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Abstract

Background In many neurological diseases, intracranial

pressure (ICP) is elevated and needs to be actively man-

aged. ICP is typically measured with an invasive

transducer, which carries risks. Non-invasive techniques

for monitoring ICP (nICP) have been developed. The aim

of this study was to compare three different methods of

transcranial Doppler (TCD) assessment of nICP in an

animal model of acute intracranial hypertension.

Methods In 28 rabbits, ICP was increased to 70–80 mmHg

by infusion of Hartmann’s solution into the lumbar sub-

arachnoid space. Doppler flow velocity in the basilar artery

was recorded. nICP was assessed through three different

methods: Gosling’s pulsatility index PI (gPI), Aaslid’s

method (AaICP), and a method based on diastolic blood flow

velocity (FVdICP).

Results We found a significant correlation between nICP

and ICP when all infusion experiments were combined

(FVdICP: r = 0.77, AaICP: r = 0.53, gPI: r = 0.54). The

ability to distinguish between raised and ‘normal’ values of

ICP was greatest for FVdICP (AUC 0.90 at ICP

>40 mmHg). When infusion experiments were considered

independently, FVdICP demonstrated again the strongest

correlation between changes in ICP and changes in nICP

(mean r = 0.85).

Conclusions TCD-based methods of nICP monitoring are

better at detecting changes of ICP occurring in time, rather

than absolute prediction of ICP as a number. Of the studied

methods of nICP, the method based on FVd is best to

discriminate between raised and ‘normal’ ICP and to

monitor relative changes of ICP.
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Introduction

Elevated intracranial pressure (ICP) is an important sec-

ondary brain injury because it can cause both brain ischaemia

and mechanical compression of vital brain structures.

Unsurprisingly, intracranial hypertension is associated with

a poor outcome [1]. Its evaluation is crucial in many neu-

rological diseases [2, 3] as clinical signs of elevated ICP

(such as altered consciousness, headache, vomiting) are not

always reliable predictors of this condition [4].

Invasive measurement of ICP through an intraventricu-

lar or intraparechymal catheter is considered the gold

standard [5].

However, these methods can cause complications such

as infection, hemorrhage, or soft tissue scarring [6–9].

Non-invasive monitoring of ICP could be valuable in the

management of many neurological patients. Several tech-

niques have been proposed for the non-invasive

measurement of ICP [10–12], but none of these seem to be

accurate enough to be used as a replacement for invasive

ICP measurement.
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Transcranial Doppler ultrasonography (TCD) is one

possible tool to assess non-invasive ICP (nICP) and cerebral

perfusion pressure (CPP). Increased ICP produces specific

changes in cerebral blood flow velocity (FV) measured by

TCD, with diastolic FV being particularly sensitive [13].

Gosling pulsatility index (gPI) was one of the first measures

derived from the TCD waveform that has been studied in

relation to ICP [14–16]. However, its clinical utility is

questionable due to its poor precision [17, 18].

Other formulae and mathematical approaches that incor-

porate the arterial blood pressure as well as the cerebral blood

flow velocity waveform have been proposed. Aaslid et al.

[19, 20] presented a formula for the estimation of CPP, based

on spectral pulsatility index (SPI) and the first harmonic

component of the arterial blood pressure (ABP) which

demonstrated to be quite sensitive to the variation of CPP,

but it has a limited accuracy [21]. Czosnyka et al. proposed a

similar but modified formula for non-invasive estimation of

CPP (nCPP), and therefore of ICP, which showed a low

estimation error compared to real CPP [22].The authors

reinforced these preliminary results in a prospective study

demonstrating that the absolute difference between real CPP

and nCPP was <10 mmHg in 89 % of measurements and

<13 mmHg in 92 % of measurements with a confidence

range for predictors that was no wider than±12 mmHg [23].

Whether these formulae for estimating CPP can be used to

assess ICP non-invasively by simple mathematical rear-

rangement (i.e., nICP = ABP - nCPP) is unclear.

The aim of this study was to compare the ability of these

three non-invasive methods [20, 22, 28] to monitor

experimental raise in ICP.

Methods

All the animal experiments performed in this study were

carried out in 1995 under UK Home Office license, with

permission from the Institutional Animal Care and Use

Committee at Cambridge University and in accordance

with the standards set by the UK Animals Scientific Pro-

cedures Act of 1986. Recordings from 28 experiments of

male New Zealand White rabbits (weighing from 2.7 to

3.7 kg) were analyzed retrospectively, including high-res-

olution sampling of ABP, ICP, and basilar artery FV. The

experimental protocols have been previously presented

[24–26] and briefly described here.

