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Abstract: Elevated intracranial pressure (ICP) is an important
cause of secondary brain injury, and a measurement of ICP is
often of crucial value in neurosurgical and neurological patients.
The gold standard for ICP monitoring is through an intraventricular catheter, but this invasive technique is associated
with certain risks. Intraparenchymal ICP monitoring methods
are considered to be a safer alternative but can, in certain conditions, be imprecise due to zero drift and still require an invasive procedure. An accurate noninvasive method to measure
elevated ICP would therefore be desirable. This article is a review of the current literature on noninvasive methods for measuring and evaluating elevated ICP. The main focus is on studies
that compare noninvasively measured ICP with invasively
measured ICP. The aim is to provide an overview of the current
state of the most common noninvasive techniques available.
Several methods for noninvasive measuring of elevated ICP
have been proposed: radiologic methods including computed
tomography and magnetic resonance imaging, transcranial
Doppler, electroencephalography power spectrum analysis, and
the audiological and ophthalmological techniques. The noninvasive methods have many advantages, but remain less accurate compared with the invasive techniques. None of the
noninvasive techniques available today are suitable for continuous monitoring, and they cannot be used as a substitute for
invasive monitoring. They can, however, provide a reliable
measurement of the ICP and be useful as screening methods in
select patients, especially when invasive monitoring is contraindicated or unavailable.
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panic membrane displacement, otoacoustic emissions, distorsion
product otoacoustic emissions, optic nerve sheath diameter
(J Neurosurg Anesthesiol 2013;25:372–385)

A

ssessment of the intracranial pressure (ICP) is crucial
in many neurological and neurosurgical patients.
Clinical signs of elevated ICP, such as headache, altered
level of consciousness, and vomiting, are considered to be
nonspeciﬁc and unreliable predictors of the condition.
Elevated ICP, deﬁned as ICPZ20 mm Hg, is an important cause of secondary brain injury and may be associated with a poor outcome. Conditions where ICP
monitoring may be of value include a wide range of disorders, including traumatic brain injury (TBI), intracerebral hemorrhage, subarachnoid hemorrhage (SAH),
hydrocephalus, benign intracranial hypertension, meningitis, stroke, acute liver failure, etc.1,2
The gold standard for continuous ICP monitoring is
an intraventricular catheter connected to an external
pressure transducer.3 This method has been shown to be
the most accurate and low-cost method available for ICP
monitoring, and it can also be used for therapeutic cerebrospinal ﬂuid (CSF) drainage and administration of
drugs.4 However, the procedure is invasive, and it is at
times complicated by infection, hemorrhage, malfunction,
obstruction, and malpositioning.3 Infection rates in the
wide range of 1% to 20% have been reported5–7 and 2
relatively new meta-analyses found hemorrhagic complications in 6% to 7% of patients.8,9 There are also situations where intraventricular catheters cannot be placed,
because of hemostasis abnormalities, severe brain swelling with compressed ventricles, or the lack of available
neurosurgeons.2 In many units, intraparenchymal ICP
monitors are used as a ﬁrst-line monitoring method and
are considered to be safe and of comparable technical and
clinical quality to the intraventricular measurements.10
The intraparenchymal monitors still require an invasive
procedure and cannot be recalibrated once inserted,
which can make the measurements imprecise due to a zero
drift.11,12 Considered to be less accurate, subdural and
epidural devices are rarely used in neurosurgical practice,13 whereas lumbar measurements of CSF pressure are
frequently used by neurologists.
Because of the above-mentioned drawbacks with
the invasive methods, an accurate noninvasive method to
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measure ICP has long been looked for. Several methods
for noninvasive measuring of ICP have been proposed
such as computed tomography (CT), magnetic resonance
imaging (MRI), transcranial Doppler (TCD), electroencephalography (EEG), and the audiological and ophthalmological techniques.
The aim of this review was to provide an overview
of the current state of the most common noninvasive
techniques available for measuring ICP. The main focus
was on studies that compare these methods with invasively obtained ICP.

METHODS
This is a general review of the literature on noninvasive
methods for estimating ICP. The review is based on a selection of articles listed in PubMed, with no limits imposed
on the date of publication, by searching speciﬁc keywords.
The ﬁrst search was carried out in March 2012 and the last
in December 2012. A search using the medical subject
headings (MeSH) and free-text terms, “intracranial pressure”
in combination with “non invasive” or “noninvasive,” was
performed. The results of this search provided a total of 496
articles. On the basis of these results, the most commonly
described noninvasive methods for estimating elevated ICP
were identiﬁed. Additional speciﬁc keywords with respect to
these methods were then included in the search strategy:
“intracranial pressure” in combination with “non invasive”
or “noninvasive” and “diagnostic imaging,” “MRI,” “magnetic resonance imaging,” “tomography x-ray computed,”
“computed tomography,” CT, EEG, “transcranial doppler”,
TCD, Doppler, “tympanic membrane displacement,”
“otoacoustic emissions,” “distortion product otoacustic
emissions,” “optic nerve sheath diameter,” “NIRS,” “Near
infrared spectroscopy,” “NPi,” and “Neurological Pupil
index.” Only articles published in English were reviewed.
Abstracts were independently assessed by the 2 ﬁrst authors
(E.N. and H.K.). All articles regarding noninvasive estimations of elevated ICP were selected and reviewed in their
entirety. Diﬀerences in the selection were resolved by consensus between all authors. Finally, to eliminate the possibility of missed articles, the reference lists of the included
articles were manually reviewed, and an additional selection
of studies was made.

