brain's requirements, brain metabolism remains normal. When metabolism returns to its normal level, H⁺ is removed and vessels constrict back to normal.

Hypoxia and hypercarbia greatly influence cerebral vessels, particularly hypercarbia. When arterial PaO₂ falls to approximately 20 mmHg, maximal vasodilatation is stimulated. A further fall in O₂ causes anaerobic glycolysis and reduced oxidative phosphorylation,(9) changes consistently seen in hypoxic metabolism. The mechanism by which hypoxia dilates cerebral vessels is not clearly understood. It is generally considered to be chemical regulation: hypoxia increases lactic acid or H⁺, stimulating chemoreceptors in the aorta and carotid sinus.

Hypercarbia, or elevated arterial PaCO₂, is the most important autoregulatory stimulus for changes in cerebral vessels. High PaCO₂ causes dilatation, whereas low PaCO₂ causes constriction. Vasodilatation raises ICP. Therefore, in patients with brain tumors or other expanding masses who have impaired consciousness, inadequate breathing, or airway obstruction, the airway must promptly be cleared and ventilation supported to relieve hypercarbia. This is one way to lower ICP.

Vasomotor response to increased ICP
Cushing described the vasomotor response to increased ICP as a rise in SAP accompanied by bradycardia. The pressure response results from sympathetic stimulation transmitted through sympathetic outflow. It can be abolished by sectioning the cervical cord or a sympathetic ganglion. Bradycardia results from stimulation of a center in the floor of the fourth ventricle, with impulses transmitted through the vagus nerve; vagotomy abolishes it. The Cushing response increases CBF or maintains normal CBF, depending on how far the rise in SAP exceeds the rise in ICP.

Cerebrovascular dysfunction caused by increased ICP
With intact autoregulation, cerebral vessels dilate when SAP falls and constrict when SAP rises, maintaining normal CBF. They also dilate and constrict in response to changes in PaCO₂. These responses may be altered or lost because of a brain tumor, ischemia, hypoxia, or brain injury. High ICP with severe brain compression abolishes the cerebral vascular vasomotor response. Progressive loss of this response is life-threatening. As ICP rises, CPP falls. Initially, vasodilatation and a rise in SAP maintain normal CBF. Continued elevation of ICP eventually abolishes the mechanisms regulating CBF and causes cerebral ischemia. At this stage, administering CO₂ cannot increase CBF or ICP because the cerebral vessels are already maximally dilated. Similarly, administering O₂ does not cause vasoconstriction. Langfitt(3) called this phenomenon “cerebral vasomotor paralysis.” During this state, if SAP rises through a vasomotor response, ICP rises with it without an increase in CPP or CBF.(3)

Cerebral vasomotor paralysis generally involves the cerebral vessels diffusely. However, by measuring regional CBF at several sites, Langfitt found that localized vasomotor paralysis can occur, particularly near a tumor, and may produce “cerebral steal.” When CO₂ is administered, CBF increases through vasodilatation in normal brain tissue, but in areas with impaired autoregulation it remains unchanged or may even decrease. Conversely, hyperventilation reduces CBF in normal brain through vasoconstriction while increasing flow to the abnormal region.

Effects of increased ICP on other systems
As discussed above, changes in PCO₂ and PO₂ affect cerebral vessels, CBF, and ICP. Increased ICP can in turn affect respiration and blood gases. Respiratory changes may result from brain displacement, increased ICP, or both. Whatever the initial cause, abnormal blood gases initiate further increases in ICP and brain displacement. They must therefore be corrected promptly.

Many patients with expanding masses have relatively low O₂ levels. Two mechanisms explain this. First, increased ICP and brain shift produce pulmonary ventilation–perfusion mismatch and low PO₂. Pulmonary vasoconstriction during the Cushing response lowers blood O₂. Second, increased ICP and brain shift affect the respiratory center in the medulla, depressing respiration and causing low PO₂ and high PCO₂.

Some patients hyperventilate during increased ICP, usually before breathing slows or stops. Hyperpnea at this stage may represent the body's attempt to restore a low PO₂ to normal. In some patients, however, hyperventilation is caused by brain stem pathology.

PULMONARY EDEMA CAUSED BY INCREASED ICP. Pulmonary edema in patients with brain injury or brain tumors is a grave condition. Without timely treatment, all patients die. These patients have no other cause of pulmonary edema, such as lung disease, heart disease, or excessive intravenous fluid administration. They are unconscious and breathless, with pink frothy fluid continuously issuing from the mouth, nose, or endotracheal tube. These manifestations result from markedly increased ICP. The author encountered a patient with a brain tumor and these findings. After the tumor was removed, the pulmonary edema resolved immediately and the patient recovered normally.

Two theories explain pulmonary edema associated with increased ICP:(18)

Theory 1: Increased ICP stimulates greater sympathetic outflow to the pulmonary vessels, causing pulmonary vasoconstriction and edema.

Theory 2: Increased hydrostatic pressure in the pulmonary microvasculature causes fluid to transude from the capillary bed into the alveoli.
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Symptoms and Signs of Raised Intracranial Pressure

Every physician should know the symptoms and signs of raised intracranial pressure and its life-threatening consequences, and should be able to diagnose it early enough to provide treatment before the patient dies.

The important general symptoms and signs of raised intracranial pressure are:

	Headache
	Vomiting
	Blurred vision or papilledema (choked disc)
	Personality change
	Decreased consciousness
	Double vision (diplopia)
	Head enlargement
	Cushing’s reflex


Headache is common in raised intracranial pressure and often brings the patient to a physician. It results from compression or traction on intracranial pain-sensitive structures: the middle meningeal artery and its branches, the large arteries at the base of the brain, the dura mater at the skull base, and the venous sinuses.(10) It usually occurs in the early morning and may awaken the patient. It improves after vomiting. In patients with expanding intracranial masses, reduced ventilation during sleep causes CO₂ retention and vasodilatation, producing brain swelling.(11) Relief of headache after vomiting is explained by subsequent hyperventilation, which lowers ICP.(12) The pain is usually throbbing and progressively worsens until, at very high intracranial pressure, it becomes continuous and unresponsive to analgesics. This pattern is important in distinguishing it from headaches of other causes. Certain positions or activities, such as squatting or straining at stool, can aggravate the pain. For this reason, patients with brain tumors often also have constipation.

Headache associated with raised intracranial pressure does not localize the lesion. Severe frontal headache, for example, does not necessarily indicate a frontal lobe tumor. However, a tumor situated so that it compresses or pulls on pain-sensitive structures may initially cause localized pain before generalized headache develops. A meningioma of the medial lesser wing of the sphenoid may first cause pain around the eye and forehead through traction on V₁ and V₂ of the trigeminal nerve. Posterior fossa tumors, sometimes accompanied by tonsillar herniation, often cause occipital headache and neck tightness through irritation of cranial nerves IX, X, and XI and the dura supplied by them, as well as the upper spinal nerves.