A tracheostomy was performed, and a jugular vein was

cannulated. A femoral artery was cannulated and the catheter

advanced to lie high in the dorsal aorta to monitor arterial

blood pressure (GaelTec, Dunvegan, UK) and for blood gas

analysis. The animals were placed on a padded warming

blanket, and the rectal temperature was monitored. A general

anesthesia was induced using intravenous alphaxalone/al-

phadalone (Saffan, Pitman-Moore, Uxbridge, UK, 0.2 mL/

kg). Halothane at 1.5 % in 3:1 nitrous oxide/oxygen was

maintained. FV was monitored with an 8 MHz pulsed

Doppler ultrasound probe (PcDop 842, SciMed, Bristol, UK)

positioned over the basilar artery. To access the artery, a

posterior frontal burr hole (7-mm diameter) at the bregma to

the left of the midline was made and the Doppler ultrasound

probe was positioned over the exposed dura and adjusted to

obtain the best Doppler spectra from the basilar artery. Two

weeks before experiment both carotid arteries of the rabbits

were ligated (on different days), to make cerebral blood flow

dependent on basilar artery flow. A second burr hole of

diameter 1.5 mm was made over the contralateral cerebral

hemisphere close to the bregma, and a Laser Doppler probe

of 1 mm in diameter (Moor Instruments, Axbridge, Devon,

UK) was placed epidurally. ICP was monitored through a

third burr hole 1.5 mm in diameter, after insertion of an

intraparenchymal microsensor (Codman and Shurtleff,

Raynham, MA, USA).

Ventilation was controlled and PaCO2 monitored and

stabilized adjusting the ventilator tidal volume (confirmed

by blood gas analysis) to normocapnia. Parameters were

compared at baseline ICP and ABP. A laminectomy was

performed in all the rabbits, and a catheter was inserted into

the lumbar subarachnoid space. After recovery from sur-

gery and stabilization of PaCO2, ABP, ICP, basilar artery

FV and Laser Doppler Flowmetry LDF values were recor-

ded to establish a baseline before experimental maneuvers.

ICP was increased by infusion of Hartmann’s solution

into the lumbar catheter in the subarachnoid space at an

increasing rate from 0.1 to 2 mL/min to produce a con-

trolled and marked rise in ICP. ABP, CPP, and FV were

continuously recorded, converted into digital samples using

an analog-to-digital converter fitted into an IBM compati-

ble personal computer [27] and saved on hard disk in

digital form, with sampling frequency 50 Hz.

Data Acquisition and Analysis

The recorded signals were analyzed using our own soft-

ware for clinical data processing (ICM+; http://www.

neurosurg.cam.ac.uk/icmplus). The maximal and minimal

values of ABP and FV from consecutive 2 s epochs were

derived and then averaged over 10 s to give ABPs, ABPd,

FVs, and FVd, respectively. Fundamental amplitudes of

FV and ABP pulse waveforms were calculated using

spectral analysis. Heart rate was calculated using position

of the spectral peak associated with the first harmonic of

ABP. Mean values of ABP, ICP, FV, and CPP (and non-

invasive indicators of ICP described below) were calcu-

lated in 30 s epochs by ICM plus.
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Calculation of CPP and ICP

For each rabbit, we calculated non-invasive CPP and

consequently non-invasive ICP according to the following

three formulas.

PI was calculated according to the method of Gosling [28]:

gPI ¼ FVs � FVdð Þ=FVm;

where FVs is the systolic flow velocity, FVd the diastolic

flow velocity, and FVm is the mean flow velocity.

nICP derived by gPI (gPIICP) was calculated according to

a formula based on data analyzed by Budohoski et al. [29].

gPIICP ¼ 4:47 � gPI þ 12:68

According to Aaslid formula [20], nCPP is derived from

spectral pulsatility index (SPI). SPI is obtained by the first

harmonic component of flow velocity pulsation (FV1), divided

by the FVm (SPI = FV1/FVm). nCPP according to Aaslid

Formula (aCPP) is derived from the relationship between the

first harmonic component of the pressorial pulse (A1) and SPI.

aCPP ¼ A1 � FVm=FV1; AaICP ¼ ABP � aCPP

According to Czosnyka et al. [22] (dCPP), nCPP has

been calculated as

dCPP ¼ ABPm � FVd=FVm þ 14, where ABPm is

defined as the mean arterial blood pressure.