NONINVASIVE TECHNIQUES FOR ICP
MEASUREMENTS
CT
CT is a commonly used tool to evaluate the intracranial state in neurological and neurosurgical patients.
An initial CT scan is—in combination with clinical
symptoms and signs—often used as a first guide to diagnosis and subsequent management of these patients.
A variety of CT findings have been suggested to be predictive of elevated ICP, including abnormal morphology of
cisterns and ventricles, midline shift, hematoma, subarachnoid blood, size of sulci, and gray/white matter differentiation. Results regarding which of these parameters to
r
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use and how well they correlate to ICP are inconclusive.14
Abnormal basal cisterns have been suggested to be one of
the main parameters correlating with increased ICP.15–18
Toutant et al16 found that 74% of patients with absent
basal cisterns had an ICP exceeding 30 mm Hg. Similar
results were reported by Eisenberg et al,15 who found that
abnormal cisterns were associated with a 3-fold increased
risk of elevated ICP. However, Kouvarellis et al17 emphasized that normal basal cisterns do not exclude the presence
of increased ICP. In their study of 57 children with severe
TBI, 40% of the children with normal cisterns had at least
1 episode of ICPZ20 mm Hg and 15% had an average ICP
of Z20 mm Hg.
Studies conducted on patients with acute head injury and a normal CT scan show a risk of elevated ICP
from 0% to 88%.14 Attempts have been made to measure
ICP from multiple CT scan using diﬀerent scoring systems.18,19 In a complex model using 39 checkpoints,
Mizutani et al18 showed that 80% of predicted ICP were
within the range of invasively measured ICPs ± 10 mm
Hg for ICP < 30 mm Hg, whereas a large discrepancy
between the measured and predicted ICPs was found for
ICP > 40 mmHg. In a more simpliﬁed model, using only
5 parameters, Miller et al19 concluded in their results that
a predictive model could not be obtained. However, a
linear relationship between the change in CT and the
change in ICP was demonstrated opening up for the
possibility of creating a predictive model.
Because of these results, a CT scan can indicate the
presence of high ICP with high speciﬁcity but low sensitivity. It must therefore be emphasized that a normal CT
scan cannot exclude the presence of an elevated ICP as
there is a high possibility of false-negative results.
CT is a noninvasive method based on x-rays and
therefore associated with the risks of exposure to ionizing
radiation. This is of particular importance in children requiring repeated measurements as they have a greater susceptibility to radiation and a longer life expectancy.20,21
From the authors’ perspective, a CT scan is a valuable clinical asset, which helps to guide neurologists and
neurosurgeons to quickly and eﬀectively diagnose possible pathology in patients presenting with clinical signs or
symptoms of raised ICP. Furthermore, in this patient
category, a CT usually helps in deciding which management strategy to choose. Nevertheless, caution is advised,
as a normal CT does not exclude raised ICP, and the
clinician should always have this in mind while treating
patients with suspected rise in ICP.

MRI
The MRI-based techniques to measure ICP use the
relationship between intracranial compliance and pressure.22,23 The exponential pressure-volume curve (Fig. 1)
ﬁrst introduced by Marmarou et al24 shows that when the
initial ICP is low, a small given volume will cause a small
pressure change due to the compliance of the brain. When
the initial pressure increases, compliance is reduced, and
the same given volume will cause a larger pressure
change. By measuring the intracranial volume and
www.jnsa.com |
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In a recent study of 28 patients, Zhang et al23 correlated cine phase-contrast MRI-derived CSF peak ﬂow
velocity measured in the aqueduct of the midbrain with
ICP obtained from lumbar puncture. In 22 patients, a
craniocaudal CSF ﬂow was found, which correlated well
with ICP (r = 0.69, P < 0.01). In the remaining 6 patients, a cranial CSF ﬂow was found and no correlation
with ICP could be established.
From the authors’ perspective, MRI has the same
clinical applications as a CT with regards to identifying
and managing pathology responsible for raised ICP.
Nevertheless, being costly and time consuming, CT is
instead the preferred diagnostic modality—especially in
emergency situations. We also believe that the MRI
technique may be able to provide an indirect measurement of the ICP, but, at the present time, MRI-derived
measurements of ICP are not sufficiently reliable. In addition, the technique is cumbersome and cannot be recommended for clinical use.

TCD
FIGURE 1. The pressure-volume curve describes the nonlinear
relationship between rising volume and intracranial pressure.
At high volumes the compensatory reserve is diminished, and
even small increases in volume causes marked increases in
pressure.

pressure ﬂuctuations that occur during each cardiac cycle,
a method has been proposed to calculate intracranial
elastance. Elastance is deﬁned as the ratio of DP/DV,
the inverse of compliance. The volume change, DV, is
derived from phase-contrast MRI measurements of arterial, venous, and CSF ﬂows that occur in and out of the
cranial vault during each cardiac cycle. The pressure
change, DP, is derived from the CSF velocities, which are
calculated from velocity-encoded MRI images. A mean
ICP value is derived through the linear relationship between elastance and ICP.22 In an attempt to implement
this method clinically, Alperin et al22 found a strong
correlation (r = 0.98 P < 0.005) between the MRI-derived elastance index and the invasively obtained ICP
measurements.
Marshall et al25 have examined the variability of the
parameters described by Alperin and colleagues,22,26–29
and found a modest to poor repeatability. They note that
care is required when selecting image planes because of
interindividual variation in vasculature anatomy, that the
diﬀerence between the arterial inﬂow and the venous
outﬂow is small, which makes the method very sensitive
to errors during measurement, and that the method is
sensitive to heart-rate changes leading to intraindividual
variations between the repeated measurements. The authors therefore concluded that caution is required when
interpreting isolated examinations. Dhoondia30 have
come up with a technique to overcome the diﬃculties with
variations in heart rate; however, this function is not
available on clinical MRI systems.25
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The TCD technique for monitoring cerebral hemodynamics was introduced by Aaslid et al31 in 1982. By using
a low-frequency–pulsed Doppler of 2 MHz over the acoustic
window regions—where the skull bone is thin—or at the
foramen magnum, it is possible to measure flow velocities in
the basal cerebral arteries. A broad spectrum of usage scenarios for TCD have been proposed, including detection of
vasospasm in SAH, detection of cerebral embolization, and
arterial stenoocclusive disease, evaluation of collateral circulation, evaluation of recanalization, cerebrovascular autoregulation, detection of cerebral circulatory arrest, and for
measuring ICP.32,33 The American Society of Neuroimaging’s Practice Guidelines Committee has developed
standardized guidelines for TCD performance.34,35