Some patients have such severe headache that they cry out, thrash about, become noisy or agitated, and answer questions inappropriately. These may be manifestations of raised intracranial pressure. If the physician fails to consider this possibility, restrains the patient's limbs, and gives sedating medication, diagnosis and treatment may be delayed until it is too late, with subsequent death.

Vomiting is another symptom accompanying headache, usually appearing later when intracranial pressure is very high. It is projectile and unrelated to meals or nausea. It is more common in children because childhood brain tumors often lie in the posterior fossa and directly stimulate the vomiting center in the medulla. Tumors in or near the fourth ventricle cause vomiting more frequently. Children with brain tumors may therefore be thin, malnourished, and weak, sometimes with head enlargement. Vomiting is less common in adults. When a patient presents with vomiting and raised intracranial pressure is suspected, the cause should be investigated and treated promptly, since vomiting usually indicates that pressure is already very high. Vomiting itself also raises intracranial pressure and can readily precipitate brain herniation when the patient is close to decompensation.

Blurred vision results from papilledema, or choked disc. This is the most important sign and allows reliable diagnosis of raised intracranial pressure. Every physician should learn to recognize papilledema on funduscopic examination so that patients receive prompt diagnosis and treatment.

Papilledema results from congestion of the central retinal vein within the optic nerve. Raised intracranial pressure increases CSF pressure in the arachnoid sheath surrounding the optic nerve, causing the optic disc to swell.

[image: Figure 4.13. Papilledema in a patient with raised intracranial pressure. Note the flame-shaped hemorrhages at the optic disc margin.]Figure 4.13. Papilledema in a patient with raised intracranial pressure. Note the flame-shaped hemorrhages at the optic disc margin.
Examination of the optic disc with an ophthalmoscope reveals the following features of papilledema(15) (Figure 4.13):

	Increased optic disc diameter due to swelling of the optic nerve head.
	Indistinct disc margins and loss of the physiological cup due to swelling.
	Mushroom-like protrusion of the swollen optic nerve head into the vitreous.
	Increasing redness of the optic disc due to venous congestion, an early sign of raised intracranial pressure.
	Congested, tortuous veins at the optic disc, with arteries remaining normal in caliber, increasing the vein-to-artery ratio.
	Deviation of vessels at the optic disc from their usual course because of displacement by swelling.
	Flame-shaped hemorrhages at the disc margin or within the disc, usually surrounding it close to its edge. Hemorrhage elsewhere is attributed to another cause, such as retinal vein thrombosis, rather than raised intracranial pressure.
	Grayish-white exudate on the surface and margins of the optic disc.


The earliest optic disc signs of raised intracranial pressure are venous congestion, disappearance of central retinal venous pulsation, and increasing redness of the disc. The other changes indicate more advanced papilledema.

Papilledema may be unilateral or bilateral, or may be absent despite raised intracranial pressure. This may reflect anatomical variation in the extension of the subarachnoid space along the optic nerve. If this space extends a shorter distance than normal, the central retinal vein lies outside it and is not subjected to its pressure, so papilledema does not develop. In some cases, such as a meningioma near the medial lesser wing of the sphenoid, the optic nerve and its subarachnoid space are compressed without obstruction of the central retinal vein. Primary optic atrophy occurs instead of papilledema. If the large mass raises intracranial pressure, papilledema may develop on the opposite side (Foster–Kennedy syndrome). With a subfrontal tumor, frontal lobe tissue may likewise be pushed against the optic nerve and subarachnoid space, preventing papilledema. Thus, absence of papilledema does not exclude a brain tumor. When a tumor is suspected, other findings must help establish the diagnosis. The presence of papilledema is not a localizing sign.

Papilledema takes time to develop and is therefore absent when intracranial pressure rises abruptly, as with an epidural hematoma. Once papilledema has developed, failure to treat the cause of raised pressure promptly can eventually result in blindness from secondary optic atrophy (Figure 4.14). At that stage, blindness will not improve regardless of how quickly the cause is removed. Prompt treatment upon detection of papilledema is therefore essential. In general, visual acuity does not deteriorate rapidly as it does in papillitis; it declines gradually over months or years, depending on tumor type and location. Vision is usually lost late in the disease. Infratentorial tumors and tumors within or near the ventricles produce papilledema sooner than supratentorial tumors, because they commonly obstruct CSF pathways and rapidly raise intracranial pressure. Rapidly growing tumors, such as malignant gliomas and metastatic brain tumors, also cause early papilledema. Slowly growing tumors such as meningiomas are less often associated with it.

[image: Figure 4.14. Secondary optic atrophy: the optic disc is pale white, with distinct margins and narrowed vessels.]Figure 4.14. Secondary optic atrophy: the optic disc is pale white, with distinct margins and narrowed vessels.
Personality and behavior. Changes in personality and habits are common accompanying manifestations. Patients are often fatigued, lack enthusiasm for work, become slower and less active, lose interest in their surroundings, and tend to sleep. Schoolchildren show progressively declining academic performance. If intracranial pressure becomes sufficiently high and remains elevated long enough, memory impairment and dementia may develop. However, these manifestations may also be localizing symptoms of tumors in particular brain regions.

Decreased consciousness is the most important manifestation. It indicates very high intracranial pressure and progression toward the terminal stage. Pressure must be restored to normal as quickly as possible; otherwise, the patient becomes unconscious and dies. Unconsciousness results from two factors: reduced cerebral blood flow and brain herniation causing cessation of brain stem function. As pressure rises gradually, the patient becomes progressively more drowsy. When recording the level of consciousness, physicians should describe what the patient can do—for example, speak, move, and understand commands—rather than use terms such as stupor, semicoma, or coma. Such terms may be interpreted differently by different caregivers and obscure the actual changes.

Changes in consciousness depend on the rate of development and location of the mass. A brain tumor growing slowly over months or years may cause drowsiness for several days before unconsciousness develops. With a rapidly developing mass, the patient may progress from full alertness with headache to drowsiness and unconsciousness within minutes or hours. An epidural hematoma is a clear example.

Double vision results from dysfunction of the cranial nerves supplying the extraocular muscles. The nerves commonly affected by raised intracranial pressure are the sixth (abducens) and third (oculomotor) nerves. The sixth nerve is most commonly affected before uncal herniation occurs. Once uncal herniation develops, the third nerve loses function in every case.

