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GGeenneerraall  iinnttrroodduuccttiioonn  aanndd  tthheessiiss  oouuttlliinnee  
 
Based on: Harary M, Dolmans RGF, Gormley WB. Intracranial Pressure Monitoring-

Review and Avenues for Development. Sensors (Basel). 2018 Feb 5;18(2):465. doi: 

10.3390/s18020465. 

 

TTrraauummaattiicc  bbrraaiinn  iinnjjuurryy  
Traumatic brain injury (TBI) remains a significant source of morbidity and mortality 

worldwide1. Globally, the annual incidence of TBI is variably estimated at 27 to 69 

million2,3. In the United States, 2.8 million people sustain a TBI annually with 69.473 

TBI-related deaths in 20214,5. In Europe, 2.5 million people suffer from a TBI each 

year with a mortality rate of 57.000 patients each year6. 

 

TBI is an injury to the brain caused by an external force disrupting the normal 

function of the brain7-10. Brain injury occurs as a consequence of sudden impact, 

acceleration-deceleration movements, or a combination of both. At the moment of 

trauma, blood vessels and brain tissue are stretched, compressed, and torn (primary 

brain injury)11. Secondary brain injury can also occur due to processes initiated by 

the trauma in the hours to days following the trauma , in particular after moderate 

to severe brain injury7,8,11. This includes a complex set of cellular and biochemical 

processes (release of inflammatory factors and oxygen free radicals, dysfunction of 

mitochondria, and excessive release of excitatory neurotransmitters), disruption of 

the blood-brain barrier12-14, and loss of cerebral autoregulation. Other important 

factors are ischemia, cerebral hypoxia, hypotension, cerebral edema, changes in 

cerebral blood flow (CBF), and increased intracranial pressure (ICP) with and without 

post-traumatic space occupying lesions. These secondary brain injuries play a major 

role in permanent brain damage and death resulting from TBI8,11. 

 

There are two main types of head injuries: penetrating and non-penetrating 

injuries7. Penetrating head injuries (also called open TBI) occurs when an object 

pierces the skull and enters the brain tissue such as gunshot wounds, bone 

fragments, or weapons (knives). Non-penetrating head injuries (also called closed 

head injury or blunt TBI) are caused by an external force that is strong enough to 

move the brain within the skull such as falls, motor vehicle accidents, strikes to the 

head, or blast injury7.  

176552_Dolmans_BNW.indd   10176552_Dolmans_BNW.indd   10 04-10-2024   08:1504-10-2024   08:15



General introduction and thesis outline 

 11 

AAsssseessssmmeenntt  ooff  TTBBII  

Traumatic brain injury can be classified based on severity into mild, moderate, and 

severe TBI using the Glasgow Coma Scale (GCS)15. The GCS score describes the 

level of consciousness based on three aspects of responsiveness: eye-opening (E), 

motor responses (M), and verbal responses (V)16,17. The findings of each component 

of the GCS scale can aggregate into a total GCS between three and 15, three being 

the worst and 15 being the highest (Table 1). Mild TBI is classified as GCS 13-15, 

moderate TBI as GCS 9-12 and severe TBI as GCS 3-815.  

  
TTaabbllee  11:: Glasgow Coma Scale (GCS) scoring system. 

RReessppoonnssee  SSccaallee  SSccoorree  

EEyyee  rreessppoonnssee  

Eyes open spontaneously 4 

Eyes open to verbal command, speech or shout 3 

Eyes open to pain 2 

No eye opening 1 

MMoottoorr  rreessppoonnssee  

Obeys commands for movement 6 

Purposeful movement to painful stimulus  5 

Withdraws in response to pain  4 

Abnormal (spastic) flexion in response to pain 3 

Abnormal (rigid) extension in response to pain 2 

No motor response 1 

VVeerrbbaall  

Oriented 5 

Confused conversation, but able to answer questions 4 

Inappropriate words, words discernible 3 

Incomprehensible sounds or speech 2 

No verbal response 1 

 
The severity of TBI can also be assessed by neurological examination focusing on 

pupil reactivity, focal neurological deficits, lateralizing weakness, and evidence of 

penetrating or blunt head injury18. A pupillary assessment should include the 

pupillary shape, size, and equality of pupils and reactivity to light19. Increased ICP 

can alter the midbrain function and cause abnormalities in pupil reactivity, size, and 

symmetry20. Pupil reactivity has both diagnostic as well as prognostic value20,21. 