TCD Technique and ICP
In 1987, Klingelhöfer and colleagues36,37 ﬁrst described a relationship between increasing ICP and decreasing TCD-derived ﬂow velocities and an increase in the
Pourcelot index or resistance index (RI), deﬁned as RI =
(FVpeak sys  FVend dia)/(FVpeak sys). Since then, diﬀerent
approaches have been attempted, in order to ﬁnd the
“ultimate” TCD variable to deﬁne the relationship to
ICP.38 The Gosling pulsatility index (PI), deﬁned as PI =
(FVpeak sys  FVend dia)/(FVmean),39 ﬁrst introduced in the
1970s, is currently the most commonly used formula. The
indices are based on the change that occurs in the TCDderived pulse curve when the intracranial hemodynamic
changes. As ICP increases, the diastolic ﬂow velocity is
more reduced compared with the systolic ﬂow velocity,
resulting in an increased pulse peak between the diastole
and the systole and hence in the PI and RI (Fig. 2). Flow
velocity values derived from TCD are dependent on the
angle of insonation. A main advantage with PI and RI are
that they are ratios, derived from the diﬀerence between the
systolic and diastolic velocities, and thus are not aﬀected by
the angle of insonation.40 Several authors have supported
the notion that PI is a reﬂection of distal cerebrovascular
r
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increase in PI, respectively. Furthermore, in 2012, de Riva
et al44 showed an increase in PI both during ICP sequences
with plateau waves (vasodilation and CVR decrease) and
during hypocapnia (vasoconstriction and CVR increase),
and, therefore, they concluded that PI could not be interpreted as an index of CVR alone.

TCD Versus Invasive Techniques

FIGURE 2. Graphical representation of the effect of changes in
intracranial pressure (ICP) on the transcranial Doppler waveform appearance. The top waveform is an example of a normal pulsatility index (PI) of roughly 0.7, and ICP of 5 to 10 mm
Hg. The bottom waveform is an example of a moderately
raised ICP with PI 1.2.

resistance (CVR).41,42 However, this interpretation has
been disputed. In a rabbit study, Czosnyka et al43 showed
that a decrease in CVR in 2 diﬀerent situations, hypercapnia and decreased cerebral perfusion pressure (CPP),
produced diﬀerent PI responses, such as a decrease and an

In a study of 10 head-injured patients in 1993,
Homburg et al45 correlated the TCD-derived PI with invasively obtained ICP and suggested that Doppler monitoring may replace the former invasive ICP monitoring.
Since then, several authors have tried to investigate the
direct correlation between TCD-derived indices and invasively obtained ICP values.44–52 The obtained correlation coeﬃcients from the studies comparing PI with ICP
vary between 0.36 and 0.94 (Table 1). Most of these
studies support the use of TCD as a predictor of ICP;
however, doubts have been raised with respect to its reliability and to what extent the method is applicable in
clinical practice. Eight of these studies44,46–52 found a
positive linear correlation between PI and ICP, whereas
the study by Homburg et al45 found an exponential correlation. The aim, currently, is to ﬁnd an equation that
adequately and reliably describes ICP as a function of the
TCD ﬁndings. However, 5 of these studies describe correlation coeﬃcients derived from equations that calculate
PI from ICP, that is, PI as a function of ICP, which must
be considered to be a limitation of these studies.44,45,47–48,52
Another diﬀerence between the studies is that some of
them used repeated measurements from each patient,49–51
whereas others used a single measurement from each
patient.46,47,52 To be able to use PI in clinical practice, it
must be shown how well the PI-derived ICP can predict
the actual ICP. Bellner et al49 was the only group that made
a statistical prediction. They found that the ICP value
predicted from the PI was within ± 4.2 mm Hg of the
actual ICP, with a 95% conﬁdence interval, in the ICP
range of 5 to 40 mm Hg. In an attempt to investigate 3
previously described equations for estimating ICP from
TCD measurements,49,53,54 Brandi et al55 compared the
ICP estimated by TCD with invasively obtained ICP in

TABLE 1. Correlations Between PI and Invasively Obtained ICP in all Studies Investigating the Direct Correlation Between TCDderived PI and Invasively Obtained ICP
References
Homburg et al45
Moreno et al47
Rainov et al52
Bellner et al49
Voulgaris et al48
Figaji et al51
Gura et al46

Study Size (Measurements)
10
125
29
81
37
34
52

Behrens et al50
de Riva et al44

(58)
(125)
(29)
(658)
(165)
(275)
(52)

8 (35)
51

Patient Group

Results

TBI
TBI
Hydrocephalus
Various intracranial disorders*
TBI
TBI children
TBI

r = 0.82 (P < 0.001)
r = 0.83 (P < 0.0001)
r = 0.37 (P < 0.075)
r = 0.94 (P < 0.0001)
r = 0.64 (P < 0.0001)
r = 0.36 (P = 0.038)
Day 1: r = 0.57 (P < 0.0001)
Day 3: r = 0.53 (P < 0.0001)
Day 5: r = 0.78 (P < 0.0001)
r = 0.47 (P < 0.01)
r = 0.70

NPH
TBI

*Subarachnoid hemorrhage, severe head injury, spontaneous intracerebral hemorrhage, other neuological disorders.
ICP indicates intracranial pressure; NPH, normal pressure hydrocephalus; PI, pulsatility index; TBI, traumatic brain injury.

r
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45 TBI patients. The equation proposed by Bellner et al49
(ICP = 10.972 PI 1.284) proved to be the superior, with
a median ICP diﬀerence, ± 2-fold SD  3.2 ± 12.6 mm
Hg, between the measured and invasively obtained ICP
values.
A novel technique by Ragauskas et al56 is based on
a 2-depth TCD technique for simultaneous measurement
of ﬂow velocities in the intracranial and extracranial
segments of the ophtalmic artery made before, during,
and after the application of small pressure steps to the
tissue surrounding the eyeball. This technique was tested
in patients with invasive ICP pressure monitors, and, on
comparison, this technique showed a low mean systematic
error and a low SD of the paired recordings of invasive
and noninvasive ICPs. The limitations of this technique
are that it can only be applied on individuals with healthy
eyes and orbits and that it has an upper ICP pressure
range of 25 mm Hg.

