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a1es J|trasonographic Assessment of Optic Nerve Sheath Diameter as a Screening Tool for
aza7|ntracranial Hypertension in Traumatic Brain Injury
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BACKGROUND: Severe traumatic brain injury (TBI) is a
condition burdened by high morbidity and mortality. Pre-
vention of secondary insults is 1 of the main goals of
management and intracranial pressure (ICP) monitoring is a
cornerstone in management of TBl. The relationship be-
tween ICP and optic nerve sheath is known from the
literature. Optic nerve sheath ultrasonography could
represent a method added to our armamentarium for
monitoring ICP.

METHODS: We investigated how ultrasound-measured
optic nerve sheath diameter (ONSD) varies as a function
of ICP in a cohort of patients with severe blunt head injury
in whom an intraparenchymal sensor was placed. We
evaluated the accuracy of ONSD in distinguishing dichot-
omized ICP cut-offs and analyzed the learning curve and its
potential as screening tool to select TBI patients most in
need of invasive ICP monitoring in a setting with con-
straints on resources.

RESULTS: ONSD and ICP have a linear relationship.
Nevertheless, there are limits of evaluating the one-to-one
correspondence between those 2 variables. We selected a
cut-off of sonographic ONSD above which there is a con-
cernable elevation of ICP (ICP >15 mmHg) werthy of inva-
sive second-line monitoring. Thus, it is possible to use

ONSD as a first-line noninvasive tool to intercept patients
at risk of developing frank intracranial hypertension.

CONCLUSIONS: We propose the use of ONSD ultrasound
as a screening investigation for post-traumatic intracranial
hypertension in the context of an emergency department,
especially in contexts where there is limited availability of
ICP monitors.

INTRODUCTION

evere traumatic brain injury (TBI) has a significant societal

impact worldwide.” While prevention of the primary injury

remains a public health focus, in-hospital management is
centered on the prevention and management of secondary in-
sults.” The development of intracranial hypertension is an
important cause of such secondary insults and is associated with
increased mortality and morbidity in TBI. On this basis, current
Brain Trauma Foundation Guidelines® recommend invasive
intracranial pressure (ICP) monitoring to enable its detection
and management. However, ICP monitoring requires resources
and is not currently available to all patients suffering severe TBI
worldwide. Ultrasonography is a simple bedside tool that is
widely available in emergency departments. Optic nerve sheath
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diameter (ONSD)* is a parameter that can be obtained using
ultrasound and has been shown to correlate with ICP.>° The
optic nerve is part of the central nervous system, and is
surrounded by a subarachnoid space containing cerebrospinal
fluid. Elevations in ICP can be transmitted through this space,
thereby dilating the optic nerve sheath.” In this study, we
evaluate the implementation of ultrasonography determining
ONSD in a trauma center and discuss its potential as screening
tool® to select TBI patients most in need of invasive ICP
monitoring in a setting with constraints on resources. In this
study, we evaluate the implementation of transorbital ultrasound
in a center, and with ultrasound operators, without previous
experience with the method, and discuss the learning curve and
the diagnostic yield. Finally, we explore the accuracy of which
the method would function as a screening tool, in a
hypothetical setting where ONSD would be used as a
noninvasive screening to select patients for invasive ICP
monitoring, using the study’s sample population as an example.

MATERIALS AND METHODS

Study Design and Inclusion Criteria

In this study, we prospectively enrolled adult patients with severe
TBI admitted to Policlinico Umberto Primo Hospital in Rome
between October 2023 and January 2024. Eligible for inclusion
were adult patients (aged >18 years) with GCS <8, findings
consistent with TBI on initial head computed tomography and
requiring intubation due to their head injury. Included patients
were deemed without indication for craniotomy with mass lesion
evacuation or decompressive craniectomy, but with indication for
invasive ICP monitoring. Patients with injuries to the orbital re-
gion were excluded from the study. ONSDs were acquired by ul-
trasound just prior to establishing invasive ICP monitoring, as well
as on subsequent days after ICP monitors were inserted, and
ONSD measurements were compared to the invasive ICP
measurements.