Pupillary abnormalities are associated with worse outcome20,22. Bilaterally fixed 

pupils in patients with TBI have a poor outcome in 70-90% of cases (vegetative state 

or dead) compared to around 30% with bilaterally reactive pupils18. 

 

 

1
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Besides physical examination, the extent of head injury with the associated 

intracranial pathologic conditions can also be assessed in the acute setting by 

neuro-imaging techniques such as head computed tomography (head-CT)23. 

Imaging findings that can be found in patients with TBI are skull fractures, epidural 

hematomas, subdural hematomas, subarachnoid hemorrhages, intraventricular 

hemorrhages, brain contusions, diffuse axonal injury, diffuse cerebral edema, 

herniation and vascular injuries. CT imaging findings are essential in guiding the 

management of TBI23.  

 

IInnttrraaccrraanniiaall  pprreessssuurree  
The systematic discussion of ICP and its determinants dates back to the work of 

Scottish anatomist Alexander Monro and a compatriot surgeon, George Kellie, at 

the turn of the 18th century. Their model for ICP, the Monro–Kellie doctrine, which 

was later refined by American neurosurgeon, Harvey Cushing, details the basic 

principles that govern ICP24-26. Principally, the volume of the intracranial cavity is 

constant under normal conditions, and, therefore, the maintenance of a steady ICP 

depends on the volume of its contents. The intracranial contents include (1) brain 

tissue; (2) blood; and (3) cerebrospinal fluid (CSF) (Figure 1)27-29. As brain tissue is 

easily damaged by small pressure, steady ICP requires balancing the in- and outflow 

of the fluid components; namely, there must be a balance between the inflow of 

arterial blood and the outflow of venous blood from the head, as well as between 

the rate of CSF production and drainage. Elevated ICP can therefore result from 

any mechanism that increases the volume of any of the three  components. 

Alternatively, ICP can also increase by the addition of a fourth component, such as 

a mass, intracranial hemorrhage or cerebral edema that expands beyond the ability 

of the system to compensate by decreasing the volume of another. 
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FFiigguurree  11::  The Monro–Kellie model for the contents of the intracranial compartment. ‘Brain tissue’ 

includes neurons, glia, extracellular fluid and cerebral microvasculature. ‘Venous’ and ‘Arterial blood’ 

represents the intracranial blood volume in macro-vasculature and cerebral venous sinuses. ‘CSF’ 

includes ventricular and cisternal CSF. 

 

Some changes in mean ICP are expected under regular physiologic conditions, 

including changes in posture, brain activity, cardiovascular function, respiratory 

function and adrenergic tone30-33. Since some variability in ICP is expected, clinical 

use of ICP monitoring uses a time-averaged ICP to establish baseline, with 

overnight measurement over at least 30 minutes considered to be the ‘gold 

standard’ in non-comatose patients34. Similarly, alterations in ICP reach clinical 

significance when they are sustained longer than at least 5 min. Physiologic 

boundaries of mean ICP are 7–15 mm Hg in supine adults, 3–7 mm Hg in children 

and 1.5–6 mm Hg in infants, though mean ICP in pediatric populations may vary 

depending on age and are not as well established35. The maintenance of ICP within 

its physiologic boundaries is of critical importance to prevent brain injury36-38. 

Elevated ICP-related injury occurs primarily via one of two mechanisms: (1) cerebral 

ischemia and (2) brain(stem) herniation. Cerebral blood flow is tightly linked to 

1
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cerebral perfusion pressure (CPP), which is governed by both mean arterial pressure 

(MAP) and ICP through the following relationship, CPP = MAP-ICP. Accordingly, as 

ICP increases, MAP is increased, primarily through a rise in cardiac output, in order 

to maintain a steady CPP. In the presence of elevated ICP beyond the ability for 

compensation through elevation of MAP, CPP will be compromised, and cerebral 

ischemia may follow. While under the Monro–Kellie doctrine, the intracranial space 

is a constant, enclosed space, the brain and intracranial CSF continue, of course, 

through the foramen magnum at the base of the skull to become the brainstem, 

spinal cord, and the CSF-filled spinal canal within its dural space. When ICP  

is sufficiently elevated, the pressure differential between the intracranial cavity and 

the spinal canal can cause the downward motion of brain tissue (i.e., herniation), 

which can compress vital brainstem and neurovascular structures, and subsequently 

lead to severe neurological outcomes including death38-40. 