[image: Figure 4.15. Internal squint due to abducens nerve dysfunction in a patient with raised intracranial pressure caused by a brain tumor.]Figure 4.15. Internal squint due to abducens nerve dysfunction in a patient with raised intracranial pressure caused by a brain tumor.
The abducens nerve supplies the lateral rectus muscle, which abducts the eye. Loss of nerve function prevents outward eye movement and causes an internal squint (Figure 4.15). The patient experiences horizontal diplopia and walks with the face turned toward the affected side to avoid double vision. Sixth nerve palsy is not a localizing tumor sign and does not help identify the tumor's location. It is simply a general manifestation of raised intracranial pressure.

Sixth nerve palsy occurs because this long nerve runs from the lower border of the pons along the skull base, crosses the petrous ridge, and enters the cavernous sinus. When intracranial pressure rises and the brain stem moves downward, the sixth nerve is pulled against the petrous ridge and loses function.

Head enlargement occurs in young children whose skull plates have not yet fused. Raised intracranial pressure, whether from a brain tumor or another cause, enlarges the head. The sutures may separate and become palpable, especially at the coronal suture and anterior fontanelle. Percussion produces a “cracked pot” sound. Congested scalp veins become prominent. Both eyes may look downward (the sunset sign) because of pressure on the roofs of the orbits. Head enlargement is not seen in older children or adults.

CUSHING’S REFLEX. When intracranial pressure becomes very high, Cushing's reflex raises blood pressure and slows the pulse, increasing cerebral blood flow to compensate for the reduction caused by elevated ICP. These changes in blood pressure and pulse rate are important signs that intracranial pressure is rising. A progressive rise in blood pressure and slowing of the pulse, accompanied by a change in consciousness, make raised intracranial pressure particularly certain.
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BRAIN DISPLACEMENT AND HERNIATION

As a tumor or expanding mass enlarges, the surrounding brain tissue is displaced to accommodate its growth. Because the cranial cavity is divided into compartments by the falx cerebri and tentorium cerebelli, the pattern of displacement varies with the location of the tumor.

A frontal lobe tumor readily displaces frontal brain tissue beneath the falx cerebri to the opposite side. The falx is narrow anteriorly and covers or separates relatively little of the medial frontal surface. In the parietal region it is broad and covers the medial hemispheric surface, limiting displacement across the midline. Cerebral angiography demonstrates this displacement as a “proximal shift” of the anterior cerebral artery on the anteroposterior view. The falx cerebri itself may also be displaced to the opposite side. Because the frontal lobe lies close to the central axis of the brain, a frontal mass can also cause downward displacement of the brain stem. In addition, the posterior part of the frontal base may be pushed into the middle cranial fossa and compressed by the lesser wing of the sphenoid, leaving an indentation on the frontal base (Figure 4.16).

A parietal lobe tumor produces less displacement beneath the falx because the falx is very broad here and covers almost the entire medial parietal surface. Its lower border lies close to the corpus callosum and is firmly attached to the tentorium on both sides. Increasing mass pressure must first compress the corpus callosum before the cingulate gyrus can move to the opposite side. As the mass enlarges, part of the cingulate gyrus passes beneath the falx, producing a “distal shift” of the anterior cerebral artery on the anteroposterior carotid angiogram. Further enlargement pushes the frontal lobe so that its medial surface also passes beneath the falx, producing a “square shift” on this view. The dorsal surface of the third ventricle is compressed by the tissue displaced across the midline.
[image: Figure 4.16. The posterior part of the frontal lobe base is compressed by the edge of the lesser wing of the sphenoid (arrows).]Figure 4.16. The posterior part of the frontal lobe base is compressed by the edge of the lesser wing of the sphenoid (arrows).

A temporal lobe tumor displaces adjacent brain upward, forward, and downward. The Sylvian fissure and its vessels are elevated, while the brain stem and third ventricle are pushed to the opposite side. Temporal lobe tumors readily cause transtentorial herniation because the uncus and parahippocampal gyrus lie close to the tentorial edge.

An occipital lobe tumor lies in a region bounded by the falx and tentorium cerebelli. Increasing pressure displaces brain tissue forward toward the parietal and temporal lobes.

A posterior fossa tumor displaces the brain in two directions: upward through the tentorial notch and downward through the foramen magnum, as described below.

Regardless of its location, an enlarging tumor or other expanding mass transmits pressure to other parts of the brain until the compensatory mechanisms are exhausted. Brain tissue is then shifted or displaced into compartments with lower pressure. This produces cerebral or brain herniation, which compresses the brain stem and can cause unconsciousness and death.

Supratentorial tumors or other expanding masses can cause three forms of brain herniation:

	Cingulate or subfalcine herniation
	Central transtentorial herniation
	Uncal and/or parahippocampal herniation


Infratentorial tumors or other expanding masses can cause two forms of brain herniation:
	Tonsillar herniation
	Upward transtentorial herniation


These forms of brain herniation represent a continuing process as long as ICP continues to rise. Even when the original cause of increased ICP is supratentorial, pressure eventually spreads to the posterior fossa, producing all forms of herniation and ultimately death.

Symptoms and Signs of Brain Herniation
The manifestations of brain herniation may be classified by the site involved, as follows.

1. Manifestations of cingulate or subfalcine herniation

The cingulate gyrus herniates beneath the falx across the midline from the higher-pressure side to the lower-pressure side. This depresses the roof of the ipsilateral lateral ventricle and displaces the pericallosal arteries to the opposite side. Cerebral angiography demonstrates shifting of the anterior cerebral arteries across the midline. As the cingulate gyrus and anterior cerebral arteries pass beneath the falx, the falcine edge compresses branches of these arteries (Figure 4.17). Hemorrhagic pressure necrosis may develop in the cingulate cortex, or ischemia or infarction may occur on the medial frontal and parietal surfaces supplied by the anterior cerebral arteries. This causes weakness of the leg opposite the original lesion. The infarcted brain swells, further increasing intracranial pressure.

[image: Figure 4.17. The right cingulate gyrus has herniated beneath the falx to the left. Note the indentation of the cingulate gyrus and branches of the anterior cerebral artery (arrow).]Figure 4.17. The right cingulate gyrus has herniated beneath the falx to the left. Note the indentation of the cingulate gyrus and branches of the anterior cerebral artery (arrow).
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2. Symptoms and Signs of Transtentorial Herniation

2.1 Central transtentorial or diencephalic herniation(13)
A supratentorial tumor displaces the diencephalon downward through the tentorial notch, in turn pushing on the midbrain. This often accompanies uncal herniation (Figure 4.18). Perforating arteries supplying the diencephalon and brain stem are displaced by these forces (Figure 4.19), causing ischemia or hemorrhage within the diencephalon and upper midbrain.

