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Abstract Background: Non-invasive measurement of intra-
cranial pressure (ICP) can be invaluable in the management 
of critically ill patients. Invasive measurement of ICP 
remains the “gold standard” and should be performed when 
clinical indications are met, but it is invasive and brings some 
risks. In this project, we aim to validate the non-invasive ICP 
(nICP) assessment models based on arterious and venous 
transcranial Doppler ultrasonography (TCD) and optic nerve 
sheath diameter (ONSD).

Methods: We included brain injured patients requiring 
invasive ICP monitoring (intraparenchymal or intraventricu-
lar). We assessed the concordance between ICP measured 
non-invasively with arterious [flow velocity diastolic for-
mula (ICPFVd) and pulsatility index (PI)], venous TCD (vPI) 
and ICP derived from ONSD (nICPONSD) compared to inva-
sive ICP measurement.

Results: Linear regression showed a positive relationship 
between nICP and ICP for all the methods, except PIv. 
ICPONSD showed the strongest correlation with invasive ICP 
(r = 0.61) compared to the other methods (ICPFVd, r = 0.26, 
p value = 0.0015; PI, r = 0.19, p value = 0.02, vPI, r = 0.056, 
p value = 0.510). The ability to predict intracranial hyperten-
sion was highest for ICPONSD (AUC = 0.91; 95% CI, 0.85–0.97 

at ICP > 20 mmHg), with a sensitivity and specificity of 85%, 
followed by ICPFVd (AUC = 0.67; 95% CI, 0.54–0.79).

Conclusions: Our results demonstrate that among the 
non- invasive methods studied, ONSD showed the best accu-
racy in the detection of ICP.

Keywords Brain ultrasound · Intracranial pressure · 
Transcranial doppler · Optic nerve sheath diameter

 Introduction

Elevated intracranial pressure (ICP) is an important cause of 
secondary brain injury and may be associated with a poor 
outcome [1]. Clinical signs of elevated ICP, such as head-
ache, altered level of consciousness and vomiting, are con-
sidered to be non-specific and unreliable predictors of brain 
damage [2]. The “gold standard” for continuous ICP moni-
toring is an intraventricular catheter connected to an external 
pressure transducer [3]. However, the procedure is invasive, 
and it is at times complicated by infection, haemorrhage, 
malfunction, obstruction and malpositioning of the catheter 
[4, 5]. Therefore, non-invasive measurement of ICP (nICP) 
can be invaluable in the management of critically ill patients 
[6]. This project is focused on comparing and refining meth-
ods for nICP assessment based on arterial and venous tran-
scranial Doppler ultrasonography (TCD) and optic nerve 
sheath diameter (ONSD) ultrasonography.

 Methods

This single-centre non-invasive clinical trial was approved 
by the institutional ethics committee and written informed 
consent was obtained from all participants’ next of kin. 
Patients admitted to the Neurocritical Care Unit, 
Addenbrookes Hospital, Cambridge, UK, for intracranial 
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diseases (including traumatic brain injury, subarachnoid 
haemorrhage and stroke) that necessitate monitoring of ICP 
with continuous intraparenchymal or intraventricular moni-
toring were enrolled in this study.

Inclusion criteria were age >18 and necessary ICP moni-
toring in situ (intraparenchimal or intraventricular). 
Exclusion criteria were a history of optic nerve lesion or pre-
vious optic nerve trauma, cerebral venous thrombosis, skull 
base fracture with cerebral spinal fluid leakage, inaccessible 
ultrasound window and the absence of informed consent.

ONSD ultrasound measurements were performed and 
recorded twice a day from day 1 to day 5 of admission, and 
in the case of high dynamics of ICP (like plateau waves) on 
event. Doppler velocity in the middle cerebral artery (MCA) 
and venous TCD on the straight sinus (SS) was simultane-
ously measured in all the patients.

ONSD was measured 3 mm behind the retina [7]. A sin-
gle investigator used a 7.5-MHz linear ultrasound probe ori-
ented perpendicularly in the vertical plane and at around 30° 
in the horizontal plane on the closed eyelids of both eyes of 
supine subjects. Ultrasound gel was applied to the outside of 
each eyelid and recordings made in the axial and longitudi-
nal planes of the widest diameter visible. Measurements 
were performed in the transverse and sagittal planes of both 
eyes, and the final ONSD value was calculated by averaging 
four measured values.

Arterious TCD was performed on the MCA through the 
temporal window. TCD measurements were conducted 
trans-temporally using a traditional 2-MHz transducer as 
previously described [7].

Venous TCD was performed on the SS through an occipi-
tal and transforaminal bone window at a depth of 50–80 mm 
for flow directed towards the probe, as described by Schoser 
et al. [8].

Pulsatility index (PI) was calculated according to 
Gosling’s method [9]: [PI = (FVs − FVd)/FVm]. FVd-based 
non-invasive ICP (ICPFVd) was derived from the work of 
Czosnyka et al. [10], in which the authors describe a method 
for non-invasive estimation of cerebral perfusion pressure 
(nCPP) in traumatic brain-injured patients:

 
nCPP ABPm FVd FVm= ( ) +• / 14  

Non-invasive ICP was estimated as the difference between 
inflow (ABPm) and non-invasive cerebral perfusion 
pressure:

 
ICP mmHg ABPm nCPPFVd ( ) = -  

PI-derived non-invasive ICP from the SS (vPI) was calcu-
lated as [8]:

 
PI maximalBFV minimal BFV mean BFV= -( ) /  

The value of ONSD-derived ICP was calculated 
according to our preliminary unpublished results, from 

the regression plot in a cohort of 23 neurocritical care 
patients, where invasive ICP was compared with ONSD 
ultrasound measurements:

 
nICP ONSDONSD = -( )3.7242 0.128/  

 Results

A total of 22 patients were included in this study, with a 
total of 110 measurements. The characteristics of the 
patients are shown in Table 1. Median value of ICP was 10 
(IQR = 17–5.0).