As some variability in ICP is expected even under physiologic conditions, there are 

intrinsic compensatory mechanisms to maintain a stable mean ICP. Foremost 

among these is that ability to modify the brain venous blood pool. Additionally, 

there is an ability, albeit limited, of some CSF to expand further out of the 

intracranial space and into the spinal canal41. This compensatory reserve is finite and 

is dependent on the compliance of the system. When the reserve is depleted, small 

elevations in volume will lead to potentially dangerous sustained elevations in ICP 

(Figure 2). Alongside these mechanisms to attenuate changes in ICP, 

cerebrovascular autoregulation functions to maintain the necessary CPP in the face 

of ICP changes by way of altering cerebral arteriolar resistance. Autoregulation, 

however, is only effective between a CPP of 50–150 mmHg, below and above which 

hypoperfusion and cerebral edema may ensue, respectively (Figure 3). In addition, 

autoregulatory capacity is also dependent on arterial pressure of carbon dioxide 

(PaCO2). Hypercapnia causes dilation of the cerebral vessels leading to an increase 

in CBF and a risk of hyperperfusion. Conversely, longstanding hypocapnia causes 

vasoconstriction, which may result in ischemia42,43. 
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FFiigguurree  22:: Pressure–volume curve for ICP. The pressure–volume curve has four ‘zones’: (1) baseline 

intracranial volume with good compensatory reserve and high compliance (blue); (2) gradual depletion 

of compensatory reserve as intracranial volume increases (yellow); (3) poor compensatory reserve and 

increased risk of cerebral ischemia and herniation (red); and (4) critically high ICP causing collapse of 

cerebral microvasculature and disturbed cerebrovascular reactivity (grey). 

 

 
FFiigguurree  33:: Cerebral autoregulation capacity. 

  

  

  

1
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MMeeaassuurreemmeenntt  ooff  iinnttrraaccrraanniiaall  pprreessssuurree  

The early characterization of the components of ICP and its importance for clinical 

outcomes led to a desire to measure ICP for the purpose of guiding clinical 

management. The earliest surgical approach to reduce ICP was through the use of 

the external ventricular drain (EVD), which was used to drain CSF in pediatric 

patients with congenital hydrocephalus44. It was only around the turn of the 20th 

century that EVDs could be placed safely, and with aseptic technique to avoid 

iatrogenic intracranial infections45. Soon thereafter, the first instance of ICP 

monitoring using an EVD-based manometric system was described by Adson and 

Lillie in their landmark 1927 paper46. Since that time, the indication for ICP 

monitoring has expanded, and, currently, the most common neurological and 

neurosurgical pathologies that require ICP monitoring include TBI, subarachnoid 

hemorrhage (SAH), and hydrocephalus. 

 

Methods for ICP monitoring can be divided into invasive and non-invasive 

approaches. Invasive methods include fluid-based systems and implantable micro-

transducers. Non-invasive methods, most of which offer indirect measurement of 

ICP, are outside the scope of this thesis and will not be discussed here.  

Of the invasive methods, ICP monitoring using an EVD is considered as the gold 

standard, not only for its accuracy but also because it additionally serves a 

therapeutic purpose by allowing CSF drainage34,47. EVDs allow for  

fluid-based monitoring as the pressure in the catheter equilibrates with the 

intraventricular pressure. This pressure transmits into an external saline-filled tube 

through a stain-gauge transducer from which the pressure measurement is made. 

The insertion of an EVD may be difficult in patients with inherently small ventricles 

size or those with ventricular compression attributable to advanced brain 

swelling34,47. Additionally, there is a 5–7% risk of hemorrhage during insertion48,49, 

causing extra damage to a possible healthy part of brain tissue. EVDs are not 

suitable for long-term ICP monitoring since risk of intracranial infection starts to 

increase with an estimated overall risk of 5% after five days34. Another fluid-based 

system is the subarachnoid screw, which is inserted through a hole drilled in the 

skull whose tip projects through the dura into the subarachnoid space50,51. These 

devices, however, cannot drain CSF and have a considerable risk of local wound 

infection52. 