[image: Figure 4.18. A. Normal midbrain position: its anterior border lies at the level of a line drawn between the optic chiasm and the posterior border of the splenium of the corpus callosum. B. Multiple supratentorial tumors displace the diencephalon and brain stem downward. (From Plum F. and Posner J. B., The Diagnosis of Stupor and Coma.)]Figure 4.18. A. Normal midbrain position: its anterior border lies at the level of a line drawn between the optic chiasm and the posterior border of the splenium of the corpus callosum.
B. Multiple supratentorial tumors displace the diencephalon and brain stem downward. (From Plum F. and Posner J. B., The Diagnosis of Stupor and Coma.)
[image: Figure 4.19. A brain tumor causes central displacement and central transtentorial herniation. The perforating arteries supplying the diencephalon (short arrows) are displaced and stretched taut, resulting in ischemia.]Color added · Anatomical details based on the original illustrationFigure 4.19. A brain tumor causes central displacement and central transtentorial herniation. The perforating arteries supplying the diencephalon (short arrows) are displaced and stretched taut, resulting in ischemia.
Early manifestations begin with changes in consciousness and progressively increasing drowsiness. Breathing often includes sighing, yawning, or occasional pauses; some patients develop Cheyne–Stokes respiration. The pupils are small but still constrict well to light. The small pupils at this stage are not clearly explained but may result from hypothalamic sympathetic dysfunction. Opening both eyes reveals conjugate or divergent roving movements—wandering, inconsistently directed movements resembling those of a person who is half asleep, indicating preserved brain stem function. The doll’s eye maneuver and caloric testing remain normal. Motor examination begins to show bilateral corticospinal tract signs. Patients whose hemispheric tumor has already caused contralateral hemiparesis develop further weakness.

If the supratentorial tumor continues to enlarge or intracranial pressure continues to rise, the diencephalon and midbrain are compressed more severely.

In the later phase of central transtentorial herniation, the patient therefore becomes unconscious and develops Cheyne–Stokes respiration. The pupils remain small but constrict less to light. Responses to the doll’s eye maneuver and caloric testing are unchanged from the early stage. The patient may lie motionless without stimulation. Strong pressure at the medial eyebrow or over the sternum, however, produces rigid extension of the legs and flexion of the arms, known as “decorticate rigidity” (Figure 4.20). If hemiparesis or hemiplegia was already present, decorticate rigidity always appears first on that side and may later become bilateral. In some patients with a hemispheric lesion and subsequent herniation, stimulation produces rigidity in the previously hemiplegic limbs and decorticate rigidity in the limbs on the same side as the lesion. This difference cannot yet be explained physiologically.(13)

[image: Figure 4.20. Decorticate rigidity in an unconscious patient. The clenched hands rest on the chest, the wrists and elbows are flexed, and both legs are rigidly extended.]Figure 4.20. Decorticate rigidity in an unconscious patient. The clenched hands rest on the chest, the wrists and elbows are flexed, and both legs are rigidly extended.
Some patients also develop hypersecretion from the tracheobronchial tree and increased gastric secretion. Secretions may be so copious that froth appears at the nose and mouth, or through the tracheostomy tube, as in pulmonary congestion. Hyperthermia may also occur. These phenomena may reflect hypothalamic disturbance.

Manifestations in the “diencephalic stage” are critically important: they warn that a reversible condition will soon become irreversible. If treatment is not provided promptly and herniation is allowed to destroy the midbrain, recovery becomes difficult or impossible, however rapidly the mass is subsequently removed.
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2.2 uncal herniation, parahippocampal herniation, transtentorial herniation

When intracranial pressure continues to rise after the compensatory mechanisms have been exhausted, pressure from a supratentorial expanding mass causes uncal herniation into the lower-pressure posterior fossa. The uncus, the medial portion of the anterior temporal lobe resting on the tentorial edge, is displaced medially and downward through the tentorial notch. The parahippocampal gyrus may follow it (Figures 4.21 and 4.22). The relative extent of uncal and parahippocampal displacement varies with the location of the mass. An anterior mass, such as one in the frontal lobe or anterior temporal lobe, produces more prominent uncal herniation. A posterior temporal or occipital mass produces greater parahippocampal herniation.

[image: Figure 4.21. Left uncal and parahippocampal transtentorial herniation, with indentation by the tentorial edge (arrows). Lateral compression lengthens the midbrain anteroposteriorly and occludes the aqueduct of Sylvius. The left third cranial nerve is compressed by the uncus.]Figure 4.21. Left uncal and parahippocampal transtentorial herniation, with indentation by the tentorial edge (arrows). Lateral compression lengthens the midbrain anteroposteriorly and occludes the aqueduct of Sylvius. The left third cranial nerve is compressed by the uncus.
[image: Figure 4.22. Uncal transtentorial herniation viewed from above with the frontal lobe retracted upward. The herniated uncus compresses the third nerve (arrow), and the tentorial edge has indented the uncus (arrowhead).]Figure 4.22. Uncal transtentorial herniation viewed from above with the frontal lobe retracted upward. The herniated uncus compresses the third nerve (arrow), and the tentorial edge has indented the uncus (arrowhead).
The manifestations of uncal and parahippocampal herniation are as follows.

oculomotor nerve palsy The oculomotor nerve is compressed during uncal herniation. Early on, before the uncus has fully descended through the tentorial notch, the pupil on the side of the expanding mass begins to constrict but remains reactive to light. The opposite pupil remains normal in size and reactivity. A physician may therefore mistakenly identify the side with the larger pupil as abnormal and perform cerebral angiography on that normal side, although the lesion lies on the side with the smaller pupil. Initial constriction before dilatation is explained by stimulation of the parasympathetic fibers on the surface of the oculomotor nerve during early herniation. This stage is important because full uncal herniation will soon follow, compressing the nerve until it loses function and causing oculomotor palsy. The ipsilateral pupil then enlarges and becomes less reactive, eventually becoming fully dilated and fixed. The pupils are unequal, a condition called anisocoria (Figure 4.23A). The patient becomes unconscious as compression disables the brain stem reticular activating system. External oculomotor ophthalmoplegia is also found: the eye does not move, and the doll’s eye response is lost on the side of the dilated pupil. If the cause is not removed, contralateral herniation develops, leaving both pupils dilated and unreactive (Figure 4.23B). Most patients die at this stage.

Thus, the expanding intracranial mass lies on the side of the dilated, unreactive pupil. If carotid angiography is necessary, it must be performed on that side to demonstrate the lesion.

Unconsciousness and decerebrate rigidity In addition to a dilated, unreactive pupil, uncal herniation produces manifestations of midbrain compression and ischemia. The patient becomes unconscious and develops decerebrate rigidity: both arms and legs are rigidly extended, the arms are internally rotated, the hands are clenched, and the wrists are flexed (Figure 4.24). Midbrain dysfunction also abolishes the oculocephalic reflex.