All procedures performed in studies involving human partici-
pants were in accordance with the ethical standards of the insti-
tutional and/or national research committee and with the 1964
Declaration of Helsinki and its later amendments or comparable
ethical standards.

Data Acquisition (Ultrasound Examinations and Invasive ICP
Measurements)

Transorbital ultrasound examinations were performed using a
readily available scanner (Philips Affinity 30, Philips Healthcare,
Andover, MA, USA) with a linear array probe (Philips Li2-4).
During measurement, patients were positioned with the head
raised to 30° and in a neutral position, with the neck free so as not
to obstruct venous return, and the ultrasound probes were sani-
tized before and after each procedure. Coupling gel was applied to
the probe, which was then placed on the upper eyelid just below
the supraorbital rim. B-mode scans were acquired in an axial plane
to detect the eyeball and the optic nerve surrounded by its sheath
and centered along its longitudinal axis. ONSD was measured
bedside by manually identifying the optic nerve sheath 3 mm
posterior to the retina. Examinations were performed by a total of
3 neurosurgery residents without prior experience in transorbital

ultrasound, who have received training in transcranial Doppler
under the supervision of a senior neuroradiologist in the previous
3 years. For each examination, at least 2 operators performed
ONSD measurements independently, and the measured diameters
for each eye were averaged between the operators. Subsequently,
diameters were averaged between the 2 eyes. For each included
patient, ONSD was first measured just prior to establishing
invasive ICP monitoring (pre-ICP-monitor), at which time ICP was
unknown to the operators. Subsequently, ONSD was measured on
consecutive days after ICP monitors were inserted (post-ICP-
monitor). All the measurements of this study were performed only
by these 3 previously mentioned operators. Invasive ICP was
measured using a parenchymal microsensor (Codman CereLink
ICP Monitoring System, Integra Lifesciences Production Corpo-
ration) and was recorded just after ONSD measurement for the
pre-ICP-monitor examinations, or at the time of ultrasound ex-
amination for the post-ICP-monitor examinations.

Data Analysis

The endpoints of the study were correlation between ONSD and
ICP and the ability of ONSD to distinguish dichotomized ICP. To
evaluate learning curve and to examine a possible effect of the
operator being blinded to the ICP value, a subgroup analysis by the
first versus the last included patients and by pre-ICP-monitor
versus post-ICP-monitor was performed. Correlations between
ONSD and ICP were explored using the Pearson correlation co-
efficient R. A positive correlation between ONSD and ICP was
hypothesized; therefore, correlations were tested with a one-tailed
t-test and results reported with a one-sided 95% confidence in-
terval (CI). Simple linear regression was used to study ICP as a
function of ONSD and the goodness of fit was evaluated by the
coefficient of determination (R*). To evaluate ONSD’s ability to
distinguish dichotomized ICP, a cut-off at ICP >15 mmHg was
chosen. Additionally, cases were also dichotomized at ICP
>20 mmHg. For both dichotomizations, median ONSD were
calculated for each group and compared using a one-tailed Mann-
Whitney U-test. Receiver operating characteristic (ROC) analysis

was used to calculate associated areas under the curve (AUC) with Q3

95% CI. A subgroup analysis by the first half (n = 10) versus the
last half (n = 10) of the included patients and pre-ICP-monitor
(n = 20 examinations) versus post-ICP-monitor (n = 49 exami-
nations) was performed by examining correlations in the resultant
subgroups. Finally, a logistic regression model was performed to
assess ONSD threshold for ICP predicted probability >15 mmHg.
Statistical analyses were performed using Stata (StataCorp. 2023.
Stata Statistical Software: Release 18. College Station, TX: Stata-
Corp LLC.) and Matlab (The MathWorks Inc. 2022. MATLAB
version: 9.13.0 R2022b, Natick, Massachusetts: The MathWorks
Inc.) and P < o.05 was considered significant.