TCD as a Predictor of Outcome
Ract et al57 correlated early TCD measurements in
TBI patients, with outcome, evaluated 3 months later by
using the Glasgow Outcome Score (GOS),58 deﬁned as
GOS: 1: good recovery, 2: moderate disability, 3: severe
disability, 4: vegetative state, and 5: dead. Outcome was
signiﬁcantly (P < 0.006) poorer, median GOS 3 (range, 1 to
5), in a group with abnormal (FVmean < 30 cm/s, FVdia <
20 cm/s, PI > 1.4) TCD compared with median GOS 1
(range, 1 to 2) in a group with normal TCD. These ﬁndings
suggest that TCD might have an important role in early
management of TBI. In line with this, Moreno et al47
correlated PI with outcome, measured as a 6-month followup by using the GOS, in patients suﬀering from severe TBI.
PI < 1 measured within the ﬁrst 24 hours predicted good
outcome in 71% of the patients and PI > 1.56 predicted
poor outcome in 83% of the patients. The mortality rate
was 100% in patients with a PI > 2.3. Even in a pediatric
cohort of 36 children (mean age 7 ± 4 y), with moderate or
severe head trauma, Trabold et al59 found a signiﬁcant
association between abnormal TCD (FVend dia < 25 cm/s or
PI > 1.31 or no-ﬂow/backﬂow) on admission and outcome
at discharge.

TCD in a Pediatric Population
As the cerebral hemodynamics is considered to be
diﬀerent in children, it is important to validate the use of
TCD in children and to learn the diﬀerences of TCD in
children.60 The mean ﬂow velocities and PI have been
shown to vary with sex and age in healthy children between 2 and 19 years of age.61 Other factors, suggested to
inﬂuence the hemodynamics, are open or closed fontanels
and patent ductus arteriosus.62 In addition, physiological
ICP is lower in children and they have a lower threshold
for elevated ICP, varying with age.
Two relatively new articles have been published
studying the direct correlation of TCD and invasively obtained ICP in children with severe TBI.51,63 In a study of 34
patients, 275 simultaneous measurements of TCD, ICP,
and CPP were performed. As only a weak relationship
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between the TCD-derived PI and invasively obtained ICP
was found, the authors concluded that PI is not a reliable
indicator of ICP in children with severe TBI.51 In contrast,
Melo et al63 performed TCD on admission in 117 patients
with severe TBI who later received intraparenchymal
pressure transducers. They found that by using validated
TCD thresholds (FVend dia < 25 cm/s or PI > 1.31 or no-ﬂow/
backﬂow) the method had a 94% sensitivity in identifying
patients who later developed intracranial hypertension
(ICPZ20 mm Hg for >10 min). They concluded that TCD
is an excellent ﬁrst-line examination to identify children in
need of invasive ICP monitoring.
The use of TCD in childhood hydrocephalus has
been more extensively investigated.38,64–67 As clinical
signs and radiologic ﬁndings in hydrocephalus in children
are variable and unreliable,64–66 TCD could provide a
valuable tool to the subsequent management of these
children.62 However, none of the articles found were
based on the direct correlation between ICP and the
TCD-derived indices. Quinn et al66 examined 63 children
with symptoms of blocked ventriculoperitoneal shunts
and found that 32 children who later required shunt revision had signiﬁcantly higher PI values compared with
the ones who did not require shunt revision. After the
surgery, a reduction in the PI values was seen. Similar
results have been reported in several studies on TCD in
hydrocephalic children.38,64,67 Hanlo et al65 found an
average decrease in the Doppler indices following shunt
implantation, although it could not be demonstrated in
all cases, and the authors thereby concluded that the
present Doppler indices are currently inadequate for
clinical use.