Results from linear regression showed a positive relation-
ship between ICP and nICP calculated with ICPONSD, ICPFVd 
and PI, but not for vPI (Fig. 1). ICPONSD showed the strongest 
correlation with invasive ICP (r = 0.61) compared to the 
other methods (ICPFVd: r = 0.26, p value = 0.001; PI: r = 0.19, 
p value = 0.02; vPI: r = 0.056, p value = 0.51). Results from 
the receiver operator characteristic (ROC) curve analysis are 
shown in Fig. 2.

The ability to predict intracranial hypertension (threshold 
20 mmHg) was highest for ICPONSD (AUC = 0.91; 95% CI, 
0.85–0.97 at ICP > 20 mmHg), with a sensitivity and speci-
ficity of 85%, followed by ICPFVd (AUC = 0.67; 95% CI, 
0.54–0.79).

 Discussion

According to our results, ONSD showed the best accuracy to 
assess non-invasively ICP when compared with TCD-based 
methods. To our knowledge, this is the first study comparing 
ONSD ultrasonography with different (arterious or venous) 
TCD methods. Non-invasive ICP is a poorly developed tech-

Table 1 Characteristics of the patients

Total number of patients 22

Sex (M/F) 10/12

Age (mean SD) years 62 ± 15.3

Weight (mean SD) kg 78 ± 5.2

Height (mean SD) cm 172 ± 13.4

Comorbidities 4 hypertension
3 diabetes
3 COPD

Reason for admission (n) Isolated traumatic brain injury n = 8
Polytrauma n = 7
aSAH n = 7

GCS at admission 7 ± 3.2

Complications Infection n = 7

C. Robba et al.
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nique, and several attempts have been made in order to find 
an accurate method to estimate ICP, but so far none of these 
can substitute the invasive gold standard [6].

The optic nerve sheath (ONS) is continuous with dura 
mater; as such, the space within the sheath is continuous with 
the cranial subarachnoid space. When ICP increases, the 
pressure in the ONS increases linearly, which distends the 
ONS. Several studies have directly correlated ONSD mea-
surements on ultrasound with ICP measured invasively [6]. 
The cut-off value for normal ONSD, measured 3 mm poste-
rior to the globe, ranges from 5.2 to 5.9 mm. The sensitivity 
is 74–95% and the specificity is 74–100% to identify ICP 
>20 mmHg [11, 12].

TCD is a non-invasive, safe and bedside tool, and it has 
been used for multiple applications, including detection of 

changes in cerebral blood flow, vasospasm and circulatory 
arrest [13]. The non-invasive evaluation of ICP using TCD 
has also been studied. TCD generates a velocity–time wave-
form of cerebral blood flow from which the peak systolic 
(PSV) and end-diastolic (EDV) flow rates can be measured.

The Gosling pulsatility index (PI) has been for many years 
the most commonly used formula, but many studies have 
demonstrated that PI value cannot determine the correspond-
ing ICP with an acceptable clinical precision [13, 14]. 
Similarly, different formulas and mathematical approaches 
have been proposed for ICP and CPP estimation [10]. Schmidt 
et al. [15] proposed a new non-PI-related formula for estima-
tion of CPP and therefore ICP based on FVd, which proved 
that the absolute difference between real CPP and nCPP so 
calculated was less than 10 mmHg in 89% of measurements 
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Fig. 1 Scatter plots averaged measured ICP versus ICPFVd (upper left panel) ICPONSD (upper right panel) and vPI (lower panel)
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and less than 13 mmHg in 92% of measurements in their 
study. The same group of authors, in another study [10], rein-
forced the results of the above-mentioned study (correlation 
between and CPP and measured CPP was r = 0.73; 
p < 0.0001). Venous TCD ultrasonography is an evolving 
technique [8]. Within a closed skull, cerebral compliance 
depends secondarily on the compressibility of the low-pres-
sure venous or capacitance segment of the vascular bed. This 
venous capacitance segment encompasses 70% of the com-
plete cerebral vascular volume. With progressive increases in 
ICP, venous blood flow is impaired (venous congestion) 
before secondary arterial blood flow came to stasis. These 
venous changes were observed at approximately 50 mmHg of 
ICP. The main study in this field has been conducted by 
Schoser et al. [8], who performed venous TCD on 30 control 
volunteers and 25 patients with raised ICP. Venous blood-
flow velocities (BFVs) in the basal vein of Rosenthal showed, 
within a certain range, a linear relationship between mean 
ICP and maximal venous BFV (r = 0.645; p < 0.002). 
Moreover, a linear relationship was found for maximal venous 
BFVs in the SS and mean ICP (r = 0.928; p < 0.0003) [8].

 Conclusions

Non-invasive estimation of ICP is a developing field. The 
ideal non-invasive ICP monitoring method should be safe, 
low cost, easily available, suitable for emergency settings 

and accurate. At present, none of these methods seem to be 
reliable and accurate enough to substitute the invasive ICP 
measurement. However, ONSD ultrasonography is a simple 
repeatable, bedside tool, widely used and, among the meth-
ods described here, it seems to have highest accuracy in the 
detection of ICP.
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