[image: Figure 4.23. A. Unequal pupils (anisocoria), with the left pupil larger than the right. B. Both pupils are dilated and unreactive to light. Markedly raised intracranial pressure has caused bilateral uncal herniation, ultimately resulting in death.]Figure 4.23. A. Unequal pupils (anisocoria), with the left pupil larger than the right.
B. Both pupils are dilated and unreactive to light. Markedly raised intracranial pressure has caused bilateral uncal herniation, ultimately resulting in death.
[image: Figure 4.24. Decerebrate rigidity in an unconscious patient. Both arms and legs are rigidly extended, the arms internally rotated, the hands clenched, and the wrists flexed.]Figure 4.24. Decerebrate rigidity in an unconscious patient. Both arms and legs are rigidly extended, the arms internally rotated, the hands clenched, and the wrists flexed.
[image: Figure 4.25. Kernohan’s phenomenon. The uncus herniates through the tentorial notch and displaces the midbrain, pressing the opposite cerebral peduncle against the tentorial edge.]Color added · Anatomical details based on the original illustrationFigure 4.25. Kernohan’s phenomenon. The uncus herniates through the tentorial notch and displaces the midbrain, pressing the opposite cerebral peduncle against the tentorial edge.
hemiparesis, and Kernohan’s phenomenon Compression of the lateral midbrain by the uncus and parahippocampal gyrus displaces it to the opposite side. The opposite cerebral peduncle is pressed against the tentorial edge, causing ischemia and necrosis. Hemiplegia may therefore occur on the same side as the expanding mass and the dilated pupil. This is called Kernohan’s phenomenon (Figure 4.25), reported in fewer than 10% of cases by Finney and Walker(14) Hemiplegia may be either ipsilateral or contralateral to the lesion. Contralateral hemiplegia, however, usually reflects a hemispheric lesion rather than midbrain compression.

Manifestations of secondary brain stem hemorrhage Lateral compression reduces the transverse diameter of the midbrain and lengthens its anteroposterior diameter. Together with downward displacement of the brain stem by a supratentorial mass, this stretches vessels supplying the midbrain and upper pons. The paramedial arteries are particularly affected. Ischemia and hemorrhage may develop in the posterior diencephalon, midbrain, and upper pons. The hemorrhage is usually paramedial in the brain stem and destroys the reticular activating system, leaving the patient unconscious with no prospect of returning to normal (Figure 4.26).

visual field defect These result from occlusion of the posterior cerebral artery and its branches. During uncal and parahippocampal herniation, the tentorial edge compresses the posterior cerebral artery, causing temporo-occipital infarction and visual field loss. The lesion is usually a red infarction (Figure 4.27) and may be unilateral or bilateral. Slowly developing herniation may allow homonymous hemianopsia to be detected. It is rarely identified, however, because visual fields are often not examined and herniation usually develops rapidly, with impaired consciousness making examination difficult. A visual field defect may nevertheless be detected in a survivor.

[image: Figure 4.26. Brain stem hemorrhage (arrowhead) caused by uncal and parahippocampal herniation (arrows).]Figure 4.26. Brain stem hemorrhage (arrowhead) caused by uncal and parahippocampal herniation (arrows).
[image: Figure 4.27. Bilateral temporo-occipital red infarction (arrows) caused by compression of the posterior cerebral arteries against the tentorial edge during uncal and parahippocampal herniation (arrowheads).]Figure 4.27. Bilateral temporo-occipital red infarction (arrows) caused by compression of the posterior cerebral arteries against the tentorial edge during uncal and parahippocampal herniation (arrowheads).
diabetes insipidus Pituitary involvement may occur when anterior transtentorial herniation descends into the basal cistern and compresses the pituitary stalk. Ischemia of the pituitary gland or hypothalamus then causes diabetes insipidus.

obstructive hydrocephalus Brain stem compression narrows or occludes the aqueduct of Sylvius within the midbrain (Figure 4.21). The cisterns around the midbrain are also effaced, obstructing CSF flow and producing obstructive hydrocephalus. This is particularly harmful because the rise in CSF pressure rapidly increases the already elevated intracranial pressure. Herniation worsens, further compressing the aqueduct and obstructing CSF circulation, with progressive deterioration of the manifestations described above.
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3. Symptoms and Signs of Tonsillar Herniation
Tonsillar herniation, or a tonsillar pressure cone, occurs when the cerebellar tonsils descend through the foramen magnum into the cervical spinal canal, where pressure is lower. An expanding mass and raised pressure in the posterior fossa may cause this, or very high supratentorial pressure may be transmitted to the posterior fossa. Herniation may be bilateral, but is usually greater on the side of the mass. The tonsils become tightly impacted in the foramen magnum, compressing the medulla and the posterior inferior cerebellar arteries supplying it, and producing the following manifestations.

Respiratory and cardiac arrest Compression of the medulla by the cerebellar tonsils disables its vital respiratory center. Depending on the rate at which pressure rises, this may occur rapidly or gradually. Respiration becomes slower and shallower until it stops. Respiratory arrest always precedes cardiac arrest. Without treatment, the initially slow heart rate becomes rapid and irregular, and the previously elevated blood pressure progressively falls until death occurs.

[image: Figure 4.28. Tonsillar herniation. The cerebellar tonsils compress the medulla and show indentations made by the margins of the foramen magnum (arrows).]Figure 4.28. Tonsillar herniation. The cerebellar tonsils compress the medulla and show indentations made by the margins of the foramen magnum (arrows).
In a patient with a posterior fossa mass and increased intracranial pressure, lumbar puncture to obtain CSF is contraindicated. Removing spinal CSF lowers pressure in the spinal canal, increasing the relative pressure above the foramen magnum and precipitating tonsillar herniation.

Gross examination of the brain shows indentations on the cerebellar tonsils where they have been compressed by the margins of the foramen magnum (Figure 4.28).

Unconsciousness Loss of consciousness may occur rapidly, or the condition may develop gradually before sudden unconsciousness. Slowing of respiration usually accompanies it. When tonsillar herniation is complete, respiration stops and the patient immediately becomes unconscious. Transtentorial and tonsillar herniation may occur together.

Neck stiffness (stiff neck) may occur when tonsillar herniation develops slowly. Pain and tightness in the neck result from irritation of the cranial and spinal nerves around the foramen magnum and upper cervical region. Movement aggravates the pain. Marked neck flexion may produce an electric-shock sensation traveling down the body, known as Lhermitte’s sign.