RESULTS

Patient Characteristics, Ultrasound Examinations, and Intracranial
Pressure

A total of 20 adult TBI patients were included in the study. The
sample examined consisted of 14 males and 6 females, with a
mean age of 43.1 + 15.8 (range 18—76) years. All patients sus-
tained a blunt head injury, and all had severe TBI (GCS 3—8). The
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study population consists of 14 patients with multiple and bilateral
brain contusions, 3 patients with acute subdural hematoma, and 3
patients with diffuse axonal damage. The injury mechanism was
linked in 18 cases to a traffic accident, 1 to an aggression and 1 was
a fall from height. A total of 69 ultrasound examinations were
performed in the 20 included patients. The mean number of ex-
aminations was 3.5 £ 1.3 (range 2—6). All serial measurements
were performed on consecutive days. Twenty ultrasound exami-
nations were performed pre-ICP-monitor and the remaining 49
were performed post-ICP-monitor. Invasive ICP was recorded
either just after ultrasound examination for the pre-ICP-monitor
measurements or at the time of ultrasound examination for the
post-ICP-monitor measurements. The ICP values recorded varied
from a minimum of 1 mmHg up to a maximum of 34 mmHg
(mean = 15.8 mmHg, standard deviation = 6.0, interquartile
range = 4.5), while the ONSD values included a minimum value of
4.7 mm up to a maximum of 7.6 mm (mean 5.9 mm, standard
deviation = o.5, interquartile range = 2).

Correlation

There was a positive linear correlation between ONSD and ICP
(R = 0.90; 95% CI 0.85—0.94; P < 0.001). In linear regression,
ONSD significantly predicted ICP. A scatter plot of the data with
associated linear regression line and R? value is shown in Figure 1.

Dichotomized ICP

ICP >15 mmHg Cut-Off. Dichotomization at ICP >15 mmHg
resulted in n = 46 in the high-ICP group and n = 23 in the low-ICP
group. The mean ONSD was 6.1 £+ 0.4 mm in the high-ICP group
and 5.4 + 0.3 mm in the low-ICP group and was significantly
different between the groups (P < 0.05) as shown in Figure 2. In
ROC analysis, the AUC was 0.98 (95% CI 0.95—1.00). ROC curves
are shown in Figure 3.

ICP >20 mmHg Cut-Off. Using an ICP threshold of >20 mmHg
resulted in n = g in the high-ICP group and n = 60 in the low-ICP

40
R2=0.82
30-
& 204
10+
L]
0 T T T T T
4 5 6 7 8

ONSD

Figure 1. Correlation between ONSD and ICP. Scatterplots with linear
regression lines, associated confidence bounds, and R? values.

group. The median ONSD was 6.62 £ 0.5 in the high-ICP group
and 5.8 + 0.4 in the low-ICP group and was significantly different
between the groups (P < o0.05) (Figure 2). In ROC analysis, the
AUC was 0.94 (95% CI 0.87—1.00). ROC curves are shown in
Figure 3.

Subgroup Analysis

Analysis by the first half (n = 10) versus the last half (n = 10)
of the included patients showed a tendency toward a better
correlation in the last half of patients (R = 0.94, 95% CI
0.87—97; P < o.001) versus the first half (R = 0.75, 95% CI
0.55—86; P < o.001), but the difference was not statistically
significant. As well, the spread of ICP values differed which
may have provided different prerequisites for linear correla-
tions and regression fitments. Analysis by pre-ICP-monitor
versus post-ICP-monitor showed similar correlations between
the 2 resulting groups (pre-ICP-monitor: R = 0.93, 95% CI
0.82—0.97; P < 0.001 vs. post-ICP-monitor R = 0.90, 95% CI
0.82—0.94; P < o0.001), and no significant difference between
groups. Scatterplots for both subgroupings with associated R*
values are shown in Figure 4.