Limitations of the TCD Technique
The main limitation of TCD is the reliability of the
values obtained, as they are aﬀected by diﬀerent operatordependent factors, for example, the capability to locate an
acoustic window and to obtain a strong pulse signal with
the accurate depth and the angle of insonation.42 The
level of reproducibility has therefore been questioned, and
the usefulness of TCD at smaller clinics, where the operators get limited practice, seems to be a limitation. In a
study of repeated measurements in 20 healthy subjects,
Baumgartner et al68 found a good intraobserver reproducibility. This was also reported by Maeda et al,69
who in addition showed a good interobserver reproducibility. Shen et al42 reported a high level of interobserver
agreement but concluded that a lack of regular practice
during an 8-week break reduced the accuracy. In accordance with this, McMahon et al70 found that interobserver reproducibility was better among experienced
operators than among inexperienced and concluded that
it is essential that operators are well trained. A minimum
number of 25 to 50 TCD studies under supervision have
been recommended.71 All of the above-mentioned studies
were performed on healthy adult volunteers.
Another main limitation is that inadequate temporal
windows—where no or insufficient Doppler signals can be
obtained—are found in 10% to 15% of all individuals. This
r
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is due to bone thickness and is particularly found in elderly
women.32 In younger subjects, the temporal bone windows
are larger and more accessible for TCD recordings.61
Flow velocities and therefore the TCD-derived
pulse curve and PI are inﬂuenced by diﬀerent physiological and pathologic conditions.49,72 These include
variations in pCO2,73 hematocrit, arterial blood pressure
(ABP), arterial stenosis, the level of consciousness,74 and
microangiopathy in diabetes.75 In addition, sedation will
aﬀect cerebral blood ﬂow on the basis of the type of anesthetic used. PI should never be interpreted without the
consideration of these factors. This is of particular importance when examining TBI patients in the emergency
care unit, where alterations in these parameters, for example, a low hematocrit and a low pCO2 during hyperventilation, are commonly found. Because of the
vasoconstricting eﬀect of a low pCO2, high PI values will
be obtained.61 Consequently, PI may, under these circumstances, not be an accurate predictor of ICP.
TCD provides a snapshot of the cerebrovascular
state. Blood ﬂow velocities and PI have, however, been
shown to ﬂuctuate in patients suﬀering from head injury.45,76 Venkatesh et al76 showed greater variability in
cerebral blood ﬂow velocities in patients suﬀering from
SAH compared with healthy volunteers. Homburg et al45
suggested a state of “vascular instability” ﬁnding that PI
values varied in patients during the unconscious phase to
return to resemble PI of healthy individuals again after 3
to 4 days. Continuous monitoring with TCD would
therefore be desirable, and trials have been made using
head devices with ﬁxed Doppler probes.76,77 The continuous monitoring is problematic to use in clinical
practice as it is hard to ﬁxate and stabilize the right angles
of the probes, which make the method prone to artifacts,
especially during the movement of the patient.77
Studies conducted on TCD and PI use diﬀerent
cutoﬀ values for PI. It is desirable that standardized
cutoﬀ values be obtained.57 Normative reference data
showed that PI might be higher in boys aged between 15
and 19 years compared with girls in the same age group
and compared with boys in the younger age groups.61
It has been argued whether PI reﬂects ICP or CPP
better. We found that 5 of the studies conducted on TBI
made a direct comparison of PI with both ICP and CPP, 2
of them ﬁnding a better correlation between PI and
CPP,44,48 and 3 of them ﬁnding a better correlation between PI and ICP.46,47,49 Zweifel et al78 recently evaluated
the association between the TCD-derived PI and ICP and
CPP in a cohort of 209 head-injured patients. They analyzed the prospectively collected ABP, ICP, and cerebral
blood ﬂow velocities obtained by TCD. They showed that
the 95% prediction interval of ICP values for a given PI
was > ± 15 mm Hg and for CPP > ± 25 mm Hg. On
that basis, the diagnostic value of the PI for direct noninvasive assessment of ICP and CPP is limited.
Further development of the technique is in process.
New approaches to identify additional TCD waveform
features, for example, changes of the slopes and angles of
the pulse curve, in order to ﬁnd a better correlation with
r
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an elevated ICP, a low CPP, or a decreased cerebral blood
ﬂow have been proposed with promising results.79,80
From the authors’ perspective, the TCD technique
has come a long way since being discovered in the 1980s,
and it is now successfully being applied for vasospasm
detection at intensive care units around the world. With
regard to ICP monitoring, it is believed to be the most
promising noninvasive technique.
TCD is useful in brain trauma situations as an initial screening tool to identify patients with elevated
ICP.79,80 An advantage of TCD in the emergency care
setting is that it is noninvasive, easily accessible, and can
be rapidly and repeatedly performed bedside, oﬀering
real-time measurements of the cerebrovascular state. Ract
et al79,80 investigated the use of TCD to identify patients
at risk for secondary brain injury before invasive ICP
measurements could be obtained. They concluded that
early TCD goal–directed therapy improved early management in head-injured patients.
Although TCD-derived ICP-targeted therapy may
be of use in the initial management of brain trauma situations, the authors believe that replacing continuous
invasive ICP monitoring by frequent TCD-derived ICP
values is still not clinically applicable. The current limitations of the TCD technique—mainly due to different
operator-dependent factors and different physiological
and pathologic conditions of the patient—still need to be
overcome.
Furthermore, we believe that the focus for the future should be on isolating an equation that reliably describes ICP as a function of TCD ﬁndings. To be able to
use PI in clinical practice, it must be shown how well the
PI-derived ICP can predict the actual ICP. At present, PI
is not able to accurately show the absolute “true” ICP but
to a larger extent reveals the changes in ICP.

EEG
A novel technique is based on EEG power spectrum
analysis, recently evaluated by Chen et al81 on 62 patients
with central nervous disorders. By using self-designed
software, EEG power spectrum analysis was conducted
and an intracranial pressure index (IPI) was automatically calculated, whereas CSF pressure was measured by a
lumbar puncture. The results have shown a signiﬁcant
negative correlation between IPI and ICP (r =  0.849,
P < 0.01) leading the authors to conclude that IPI obtained from EEG analysis is correlated with ICP.
From the authors’ perspective, the EEG technique
is not suited for the emergency setting, and, despite the
available preliminary results, the technique needs to be
further investigated and reﬁned before being put to any
clinical use.

Audiological Techniques
Audiological techniques for measuring ICP are
based on the close relationship between the CSF pressure
and the cochlear ﬂuid pressure. ICP is transmitted to the
cochlear ﬂuid pressure through connecting channels, the
main one being the cochlear aqueduct. This relationship
www.jnsa.com |
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makes it possible to detect variations in ICP through
measurements of the dynamic changes in the ear.
Tympanic membrane displacement (TMD) was the
ﬁrst proposed audiological method for assessing ICP
noninvasively. The technique is based on the measurements of the resulting TMD in response to the elicitation
of the acoustic reﬂex.82 The acoustic reﬂex is elicited
through sound stimulation. This induces the stapedius
muscle to contract, which in turn causes a movement of
the stapes. Stapes rests on the oval window where its
position is determined by the cochlear ﬂuid pressure and,
hence, the CSF pressure. A variation in the cochlear ﬂuid
pressure therefore induces diﬀerent movements of the
stapes and, consequently, changes the direction of the
tympanic membrane movement. High cochlear ﬂuid
pressure causes an inward-directed movement of the
tympanic membrane, low cochlear ﬂuid pressure causes
an outward movement, and normal cochlear ﬂuid pressure causes a bidirectional movement of the membrane.
This movement is measured as the mean volume displacement (Vmean [nL]) in the external ear meatus, using a
computer-based instrumentation.82 Reid et al83 examined
58 patients with various neurological disorders using
TMD. In 17 of these patients, they compared their obtained TMD values with invasively obtained ICP and
found that TMD categorized 76% correctly and 13%
incorrectly as to whether ICP was high or normal. They
concluded that TMD could be a useful tool to classify
ICP as normal or raised, although it was not possible to
obtain an absolute ICP value. Samuel et al84 made repeated TMD measurements in 8 hydrocephalic children
with shunt malfunction and found a good intraindividual
reproducibility of the obtained values. They also compared their TMD values with invasively obtained ICP
values and found a signiﬁcant correlation with a correlation coeﬃcient of  0.94. Shimbles et al85 also found a
signiﬁcant correlation (r =  0.57) between TMD values
and invasively obtained ICP in patients with hydrocephalus. However, they found that the predictive limits
of the linear regression were too wide, approximately
± 25 mm Hg, to make a clinically useful measurement of
ICP. Although consistent with previous studies,83,84 it is
suggested that serial TMD recordings could be used to
ﬁnd a change in ICP if an individual baseline value has
previously been obtained.
There are certain limitations with the TMD method,
one of them being that with an absent stapedial reﬂex,
there will be no displacement of the membrane. Absent
stapedial reﬂex is found in the brainstem or middle-ear
dysfunction and also due to muscle relaxants and sedation, which is used in some neurointensive care units.84 A
patent cochlear aqueduct is also crucial.83 As anatomic
studies show varying results regarding the incidence of
closed aqueducts,86,87 the patency needs to be tested. This
test, along with other pretests, makes the total testing
time longer, approximately 45 to 60 minutes, and requires
an experienced audiologist to obtain valid results.84
Another method to measure ICP noninvasively is
based on otoacoustic emissions (OAEs). Evoked otoa-
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coustic emissions (EOAEs), ﬁrst recorded by Kemp88 in
1978, are sounds reemitted by the inner ear in response to
external acoustic stimuli and can be recorded by microphones in the external meatus. As mentioned earlier, increased cochlear ﬂuid pressure leads to a change in the
position of the stapes. This in turn gives a modiﬁcation of
the middle ear’s conduction of the sounds.89 One type of
EOAEs, commonly analyzed in these methods, is distortion product otoacoustic emissions (DPOAEs), evoked
by a pair of primary tones. In attempts to investigate the
eﬀect of increased ICP, modulated by posture changes, on
DPOAEs, signiﬁcant phase-shift changes were found for
low frequencies, 750 to 1500 Hz.90–92 Buki et al89 reported
a signiﬁcant linear regression between invasively obtained
ICP and DPOAE phase shift measured in degrees, with a
correlation coeﬃcient of 0.77.
One limitation with the use of OAEs is the large
intersubject variability, and, as for TMD, an individual
baseline measurement is required.89 When the baseline
measurement is performed, the method is suited to use in
long-term screening when changes in ICP could be expected.91
Another limitation with EOAEs is that it cannot be
applied on patients with sensorineural or conductive
hearing loss.93 An alternative measurement of cochlear
microphonic potentials, which are less inﬂuenced by
hearing loss, has recently been shown to be proportional
to DPOAEs and ICP changes90,93 and may therefore be a
promising alternative for the future.
From the authors’ perspective, although promising
and relatively simple to use, TMD and OAE are still the
unreliable techniques in a clinical setting, primarily because of the need for a baseline measurement to make any
reliable follow-up measurements. In addition, the quality
of measurements can easily be inﬂuenced by factors such
as sedatives, intersubject variability, etc. Further research
and improvement of the technique needs to be conducted
before it can be considered clinically applicable.