Paresthesia may accompany neck pain and stiffness when the cerebellar tonsils compress the posterior columns near the foramen magnum.
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4. Manifestations of Upward Transtentorial Herniation
A tumor or expanding mass in the posterior fossa may also cause upward, ascending, or reversed transtentorial herniation. The anterior vermis, superior cerebellar hemispheres, and midbrain are displaced through the posterior part of the tentorial notch into the supratentorial compartment, where pressure is lower. Compression of the quadrigeminal plate and aqueduct of Sylvius (Figure 4.29) produces Parinaud’s, or quadrigeminal, syndrome and obstructive hydrocephalus. Manifestations may be unilateral or bilateral, depending on whether the mass lies in the midline or in a cerebellar hemisphere. Tonsillar herniation almost always accompanies this condition. Compression of the vein of Galen and veins of Rosenthal impedes venous drainage and increases supratentorial venous pressure. Gross examination shows grooves on the superior cerebellar surface caused by the tentorial edge (Figure 4.30), and infarction in the territory of the superior cerebellar artery.

[image: Figure 4.29. Upward transtentorial and tonsillar herniation. A large tumor pushes the vermis through the tentorial notch, compressing the quadrigeminal plate and aqueduct of Sylvius.]Color added · Anatomical details based on the original illustrationFigure 4.29. Upward transtentorial and tonsillar herniation. A large tumor pushes the vermis through the tentorial notch, compressing the quadrigeminal plate and aqueduct of Sylvius.[image: Figure 4.30. Upward transtentorial herniation. The vermis and cerebellar hemispheres have been displaced upward and compressed by the tentorial edge (arrows).]Figure 4.30. Upward transtentorial herniation. The vermis and cerebellar hemispheres have been displaced upward and compressed by the tentorial edge (arrows).

In a patient with a large posterior fossa tumor, ventricular puncture for diagnosis or treatment may dangerously precipitate ascending herniation. Removal of ventricular CSF lowers supratentorial pressure, thereby increasing the relative infratentorial pressure and worsening upward herniation.

Quadrigeminal plate or Parinaud’s syndrome consists of paralysis of vertical eye movements. Initially, the vermis compresses the inferior colliculus, damaging the centers for downward gaze and convergence. The patient cannot look downward or converge the eyes on a near object, and the eyes deviate upward. Subsequent compression of the superior colliculus damages the upward-gaze center, so the patient can no longer look upward. The pupils become unreactive because of pretectal dysfunction. These ocular findings are usually difficult to elicit because unconsciousness develops rapidly.

cerebellar fit Upward herniation, or a large tumor in the anterior cerebellum, may severely compress the midbrain. Both arms and legs become rigidly extended, with opisthotonos, clenched hands, and flexed wrists. The patient is usually unconscious (Figure 4.31). The term “cerebellar fit” is misleading: the cerebellum itself does not produce this convulsive rigidity. Rather, a large cerebellar tumor compresses the midbrain.

[image: Figure 4.31. “Cerebellar fit” in a child with a large cerebellar tumor compressing the brain stem.]Figure 4.31. “Cerebellar fit” in a child with a large cerebellar tumor compressing the brain stem.
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Radiological Signs of Increased Intracranial Pressure

Prolonged elevation of intracranial pressure, whatever its cause, produces changes visible on skull radiographs. These may be generalized, localized, or both, depending on the degree and duration of pressure elevation and the patient’s age. In young children, sutures may separate early. I have seen this within two or three days after a head injury producing an acute subdural hematoma. In adults with brain tumors, it is difficult to determine how long the changes take to appear, since the onset of increased pressure is unknown. The radiological manifestations are as follows.

1. Skull enlargement occurs only in young children whose sutures have not fused. The ratio of the skull to the facial bones exceeds 3:1. Localized bulging from focal pressure may accompany generalized enlargement.

2. Sutural separation is illustrated in Figure 4.32. The posterior fontanelle closes soon after birth. By one and a half years, the anterior fontanelle is about fingertip-sized, and by two years it is closed on radiographs. The coronal suture separates first and is the last to fuse, followed by the sagittal and lambdoid sutures. Separation is greatest near the fontanelles and is an important sign. It may occur up to the age of twelve, but is rare after sixteen. In an adult, sutural separation should suggest a diastatic fracture.

[image: Figure 4.32. Separation of the coronal suture (arrowhead) due to increased intracranial pressure.]Figure 4.32. Separation of the coronal suture (arrowhead) due to increased intracranial pressure.
[image: Figure 4.33. Convolution markings, or digital impressions, indenting the inner skull surface.]Figure 4.33. Convolution markings, or digital impressions, indenting the inner skull surface.
3. Convolution markings or digital impressions (Figure 4.33) appear as radiolucent indentations in the inner table, resembling finger impressions in clay. They reflect thinning caused by pressure and pulsation of the cerebral gyri. Such markings are normally seen in the frontal and occipital bones; those in the parietal bones are more significant for diagnosing raised intracranial pressure. They should not, however, be used as the sole diagnostic criterion.

4. Changes in the sella turcica occur mainly in adults. They are uncommon in children because sutural separation and skull expansion relieve pressure. The first change is cortical erosion along the anterior surface of the dorsum sellae, extending downward toward the inferior sellar margin. On lateral radiographs, the cortex becomes indistinct or discontinuous (Figure 4.34). Subsequently the dorsum sellae and posterior clinoid processes disappear, and the cortex of the sellar floor thins, particularly posteriorly. With persistent pressure elevation, the floor may also disappear. The sella enlarges and loses mineral as pressure acts on its floor and posterior wall; the contents of the pituitary fossa bulge into the sphenoid sinus. Longstanding pressure elevation also causes atrophy of the tuberculum sellae.

[image: Figure 4.34. Destruction of the dorsum sellae and posterior clinoid processes due to increased intracranial pressure.]Figure 4.34. Destruction of the dorsum sellae and posterior clinoid processes due to increased intracranial pressure.
Similar changes may result from osteoporosis or from local compression and destruction by a tumor in the sellar region.

5. Increased vascularity The vascular grooves on the inner skull surface enlarge in tumors such as meningioma. In some patients with raised intracranial pressure, the grooves of draining or emissary veins and the impressions of Pacchionian granulations also become larger.

6. Skull thinning occurs with chronically raised intracranial pressure in childhood, as in hydrocephalus. It is less common in adults and is generally diffuse.

7. cerebral angiography The cerebral vascular changes associated with raised intracranial pressure are described in Chapter 6.