ICP can also be measured using implantable microtransducers such as strain gauge 

devices, pneumatic sensors and fiber-optic sensors (technical review by Zhang et 
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al.53). In strain gauge devices, ICP changes cause the diaphragm to bend, leading 

to changes in the electrical resistance that are used to calculate ICP54. Pneumatic 

sensors have a balloon in the distal end of the probe, where pressure exerted on 

the balloon is equal to the pressure of the surrounding tissue (i.e., ICP). Pneumatic 

sensors have also been used to measure intracranial compliance54. In fiber-optic 

sensors, changes in ICP move a displaceable mirror at the tip of the sensor, altering 

the intensity of the light reflected back along the fiber optic cable50,54. Most micro- 

transducers probes tips are placed intraparenchymally, but these can also be placed 

in the intraventricular, subarachnoid, subdural or epidural compartment (Figure 4). 

Advantages of implantable microtransducers are lower infection rates and risks of 

hemorrhage compared to EVDs34. However, these are more expensive and, with 

the exception of pneumatic sensors, generally cannot be recalibrated once in situ, 

which can affect the precision of ICP measurements47,52,54. Generally, micro-

transducers are used in situations where EVD placement is not successful, when 

clinicians judge that CSF drainage is not likely to be necessary or due to regional 

variation in treatment algorithms per trauma center, where CSF drainage is not the 

standard of care in elevated ICP. 

 

 
FFiigguurree  44:: Sites for invasive ICP monitoring. These sites represent actual and potential spaces in the 

intracranial cavity in which ICP can be measured. Intraventricular monitoring with EVDs is the most 

commonly accessed site in clinical practice, followed by intraparenchymal probes. Reproduced with 

permission55. 

 

 

1
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While the management of ICP is of clear clinical benefit, there is no consensus in 

the literature about whether ICP monitoring provides clinical benefit as compared 

to management based solely on the patient’s neurological exam, imaging findings 

and clinicians’ acumen. While some studies demonstrate that ICP monitoring is 

associated with improved survival56-64, others suggest that ICP monitoring is not only 

not beneficial, but may, in fact, lead to worse outcomes65-71. Specifically, in some 

studies, ICP monitoring was associated with a significant increase in mortality, 

longer hospital length of stay, complication rate and increased utilization of hospital 

resources, compared to patients managed without ICP monitoring65-70. The only 

randomized controlled trial of ICP monitoring in patients with TBI was conducted 

by Chesnut et al. in 201271. The authors compared outcomes between patients 

whose treatment was guided by imaging and clinical exam alone, and those who 

additionally received invasive ICP monitoring. The overall 6-month mortality rate 

was approximately 40%, with no survival benefit seen in patients who received ICP 

monitoring compared to those in whom treatment was guided only by neurologic 

examination and serial CT imaging. Serious criticism has been discussed in the 

Neurotraumatology research community as the population of TBI  was randomized 

in a country outside the high- and middle-income countries with high-end ICU care. 

The country of this RCT had less resources, increased pre-hospital times and a 

different ICU care compared to the USA and most  countries of Europe. Although 

this RCT has been performed with scientific robust analysis, the results and 

conclusions cannot  

 

be generalized to the neurocritical care of hospitals in high income countries. On 

the other hand, these conclusions are very valid as most of neurotrauma occurs in 

LMIC’s (WHO Ref)  with less resources and other ways of treating the severe TBI 

patients. 

Taking these in sum, there remains room for improvement of the clinical utility of 

ICP monitoring in critically ill patients. 

 

MMaannaaggeemmeenntt  ooff  iinnttrraaccrraanniiaall  pprreessssuurree  

For the management of ICP, a three-tiered approach is developed that utilizes 

various treatments to target different mechanisms72,73. Higher tiers reflect more 

intensive management. Failure to control ICP within one tier should prompt rapid 

progression to the next tier treatment (Figure 5). 
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FFiigguurree  55:: Three-tiered approach for the management of intracranial pressure in TBI patients in the ICU. 

Image from: Hawryluk et al72.  

CCP: cerebral perfusion pressure; ICP: intracranial pressure; CSF: cerebrospinal fluid; EVD: external 

ventricular drain; PaCO2: arterial partial pressure of carbon dioxide; EEG: electro-encephalogram; MAP: 

mean arterial pressure; CT: computed tomography. 

 

There are many different treatment options for the management of increased ICP 

in TBI patients in the intensive care unit (ICU). They include, but are not limited to, 

analgesics and sedatives, CSF drainage, hyperosmolar therapy, decompressive 

craniectomy, prophylactic  hypothermia, ventilation therapies, and seizure 

prophylaxis39,72,73. The current thesis will only focus on analgesics and sedatives 

since that is one of the first steps in the management of TBI patients in the ICU and 

sufficient evidence and guidelines for this specific treatment are still lacking. 