Finally, ICP is then estimated as the difference between

inflow (MAP) and CPP:

FVdICP ¼ ABPm � dCPP

¼ ABP 1 � FVd=FVmð Þ � 14

Cushing Response Assessment

Cushing response (CR) was defined according to previous

description [30] as a compensatory baroreceptor response to

critical ICP increases, aiming to keep adequate values of CPP

consisting of a rise in systolic blood pressure, a reduction in

flow velocity, and increase of heart rate variance after critical

increase of ICP [31]. According to this definition, we iden-

tified in each rabbits two periods (before CR, pre CR, and

during CR) and three different periods of infusion test

(T0 = baseline, before the beginning of infusion test;

T1 = when CR begins; T2 = maximum peak of ICP), and

we assessed the influence of CR on accuracy of nICP mon-

itoring calculating correlation with measured ICP, BIAS,

and 95 % CI (mmHg) within every rabbit for each formula.

Statistics

The relationship between measured ICP and each non-in-

vasive estimate was compared within each rabbit using the

Pearson correlation coefficient using a combination of

Microsoft excel (Microsoft Corp., Redmond, USA) and

ICM+ tools (Monash University, Melbourne, Australia).

The Bland–Altman method was used for calculation of bias

and 95 % CI for prediction of ICP. Receiver operating

characteristic (ROC) curve analyses were performed to

determine performance of each non-invasive ICP method

in distinguishing between elevated and ‘normal’ values of

ICP set arbitrarily as cut points of 20 and 40 mmHg. The

ROC curve was created by plotting the true-positive rate

(sensitivity) against the corresponding false-positive rate

(1-specificity) for different cut-off points of a parameter

[32] (in this case ICP). The area under the curve (AUC) is a

measure of how well the three methods can detect elevation

of ICP above (or decrease of CPP below) given threshold

for which the curve was constructed. In this ROC analysis,

each 30 s data point was considered as an independent.

ROC analysis was performed using IBM SPSS version 21.0

software (IBM Corp., Armonk, USA).

Results

Correlation Analyses

Examples of the recordings and nICP monitoring in single

rabbit are shown in Fig. 1.

Scatter plots of 30 s averaged measured ICP versus

nICP from all 10-s samples pooled from all rabbits

(n = 661) are shown in Fig. 2. The three formulae showed

a statistically significant positive relationship with mea-

sured ICP. FVdICP showed the best correlation (r = 0.77).

Aaslid formula showed a correlation with ICP of r = 0.53.

Gosling PI was also correlated with ICP (r = 0.54).

Relative Assessment of nICP

Among the individual recordings, there were cases in which

nICP and ICP showed very high correlation and those in

which a nICP and ICP correlation was rather poor. In two

cases, the correlation coefficient was worse than 0.6 for all

the three methods. Some examples are provided in Fig. 1. To

assess the ability to non-invasively estimate relative changes

in ICP, correlation coefficients between measured ICP and

each non-invasive estimate of ICP were performed in each

experiment. The best method to detect changes nICP seems

to be FVdICP (mean r = 0.85), followed by AaICP (mean

r = 0.61) and gPI (mean r = 0.32) as shown in Table 1.

Predictive Ability of nICP Methods

We assessed the 95 % CI and the bias (nICP-ICP) during

each infusion experiment using Bland–Altman methodol-

ogy. Results are described in Table 1. The 95 % CI for
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prediction was on average 26.26 mmHg for FVdICP,

59.6 mmHg for Aa formula, and 38.56 mmHg for gPI with

the smallest bias resulted from FVdICP method (-1.39 ±

11.86 mmHg SD).

Results of receiver operating characteristic (ROC)

analysis with outcomes dichotomised as ICP above or

below certain thresholds are presented in Fig. 3. We

assessed the predictive ability of each non-invasive ICP

method using a cut-off at 20 and 40 mmHg. At cut-off at

20 mmHg, FVdICP showed the highest area under the

curve (AUC) = 0.86 compared to the other methods

(AaICP AUC = 0.66, gPI AUC = 0.62). Using a cut-off at

40 mmHg, FVdICP showed again the highest AUC com-

pared to the other formula (FVdICP AUC = 0.94, AaICP

AUC = 0.77, gPI = 0.66 (Fig. 3).

Effects of Cushing Response in the Accuracy of ICP

Measurement

Before the beginning of CR, the three methods show lower

correlation coefficients with invasive ICP compared to the

whole monitoring results: 0.32 for FVdICP, 0.07 for

AaICP, and 0.12 for gPIICP. In the same period, the results

of Bland and Altman analysis between nICP methods and

ICP reported a -8.3 mmHg bias with a 95 % CI of ±18.1

for FVdICP; -31.06 mmHg with a 95 % CI of ±42.2 for

AaICP and -1.88 mmHg with a 95 % CI of ±20.36 for

gPIICP.