CT and MRI have greatly improved neurological diagnosis, reducing the use of skull radiography and cerebral angiography. They provide more accurate information about a lesion’s location, type, size, and effect on the brain. Knowledge of plain radiographic findings nevertheless remains useful when CT or MRI is unavailable, and can guide further investigation. These findings should therefore still be learned.
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Treatment of Increased Intracranial Pressure

As discussed above, a brain tumor or other expanding intracranial mass raises intracranial pressure and alters cerebral blood flow (CBF). When decompensation occurs, brain herniation produces unconsciousness. These changes progressively worsen for as long as the expanding mass remains. Urgent diagnosis and treatment are therefore essential to restore normal intracranial pressure; otherwise, the patient may never regain consciousness and may eventually die.

Treatment has three objectives:

	To reduce intracranial pressure and increase CBF by surgically removing the tumor or expanding mass.
	To treat the effects of the expanding mass, such as cerebral edema, obstruction of CSF pathways, and neurovegetative disorders involving temperature, respiration, and circulation; and
	To prevent herniation or reverse it.


Methods of treating increased intracranial pressure are as follows.

1. Surgical treatment
1.1 Removal of the expanding mass
1.2 Drainage of CSF from the cranial cavity
1.2.1 ventriculostomy
1.2.2 ventriculo-atrial, ventriculo-peritonial shunt
1.2.3 lumbar theco-peritoneal shunt
1.3 Radical decompressive craniectomy
1.4 Internal decompression lobectomy
2. Medical treatment
2.1 Treatment of vegetative disorders
2.1.1 Maintain a clear airway


2.1.2 Increase CBF
2.1.3 Control elevated body temperature
2.2 Treatment of cerebral edema
2.2.1 Elevate the head
2.2.2 Restrict fluids
2.2.3 Administer an osmotic solution, such as mannitol
2.2.4 Administer a diuretic, such as furosemide
2.2.5 Administer corticosteroids
2.2.6 Induce hyperventilation
2.2.7 Administer barbiturates
2.2.8 Lower body temperature: hypothermia
2.2.9 Correct hyponatremia


Surgical Treatment

Removal of the mass Complete removal of the tumor or expanding mass is the best treatment because it removes the cause and lowers intracranial pressure. The changes caused by the mass, such as cerebral edema and abnormal CBF, gradually return toward normal. If the tumor compresses or obstructs CSF pathways, removal also reopens those pathways and lowers CSF pressure.

VENTRICULOSTOMY When a tumor obstructs CSF pathways and causes obstructive hydrocephalus, but cannot be removed immediately, CSF must be drained from the cranial cavity. A small burr hole is made anterior to the coronal suture, approximately 2–3 cm from the midline. The dura mater is opened and a catheter inserted into the frontal horn of the lateral ventricle, then connected to a sterile bottle in a closed drainage system. Intracranial pressure falls immediately and the patient progressively improves. Ventriculostomy provides only temporary CSF drainage or pressure reduction, however, and the underlying cause should subsequently be removed. Besides treatment, ventriculostomy may be used to locate a tumor: radiopaque contrast is injected into the ventricle and skull radiographs are obtained to demonstrate the site of obstruction.

In a patient with a cerebral hemispheric tumor, ventriculostomy may worsen the condition. Draining CSF from the ventricle opposite the tumor increases displacement of the brain toward that side. Ventriculostomy should therefore be performed on the side of the tumor, although catheter placement is often difficult because the tumor has compressed and displaced that ventricle. The catheter may also enter the tumor, causing hemorrhage within the tumor and ventricle and further deterioration.

VENTRICULO-ATRIAL, VENTRICULO-PERITONEAL SHUNT When a tumor lies in a vital location and cannot be removed, or can only be partly removed with persistent obstructive hydrocephalus, a shunt provides long-term CSF drainage and reduction of intracranial pressure. It may be combined with other treatment, such as radiotherapy.

A ventriculoatrial shunt drains CSF from the lateral ventricle into the atrium of the heart through a device implanted beneath the skin. The system consists of a ventricular catheter, reservoir, and cardiac or peritoneal catheter, and regulates CSF pressure. A ventriculoperitoneal shunt instead drains CSF into the peritoneal cavity.

RADICAL DECOMPRESSIVE CRANIECTOMY A very large portion of the skull is removed on the side of increased pressure. The dura mater is opened and sutured to the temporalis muscle, allowing the brain to expand outward and reducing intracranial pressure. This procedure remains effective in some patients and can save lives. The opening must be genuinely large. If it is too small, the skull edge compresses the extruding brain and its veins and arteries, causing venous congestion, ischemia, and progressively increasing edema (Figure 4.35). The result is harmful, with a further rise in intracranial pressure. For this reason, subtemporal craniectomy, which creates only a narrow opening, is ineffective and is no longer performed, as it cannot reduce intracranial pressure. Internal decompression by removing nonessential brain tissue, such as the anterior temporal lobe, is also relatively ineffective. When edema or pressure is severe, swollen brain rapidly fills the space created by resection, and intracranial pressure rises again.

[image: Figure 4.35. Brain protruding through a small craniectomy opening. Note the indentations caused by the skull edge (arrows). The protruding brain is swollen and dark from venous congestion.]Figure 4.35. Brain protruding through a small craniectomy opening. Note the indentations caused by the skull edge (arrows). The protruding brain is swollen and dark from venous congestion.
Medical Treatment

Medical treatment aims to reduce cerebral edema and correct disturbances of cerebral circulation. Cerebral edema is a major complication responsible for many deaths, so prompt treatment must accompany treatment of the underlying cause. Medical therapy should always proceed alongside surgery. Besides the tumor or expanding mass itself, other factors may aggravate edema; these must be eliminated or prevented. Medical treatment consists of the following.

Respiratory care The first step is for the physician or caregiver to observe whether breathing is normal. Airway obstruction produces anoxia and CO₂ retention, leading to vasodilatation, cerebral edema, and increased intracranial pressure. Patients whose consciousness is impaired by raised intracranial pressure may breathe abnormally, and the tongue or vomitus may obstruct the airway. Endotracheal intubation is then necessary to clear the airway and provide adequate oxygen. Slow, shallow breathing requires mechanical ventilation.

Circulation Cerebral circulation must be maintained adequately to deliver sufficient oxygen for brain metabolism. Blood loss or hypotension in the presence of raised intracranial pressure further reduces cerebral perfusion. The cause of inadequate circulation must therefore be found and corrected promptly.

Body temperature A rapid rise in intracranial pressure may produce marked hyperthermia. This endangers the brain because cerebral metabolism and oxygen demand increase. Temperature should therefore be returned to normal with antipyretics, sponging, or a cooling device. Induced hypothermia is not necessary.

Elevation of the head and trunk This improves venous return to the heart. The head should be elevated approximately 30° and kept straight. Excessive rotation of the neck compresses the neck veins and increases intracranial pressure.