 

 

 

 

1
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Analgesics and sedatives 

Analgesics and sedatives have several cerebral protective effects in patients with 

TBI such as reducing cerebral blood flow and reducing the cerebral metabolic rate 

of oxygen consumption (CMRO2) thereby improving the cerebral tolerance to 

ischemia and limiting the demand and supply mismatch in conditions of impaired 

autoregulation74-76. In addition, sedative agents reduce pain and agitation and 

improve the tolerance of an endotracheal tube leading to a decrease in sympathetic 

activity with a reduction of mean arterial blood pressure preventing increased 

ICP74,75. There are various sedative agents that are used in the treatment of TBI 

patients, such as propofol, benzodiazepines, opioids, dexmedetomidine, 

barbiturates and ketamine76. Table 1 shows the mechanism of action, physiologic 

cerebral effects, advantages and disadvantages and adverse effects of each 

sedative agent in patients with TBI.  
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According to the current Brain Trauma Foundation Guidelines, there is a lack of 

high-quality evidence to recommend one sedative agent over another, except for 

high-dose barbiturate administration which is recommended to control elevated 

ICP refractory to maximum standard medical and surgical treatment39. 

 

AAiimm  aanndd  oouuttlliinnee  ooff  tthhiiss  tthheessiiss  
  

The first part of this thesis will focus on the measurement of intracranial pressure 

(ICP). Increased ICP after traumatic brain injury (TBI) is an important factor of 

secondary brain injury and monitoring ICP is one of the cornerstones in the 

treatment of TBI patients in the intensive care unit (ICU). The two most commonly 

used invasive methods to measure ICP are external ventricular drains (EVDs) and 

intraparenchymal monitors (IPMs). These two methods of ICP monitoring are 

compared in cchhaapptteerr  22. We aimed to investigate factors associated with receiving 

either ICP monitor type and to compare TBI patients monitored with an EVD versus 

an IPM in relation to clinical management, mortality, and functional outcome. 

 

Information from ICP waveforms, besides the data collected during routine ICU care 

of TBI patients such as lab values, vital signs and EEG monitoring, form – when 

aggregated – enormous amounts of data about the individual patient, also called 

“big data”. With the use of artificial intelligence, these enormous amounts of data 

can be analyzed. In cchhaapptteerr  33 we discuss how “big data” and artificial intelligence 

can play an important role in the management of patients with TBI in the ICU and 

how we can prepare for this change in healthcare. As an example of how artificial 

intelligence and big data can be employed in ICU care of the TBI patient, we sought 

to develop a machine learning (ML) model differentiating intracranial pressure (ICP) 

waveforms originating from an external ventricular drain (EVD) or intraparenchymal 

ICP monitor (IPM) (cchhaapptteerr  44). 

 

The second part of this thesis will focus on the management of increased ICP in TBI 

patients in the ICU using analgo-sedation. Because of limited evidence and 

guidelines for the use of analgesics and sedatives in TBI patients in the ICU, we 

hypothesized that significant practice-pattern variation may exist in the use of 

analgo-sedation across patients and institutions. CChhaapptteerr  55 describes the results of 

an international survey quantifying practice-pattern variation in analgosedative 

management of TBI patients requiring ICU management. 
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To further analyze the analgo-sedative management of TBI patients, a retrospective 

analysis was performed to quantify the different sedation intensities administered 

in moderate to severe TBI (msTBI) patients from seven US level-1 trauma centers 

enrolled within the prospective Transforming Research and Clinical Knowledge in 

TBI (TRACK-TBI) cohort study (cchhaapptteerr  66). In addition, we aimed to investigate the 

effect of midazolam-based sedation vs. non-midazolam-based sedation on the 

need for ICP rescue therapies and clinical outcome in sTBI patients from 14 ICUs in 

Europe and Australia (cchhaapptteerr  77). 

 

Although the care of TBI patients in the ICU is improving with improved treatment 

options and technological opportunities, it is important to also pay attention to the 

wishes and needs of the patient and their families. Therefore, the final part of this 

thesis (cchhaapptteerr  88) will focus on the implementation of a palliative care approach in 

TBI patients in the ICU. 

 
CChhaapptteerr  99 contains a summary, and cchhaapptteerr  1100 concludes the thesis with a general 

discussion about the current status of intracranial pressure management in TBI 

patients in the ICU and discusses future perspectives. 
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