During CR, all the three methods show a better corre-

lation with invasive ICP: r = 0.6 for FVdICP, 0.34 for

Aaslid formula, and 0.22 for gPIICP. On this dataset, we

calculated a bias of -10.94 mmHg with ±12.88 95 % CI

values for FVdICP; a bias of -11.04 mmHg with a ±18.84

95 % CI for Aa formula, and a bias of -57.41 with ±12

95 % CI for gPIICP.

FVdICP method showed a statistically significant corre-

lation in all the considered points of measurement, with

highest coefficient correlation for DICP between T2 and T1

(DT2 - T1: r = 0.73, p = 0.00001; DT1 - T0: r = 0.44,

p = 0.02; DT2 - T0: r = 0.68, p = 0.00007). Aaslid

method demonstrated a significant correlation with ICP in

the difference between T2 and T1 and T2 - T0 (DT2 - T1:

r = 0.57, p = 0.001; DT2 - T0: r = 0.66, p = 0.0001)

and a non-significative correlation between T0 and T1

(DT1 - T0: r = 0.21, p = 0.26). DgPIICP was not signifi-

cantly correlated to DICP in any of these points (DT2 - T0,

r = 0.28, p = 0.14; DT1 - T0, r = 0.02, p = 0.90;

DT1 - T2, r = 0.41 p = 0.03).

Fig. 1 Traces displaying examples of experiments for each formula.

In all the examples, it is shown progressive intracranial hypertension

owing to infusion of Hartmann’s solution into the lumbar subarach-

noid space and corresponding non-invasive intracranial pressure

(nICP) calculated with FVdICP and Aaslid formula. a An example of

good correlation between ICP and nICP in a single rabbit. From top to

the bottom, invasive ICP and then nICP measured with FVdICP, and

Aaslid formula. b An example of bad correlations of ICP in a single

rabbit with the two methods
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Discussion

An active management of ICP is necessary in many neu-

rological and neurosurgical diseases [3, 33]. Moreover,

non-invasive estimation of ICP can be useful in patients at

risk from intracranial hypertension when coagulation

abnormalities prevent insertion of invasive ICP devices.

Many attempts have been made to find an ‘‘estimator’’ for

ICP [34–38].

TCD is an attractive option as it is safe with no reports

of technique-related complications and it is suitable for

continuous monitoring of relative changes of ICP hap-

pening in time. In this study, we compared the reliability of

three different formulas TCD based for the estimation of

Fig. 2 Scatter plots of 30 s averaged measured ICP versus AaICP

(left panel), gPI (middle panel), and FVdICP (right panel). Linear

regression and relationship of multiple points from all rabbits

combined (n = 1344). Each of the three nICP estimators showed a

statistically significant positive relationship with measured ICP

Table 1 Correlation with measured ICP, standard deviation (SD), BIAS, and 95 % CI (mmHg) within every rabbit for each formula

Bias 95 % CI Correlation coefficient (SD)

FVdICP -1.39 ± 11.86* 26.26 0.85 (0.11)

AaICP -33.27 ± 42.73* 59.6 0.61 (0.35)

gPIICP -16.8 ± 11.53* 38.56 0.36 (0.47)

FVd formula shows the best correlation coefficient (0.85) with invasive ICP and the lowest systematic error value. Aaslid formula demonstrated

generally a good capability to detect ICP changes, but shows the greatest 95 % CI and BIAS. gPI shows the smallest correlation coefficient and

intermediate 95 % CI and BIAS

* Values significative for p < 0.05, it means that they produce significative different values
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nICP (gPI [28], Aaslid formula [19] and FVd formula [22]) in

an animal model where an acute intracranial hypertension

was induced.

We found a statistically significant positive relationship

between all nICP and ICP when each time point from each

infusion is considered as an independent sample. However,

the scatter seems unacceptably high, showing wide 95 %

confidence intervals for prediction for the three methods.

The most promising method to assess absolute values of

ICP seems to be the method based on diastolic blood flow

velocity (r = 0.77) (Fig. 2).

Better results are obtained if we consider relative changes

in ICP within each infusion experiment. Also in this case,

FVdICP formula shows the best correlation with ICP with a

r = 0.85 (Table 1). The variability of the correlations

between ICP and nICP within each infusion experiment

could be due to occasional suboptimal quality of the Doppler

signals in some experiments. Thus, in some infusion tests we

observed a plot with good correlation, while in others we

found poor correlations using the three formulas (Fig. 1).