Ophtalmological Techniques
Ophthalmoscopic examination has become a routine clinical examination when there is a suspicion of
elevated ICP.94 There are several signs indicating elevated
ICP, mainly swelling of the optic disc, blurred margins,
and elevated borders of the nerve head.95 These are,
however, late signs of elevated ICP, and papillary edema
is an uncommon event in patients with acute ICP elevation. To this end, a normal papilla does not exclude the
presence of high ICP.94
Additional noninvasive methods to assess ICP by
applying techniques examining the eye have been extensively examined in recent years. The optic nerve is a
part of the central nervous system, and its nerve sheath is
continuous with the dura mater of the brain. The subarachnoid compartment surrounding the optic nerve
contains CSF and communicates with the subarachnoid
space of the brain.96 Increased ICP has been shown to be
transmitted to the subarachnoid compartment of the
nerve, causing expansion of the optic nerve sheath and
r
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FIGURE 3. The optic nerve surrounded by the subarachnoid
space and the optic nerve sheath.

thereby an increase in the optic nerve sheath diameter
(ONSD), shown schematically in Figure 3.97 Ultrasonography is a widely studied technique for noninvasive
measuring of elevated ICP measuring the ONSD. The
measurements are being performed using a 5 to 10.5 MHz
probe, placed over the upper temporal eyelid.98 The anterior region of the optic nerve sheath, just behind the eyeball, has been proposed to be more sensitive to changes in
pressure compared with the posterior parts. Therefore,
measurements made 3 mm behind the globe have been
suggested to be the most optimal for ONSD evaluation.97
The technique has shown to be quick and easily learned,
even by ultrasound novices,99,100 with a high intraobserver
and interobserver reliability.101,102 Several studies have
been made on the direct correlation between ONSD and
invasively measured ICP, obtaining correlation coeﬃcients
between 0.46 and 0.74 (Table 2).103–109 Most of these
studies have emphasized on the possible clinical use of

Intracranial Pressure Through Noninvasive Methods

ONSD as a noninvasive indicator of ICP due to their results.103,105–109 Using diﬀerent cutoﬀ values, varying between 4.8 and 5.9 mm, when the ONSD is considered to
indicate raised ICP, we found that 7 of the 8 studies showed
sensitivity and speciﬁcity values in a range of 74% to 96%
and 74% to 100%, respectively (Table 3).103,105–110 The
remaining study found a sensitivity of 36% and a speciﬁcity
of 38% using a cutoﬀ value of 6.0 mm and thereby concluded the method to be unreliable because of poor accuracy.104
MRI is an alternative way to demonstrate increased
ONSD. This technique has been proposed to provide
more precise measurements of the ONSD compared with
ultrasonography.111 However, MRI measurements have
other drawbacks; they are expensive, time consuming, and
have a limited availability. Two studies, made in 2008,
correlated MRI-derived ONSD measurements with invasively obtained ICP.112,113 Geeraerts et al112 made a
retrospective analysis of the ONSD on T2-weighted sequence MRI, with simultaneously invasively obtained ICP.
In line with the majority of the ultrasound studies, they
found a signiﬁcant positive correlation between the ONSD
and invasively obtained ICP, with a correlation coeﬃcient
of 0.71. An even better correlation coeﬃcient of 0.88 was
found by Watanabe et al,113 which is the highest obtained
correlation coeﬃcient among all the ONSD studies, including the ultrasound studies. They used thinner slices (3.5
vs. 4.0 mm) and a smaller slice gap (0.3 vs. 5.0 mm) in their
images, compared with Geeraerts et al,112 which may have
contributed to this higher precision.
Even if the overall results remain positive, there are
certain limitations with the ONSD techniques. The
ONSD and its expansion have been shown to vary among
humans in postmortem studies, the diameter varying between 2.1 and 4.8 mm.97 Similar results have been shown
in healthy individuals, with variations between 2.2 and
4.9 mm.107,114 This interindividual variation makes cutoﬀ
values hard to deﬁne. As it has been shown that the