Fluid restriction Fluid intake should be restricted to less than daily fluid losses. Intravenous fluid is given as 5% dextrose in half-strength saline, with added K⁺ when necessary. For adults, a rate of 60 cc/hour produces mild dehydration. Intake must be adjusted to losses to avoid excessive water and salt depletion. Physical examination, urine output, and blood sodium measurements guide adjustments to maintain normal values. Excessive fluid administration or a hypotonic solution with a Na⁺ concentration below 75 mEq/L (half-strength saline) may cause cerebral edema and increase intracranial pressure.

HYPERTONIC OR OSMOTIC SOLUTIONS A hypertonic solution, such as 20% mannitol or glycerol, reduces cerebral swelling and temporarily lowers intracranial pressure. It draws water out of the brain into blood with a higher osmolarity, while increasing urine output. The effect is temporary because plasma osmolarity returns to normal after two or three hours. Intracranial pressure then rises again, producing the rebound phenomenon. This is explained by penetration of some solute into brain tissue while the hypertonic solution is circulating; when blood osmolarity returns to normal, that solute draws water back into the brain. In a patient with a tumor or expanding mass, the mass must therefore be removed promptly after mannitol, before rebound occurs. Otherwise, pressure may exceed its previous level and the patient may deteriorate. A common example is an epidural hematoma: after mannitol, urgent evacuation and hemostasis are essential. Mannitol reduces brain volume and thus the tamponade effect, allowing further bleeding and enlargement of the hematoma. Intracranial pressure rises, and subsequent rebound raises it further, causing rapid deterioration. Intracranial hemorrhage must therefore be excluded before administering a hypertonic solution, or, when such a solution is used to reduce pressure in a patient with known intracranial bleeding, the hematoma must be evacuated urgently.

The advantage of hypertonic solutions is their rapid reduction of intracranial pressure, providing time for radiological investigation or preparation for surgery. Their disadvantages include an effect lasting only two or three hours followed by rebound. Excessive or frequent administration causes severe water and salt depletion, and the resulting electrolyte imbalance may damage neurons.

At present, 20% mannitol is the most commonly used agent; our neurosurgical unit does not use glycerol. The dose used for cerebral edema is 1.0–2.0 g/kg, which is relatively high, infused intravenously over approximately 15–20 minutes. Intracranial pressure begins to fall within 20–30 minutes of starting the infusion. More recently, however, Marshall, L. F., and colleagues(17) found that 0.25 g/kg mannitol produces an osmotic gradient of up to 10 mOsm and reduces intracranial pressure as satisfactorily as a high dose of 1 g/kg. The reduction likewise lasts approximately three hours. A dose of 0.25–0.5 g/kg does not cause hyperosmolarity harmful to renal function, electrolyte imbalance, rebound, hemoconcentration, or hypotension. Mannitol should not be administered to patients with renal failure or congestive heart failure.

Diuretics Furosemide is a diuretic acting on the kidneys, unlike mannitol, which is an osmotic solution. Furosemide reduces intracranial pressure without the initial pressure increase associated with mannitol(16) Furosemide reduces edema in both diseased and normal brain, whereas mannitol acts effectively only where the blood–brain barrier remains normal. This property of furosemide may be therapeutically useful. Furosemide also reduces CSF production, so CSF pressure does not rise as rapidly.

STEROIDS Dexamethasone is the steroid most often used in neurological and brain disease. It reduces cerebral edema and improves the patient’s condition, particularly in metastatic brain tumors and malignant gliomas. After dexamethasone, patients with headache, drowsiness, vomiting, or hemiplegia may become free of headache, regain alertness, and recover limb movement. Repeat cerebral angiography or CT generally shows that clinical improvement accompanies reduced mass effect and improved circulation around the tumor. The mechanism by which dexamethasone reduces cerebral edema remains uncertain, but corticosteroids are believed to restore the function of cell membranes forming part of the blood–brain barrier.

Dexamethasone is started at 10 mg intravenously, followed by 5 mg intravenously or intramuscularly every six hours for five to seven days, then gradually tapered. Its antiedema effect begins approximately 18–24 hours after administration. It is therefore not useful for urgently reducing cerebral edema and intracranial pressure. Mannitol should be given initially for rapid pressure reduction, together with dexamethasone, which reduces edema later.

Contraindications: dexamethasone should not be given in patients with peptic ulcer, tuberculosis, fungal infection, diabetes, or psychological disorders.

When dexamethasone is used for cerebral edema, phenytoin (Dilantin) should be avoided because it increases dexamethasone metabolism and elimination.

HYPERVENTILATION This is another relatively rapid method of reducing intracranial pressure. During brain surgery, hyperventilation causes the brain to shrink within two or three minutes. It produces hypocapnia and cerebral vasoconstriction, reducing the amount of blood circulating in the brain. To lower pressure without causing oxygen deficiency, PCO₂ should be maintained at 25–30 mmHg. If PCO₂ falls to 20 mmHg or below, oxygen becomes insufficient for normal metabolism, with harmful subsequent effects.

BARBITURATES Barbiturates are increasingly used to lower intracranial pressure in patients with brain injury. When steroids, hyperventilation, and hypertonic solutions fail, barbiturates such as thiopental and pentobarbital reduce pressure in 70% of treated patients. Pressure consistently falls rapidly, making barbiturates useful when intracranial pressure rises abruptly.

Treatment should begin with phenobarbital 3–5 mg/kg body weight. Repeated doses are then given to maintain a blood phenobarbital level of 2.5–3.5 mg/100 cc, which effectively lowers intracranial pressure. Thiopental has a short duration of action and requires frequent repeat injections. Intravenous administration is preferable to maintain a steady reduction in pressure. Barbiturates may be combined with steroids, hypertonic solutions, and hypothermia.

The mechanism of pressure reduction is unknown. Barbiturates have long been known to reduce cerebral metabolic requirements, but this does not explain their pressure-lowering mechanism.

In patients with brain injury, barbiturates should not be used without continuous direct intracranial pressure monitoring. They induce sleep, preventing neurological examination. Continuous pressure measurement is therefore necessary to identify complications such as hemorrhage or cerebral edema.

HYPONATREMIA Hyponatremia caused by water retention is known to produce cerebral edema, drowsiness, and seizures. It must be corrected promptly by restricting fluid intake. The patient improves when blood sodium returns to normal.

HYPOTHERMIA This protects injured brain from further hypoxic damage by reducing cerebral metabolism. Its effect on intracranial pressure varies between patients and is less pronounced than that of hypertonic solutions or barbiturates. At present, neurosurgeons generally do not use hypothermia during or after brain surgery because it is cumbersome and its effects on cerebral edema and intracranial pressure are not clear. Instead, antipyretics are used to maintain normal temperature, together with other pressure-lowering treatments.
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