The results obtained suggest that the three methods are

not accurate in the absolute measurement of ICP. Indeed,

biases calculation showed tendency to underestimate real

ICP (Table 1) and 95 % CI values were large in all the

cases. However, these methods could be very helpful to

detect relative changes of ICP within individual cases. In

particular, FVdICP formula showed the best correlation

with invasive ICP for relative values of ICP (Table 1), and

the best performance at distinguishing between elevated

and non-elevated ICP at a cut-off at 20 and 40 mmHg as

for ROC analysis results (Fig. 3). This indicates that

inclusion of ABP in addition to FV into the model of non-

invasive ICP improves performance.

Generally, the accuracy of detection of changes in ICP

seems to improve at very high levels of ICP (during CR)

with better correlation coefficients and smaller 95 % CI.

The better results that we obtained during CR are probably

due to the fact that CR involves many haemodynamic

modifications (in particular ABP) which could influence

the methods, in particular FVdICP formula. However, it is

difficult to state for sure that CR itself is a real factor, or

rather mean level of ICP. The same analysis may be

interpreted that nICP methodology performs better when

ICP is truly elevated.

In addition, FVdICP formula is the best method to detect

the magnitude of changes of ICP, at different levels of ICP,

from physiological values (T0, baseline) to pathophysio-

logical values of ICP to very critical values of ICP (T1 and

T2), as shown in Table 2.

The results obtained suggest that non-invasive ICP TCD

methods are not yet accurate enough for absolute assess-

ment of ICP and cannot replace invasive ICP altogether.

However, they may still be useful in specific clinical sce-

narios. FVdICP, for example, could have a role to help for

the decision to insert a wire on admission to the Emergency

Department or in Intensive Care Unit, or for monitoring

changes of ICP in an individual patient even after a wire

has been taking out. Also, it could be a good option in

conditions in which an invasive monitoring is not indicated

but a monitoring of ICP is desirable, such as liver failure,

cardiac arrest, or organ transplants. The mobility of the

equipment, the possibility of repeated bedside investiga-

tions and the non-invasive nature of the technique, makes

TCD a device of potential benefit for monitoring brain

perfusion and ICP when the direct measurement is not

available or not indicated [39].

Fig. 3 nICP methods receiver operating characteristic (ROC) anal-

ysis plot representing specificity and sensitivity of FVdICP, AaICP,

gPI, dichotomized as ICP above or below two thresholds, 20 and

40 mmHg. These results suggest that FVdICP is the best method to

distinguish between elevated and non-elevated ICP
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Limitations

There are some considerations that deserve to be mentioned

as it is difficult to judge which method is better at detecting

ICP in an animal model in which intracranial hypertension is

acutely induced by infusion of liquid into CSF space.

Recordings of acute intracranial hypertension due to

increased CSF circulation [40] are not common scenarios in

humans and in neurocritical care patients (except particular

cases such as acute hydrocephalus for ventricular shunt or

drain obstruction) and literature is lacking in terms of nICP

estimation during CR [41, 42]. Therefore, the pathophysio-

logical mechanisms underlying raise in ICP are quite

different in ‘‘in vivo’’ brain injured patients.

Subsequently, the mechanism of ICP elevation in our

study (continuous CSF infusion) and the hemodynamic

variations associated with CR [40, 41] could contribute to

the variance observed from human studies in which

intracranial hypertension is associated more commonly

with cerebral oedema or hemorrhage. In particular, gPI has

been proven [17] to be a complex function of many

mutually interdependent hemodynamic parameters and this

could explain the poor correlation that we found in our

model. Moreover, the clinical applications of this model

can partially be disturbed by clamping carotid arteries, a

procedure used to make CBF completely dependent on

basilar artery flow; this may affect the correlation between

nICP and ICP in real clinical situations.

The present study was performed using digitally recor-

ded previous experiments [24–26]. However, we believe

that such a ‘recycling’ of existing data using new calcu-

lation methods is not only scientifically valid but also

ethically welcome as it reduces the need for new animal

studies.

Conclusions

In our animal model of acute intracranial hypertension, the

three TCD-based nICP methods showed better perfor-

mance at detecting changes of ICP within an animal, rather

than absolute prediction of ICP. According to our results

and in agreement with previous studies, we think that

invasive ICP monitoring may not yet be replaced with non-

invasive methods. However, a real-time assessment of ICP

with a non-invasive method may indicate gross intracranial

hypertension and help in detection of gradual intracranial

hypertension over time. Further clinical studies and critical

appraisal of different non-invasive methods to estimate ICP

on humans are needed to clarify the clinical reliability of

these techniques.
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