TABLE 2. Correlations Between ONSD and Invasively Obtained ICP in all Studies Investigating the Direct Correlation Between
ONSD and Invasively Obtained ICP
References

Study Size (Measurements)

Patient Group

Modality

Results

Geeraerts et al106
Kimberly et al108
Soldatos et al107
Geeraerts et al105
Moretti et al109
Strumwasser et al104

31
15 (38)
32 (32)
37 (78)
63 (94)
10 (114)

TBI
Various*
TBI
Variousw
SAH and ICH
TBI

US
US
US
US
US
US

Rajajee et al103
Watanabe113
Geeraerts et al112

65 (536)
12 (12)
38 (45)

Variousz
Variousy
TBI

0.74 (P < 0.0001)
0.59 (P < 0.0005)
0.68 (P = 0.002)
0.71 (P < 0.0001)
0.70 (P < 0.0001)
Unilateral HI 0.68 (P = 0.02)
Bilateral HI 0.46 (P = 0.01)
0.73 (P < 0.0001)
0.88 (P = 0.0036)
0.71 (P < 0.0001)

US
MRI
MRI

*Traumatic injuries, spontaneous intracerebral hemorrhages.
wTBI, SAH, intracranial hematoma, stroke.
zSAH, TBI, ICH, ischemic stroke, brain tumor.
yChronic subdural hematoma, hygroma.
HI indicates head injury; ICH, intracerebral hemorrhage; ICP, intracranial pressure; MRI, magnetic resonance imaging; ONSD, optic nerve sheath diameter; SAH,
subarachnoid hemorrhage; TBI, traumatic brain injury; US, ultrasonography.
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TABLE 3. Cutoff Values for ONSD
References
Geeraerts et al106
Kimberly et al108
Soldatos et al107
Geeraerts et al105
Moretti et al109
Strumwasser et al104
Bäuerle et al101
Rajajee et al103
Watanabe113
Geeraerts et al112

Study Size (Measurements)
31
15 (38)
32 (32)
37 (78)
63 (94)
10 (114)
10
65 (536)
12 (12)
38 (45)

Patient Group
TBI
Various*
TBI
Variousw
SAH and ICH
TBI
BIH
Variousz
Variousy
TBI

Modality
US
US
US
US
US
US
US
US
MRI
MRI

Cutoﬀ (mm)

Sensitivity (%)

Speciﬁcity (%)

5.9
5.0
5.7
5.9
5.2
6.0
5.8
4.8
6.0
5.8

87
88
74
95
93
36
90
96
x
90

94
93
100
79
74
38
84
94
x
92

*Traumatic injuries, spontaneous intracerebral hemorrhages.
wTBI, SAH, intracranial hematoma, stroke.
zSAH, TBI, ICH, ischemic stroke, brain tumor.
yChronic subdural hematoma, hygroma.
BIH indicates benign intracranial hypertension; ICH, intracerebral hemorrhage; MRI, magnetic resonance imaging; ONSD, optic nerve sheath diameter; SAH,
subarachnoid hemorrhage; TBI, traumatic brain injury; US, ultrasonography.

ONSD increases with age, a need for age-speciﬁc cutoﬀ
values in children has also been suggested.115 Another
important limitation is that the ONSD technique cannot
be used in patients suﬀering from ocular trauma and
pathologies of the optic nerve, such as tumor, inﬂammation, sarcoidosis, and hemorrhage, where the
ONSD is suspected to be altered by other reasons.116
A promising new method for noninvasive measurement of ICP was described in 2011 by Chen et al.117
The method uses a pupillometer for measuring the Neurological Pupil index (NPi, values 0 to 5, with 3 to 5 being
normal), which shows an inverse relationship with ICP.
The pupillometer measures pupil size and pupil reactivity.
After investigating 134 patients with subdural and
epidural hematomas, as well as SAH and intracerebral
hemorrhage, they were able to identify pupillary abnormalities close to 16 hours before peak ICP levels were
achieved. In addition, they were able to show a signiﬁcantly
higher ICP in patients with 1 or more occurrences of
abnormal pupil reactivity, and in patients with nonreactive
pupils, compared with patients with a normal NPi.
From the authors’ perspective, the main strength of
the method is the introduction of an objective quantiﬁcation of pupil size and reactivity. Further research needs
to be conducted to determine its practical relevance to
clinical practice and whether neurosurgical interventions
guided by NPi improves patient outcome.
Overall, ophthalmologic examinations are valuable
ﬁrst-line clinical methods used as screening tools in
cases suspected of having raised ICP. Nevertheless, it is
important to keep in mind that an apparently
normal papilla does not exclude raised ICP. Regarding
ONSD, even though the technique has shown to have a
high degree of interobserver reliability, the technique’s
multiple limitations make it unreliable for clinical use.

Near-Infrared Spectroscopy (NIRS)
Another noninvasive method, with the potential for
assisting in the treatment of patients with TBI, is the use
of NIRS for detecting changes in the cerebral blood
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volume, brain tissue oxygenation, and cerebral blood
ﬂow.118 NIRS works in the near-infrared spectrum where
a low absorptivity of light allows for deep-tissue penetration. The method detects changes in deoxyhemoglobin
and oxyhemoglobin concentrations, which are quantiﬁed
by measuring variations in the absorption of near-infrared light.
Cerebrovascular pressure reactivity index (PRx)
describes a linear correlation between the slow waves of
ABP and ICP119 and has been shown to correlate with the
long-term patient outcome. Positive values are associated
with a poor outcome, whereas negative values are associated with increased survival in patients with head injury.119–121 In addition, PRx values allow for the
deﬁnition of the optimal cerebral perfusion pressure
(CPPOPT), which is the CPP, where PRx reaches its lowest
value compared with CPP. CPPOPT was associated with a
better outcome in the patients, where it could be evaluated.122 Although a prognostic index such as PRx has
obvious beneﬁts, it is limited by the requirement of invasive ICP measurements.
NIRS monitoring makes it possible to calculate the
hemoglobin volume index (HVx), which is a correlation
between ABP and relative total hemoglobin,123 and the
total hemoglobin index (THx).122 Consequently, both are
NIRS-estimated cerebrovascular reactivity indices. The
coupling from HVx/THx to PRx and ICP exists in the
form of a linear correlation coeﬃcient between THx and
PRx of 0.56.122 However, on the basis of CPPOPT values
calculated from PRx and THx, respectively, the authors
found a signiﬁcant correlation between CPPOPT-PRx and
CPPOPT-THx (r = 0.74).
The method is currently limited by the availability
of NIRS equipment, and the fact that the parameter of
interest for the individual patient (CPPOPT) takes several
hours of monitoring to obtain, and can only be reliably
measured in about 50% of patients.122 As NIRS allows
for the calculation of diﬀerent indices, which subsequently correlate with PRx, the technique remains an
area of interest for the future. At present NIRS does not
r
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TABLE 4. Characteristics of Available Methods for Noninvasive Measurements of ICP
Operator
Dependent

Interindividual
Variability

Time Consuming

Performed
Bedside

Suitable in Emergency
Setting

Computed tomography
Magnetic resonance imaging
Transcranial Doppler
Electroencephalography
Audiological techniques
Tympanic membrane
displacement
Otoacoustic emissions
Ophtalmological techniques
Ophtalmoscopic
examination
Optic nerve sheath
diameter

No?
Yes
Yes

No
Yes
Yes

No
Yes
No
Yes

No
No
Yes
Yes

Yes
No
Yes
No

Yes

Yes

Yes

Yes

No

Yes

Yes

Yes

Yes

No

Yes

Yes

No

Yes

No

high

Yes

No
Yes

Yes
Yes

No with sonography
Yes with magnetic resonance
imaging
No
Yes

Pupillometry
Near-infrared spectroscopy

Yes, however, late sign of
high ICP
Yes with sonography

Yes
Yes

Yes
No

ICP indicates intracranial pressure.

allow for the estimation of absolute values of ICP nor the
detection of changes in ICP.

NONINVASIVE TECHNIQUES AND ANESTHESIA
In theory, estimations of ICP with CT, the MRI,
ophthalmological, and acoustic techniques should be rather
unaﬀected whether or not sedatives or anesthestics are
used. For obvious reasons, this is not the case for the nICP
techniques using EEG and TCD. Estimating ICP from
EEG is based on an identiﬁcation of slow high-voltage
waves.124 Most anesthetics promote formation of delta or
slow waves hampering the identiﬁcation of a high ICP.
TCD-ICP uses the PI, which is the correlation between the systolic, diastolic, and the mean ﬂow velocity.
In patients with or without intracranial pathology, who
are anesthetized with volatile anesthetics, the anesthetic in
itself—depending on the CO2 level—has a direct effect on
the cerebral arteries and consequently on the PI. When
the patients are given anesthesia using sevoflurane, the PI
is increased by 16% in them.125 Furthermore, PI increases
in response to increased positive end-expiratory pressure.126 One reason for the increased PI is the lowering of
the mean flow velocity, which is a general effect of the
volatile anesthetics, propofol, thiopenthal, and some
morphines. Nitrous oxide and ketamine have the opposite
effect on the mean flow velocity.127 All these studies have
been performed on patients with or without intracranial
pathology, and, to our knowledge, no one has studied the
effect of anesthetics on the PI in patients with intracranial
pathology.
Dealing with a multitraumatized patient with brain
trauma increases the risk of raised ICP due to progressive
intracranial bleeding, brain edema, or increase in cerebral
blood volume. The anesthetic procedure might promote—
as well as hide—such a development, as clinical evaluation
is impossible. In such cases, frequent noninvasive ICP
measurements would be desirable. Measurements with CT,
r
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MR, and EEG are not possible, leaving ONSD and auditory TMD techniques as possible options, as TCD is difficult to interpret in this scenario. ONSD and TMD
techniques are theoretically not influenced by anesthesia
and should reflect ICP changes.

FUTURE ASPECTS
The technical and software development will improve the noninvasive ICP techniques, but obtaining an
exact ICP value is diﬃcult with the current techniques—
with pros and cons of the currently available techniques
summarized in Table 4. The CT-based and MRI-based
techniques will only give an estimation of the ICP at the
investigation time. CT does not always reflect the actual
ICP, making pure imaging methods inappropriate in the
future.128 The present TCD method will be improved by
attempts to automatically detect the supreme signal with
the fastest flow velocity in the middle cerebral artery and
such a system has been presented, even though it has not
been put on the market yet. Such equipment will eliminate
the disparity seen between different investigators.129
However, it will still be an indirect technique, which in
most cases can discriminate between the high-pressure
and low-pressure situations, but will most probably never
be used in the treatment of patients with brain trauma, as
a much higher precision is required.

CONCLUSIONS
Monitoring of ICP is invaluable in clinical practice.
However, invasive ICP monitoring is cumbersome, not always available, associated with risks, and can be contraindicated. Noninvasive methods have therefore been
proposed. Several of the noninvasive methods could be
valuable as screening methods for elevated ICP, especially
when invasive monitoring is contraindicated or unavailable.
For the methods to be implemented in clinical practice,
normative cutoﬀ values are still required. Because of
www.jnsa.com |
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interindividual variability, these cutoﬀ values are hard to
obtain. The noninvasive methods share many advantages;
however, these methods also have the common signiﬁcant
disadvantage of not being as accurate as the invasive
techniques. Their reproducibility has been questioned as the
methods are aﬀected by diﬀerent operator-dependent factors. A certain margin of error can be accepted if the
methods are only to be used as screening methods; however, a high sensitivity is crucial, as a false-negative result
could lead to fatal consequences in patients with acute
elevated ICP. In patients with longer follow-up periods,
such as hydrocephalus and idiopathic intracranial hypertension, the possibility of obtaining individual baseline
values can overcome the diﬃculty with interindividual
variability. This makes the noninvasive methods potentially
suitable for long-term follow-up in these patients.
To further assess the noninvasive techniques’ applicability as predictors of intracranial hypertension,
large-scale clinical trials are needed.
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