ONSD Threshold for ICP >15 mmHg

To assess this ONSD threshold value, ICP was considered as a
binary variable, allowing it to take only 2 values: o if ICP
<15 mmHg or 1 if ICP >15 mmHg. This allowed the consideration
of the ICP data distribution as a binomial distribution and the
creation of a logistic regression model represented by the
following expression:

ln( P ) — B,*ONSD + B,

1—p
B, = 0,8686
B, = — 51,4253

Where p expresses the probability that the ICP value is more
than 15 mmHg, and (, and f, are 2 coefficients derived from
training the model based on the data. To assess the statistical
significance of this model, the P value for both coefficients was
calculated: pualue (8;) = o, 00035158 ;pvalue (6,) = o,
00035086. Both values being below the conventional threshold of
0.005 indicate that the constructed model is statistically signifi-
cant. This model associates a predicted probability to each ONSD
measurement that the ICP value is more than 15 mmHg. Our goal
was to determine the optimal value of the predicted probability
threshold beyond which to consider a patient at risk for having ICP
>15 mmHg. To achieve this, a parametric analysis was conducted
by varying the threshold probability value between o and 1. For
each preset threshold value, the model returned a value of o if the
patient was considered to have ICP <15 mmHg or a value of 1 if
the patient was considered to have ICP >15 mmHg. By comparing
the analyses conducted at each threshold probability value with
the available data, sensitivity and specificity values were obtained
for each threshold value.
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Figure 2. ONSD in groups of high and low ICP. Box plots. Left. ICP cut-off at >15 mmHg. Right. ICP cut-off at
Q9 >20 mmHg.
ROC curve was derived for this purpose. Finally, to assess the
N model’s ability to distinguish the selected threshold, the area
Sensitivity = True Positive (TP) under the ROC curve (AUC) was calculated, which indicated

True Positive (TP) + False Negative (FN)

True Negative (TN)
True Negative (TN) + False Positive (FP)

Specificity =

Once sensitivity and specificity values were obtained for each
threshold probability value, the next step was to identify the most
satisfactory predicted probability threshold value for our study. A

excellent model performance (AUC-ROC = o0.98). Below, we
report the probability threshold corresponding to the point of least
distance between the apex where both sensitivity and specificity
have the maximum value and the ROC curve, defined as the
optimum threshold, obtained using the following expression:

opt_threshol : min (dist(ROC, (0, 1)))

ICP cutoff
15mmHg
1.00
0.75-
2
2
@ 0.50
[
3
(]
0.25
0‘00_ T T T T T
0.00 0.25 0.50 0.75 1.00
1 - specificity
Figure 3. Ability of ONSD to distinguish dichotomized
ICP. Receiver operator curves. Left. ICP dichotomized

ICP cutoff
20mmHg
1.00
0.75+
2
2
B 0.50
<
(7]
(%]
0.25-
0.00— T T T T T
0.00 0.25 0.50 0.75 1.00
1 - specificity
at >15 mmHg. Right: ICP dichotomized at >20 mmHg.
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Figure 4. Subgroup analyses. Scatterplots with linear
regression lines, associated confidence bounds, and R?
values. Top: subgroup by first half versus last half of

ONSD

included patients. Bottom: subgroups by pre-ICP
versus post-ICP monitoring.

At the optimum threshold, probability value of 0.36 sensitivity
was 91.67% and specificity was 82.14%. At this threshold, the
model identified an ONSD threshold of 5.8 mm. We believed that
this threshold probability value and, consequently, the ONSD
threshold allow the model to minimize the false-negative rate while
maintaining an acceptable false-positive rate. Hence, detection of
an ONSD value above 5.8 mm allows estimation of ICP above
15 mmHg with a sensitivity of 92% and specificity of 80%.

DISCUSSION

In this study, we show that bedside sonographic assessment of ul-
trasound of the optic nerve sheath is a promising screening method
for noninvasive assessment of intracranial hypertension in severe
TBI. According to our data, detection of an ONSD value above
5.8 mm allows estimation of ICP above 15 mmHg with a sensitivity of
92% and specificity of 80%. The most critical point regarding
studies on ONSD is the cut-off value that is assumed for intracranial
hypertension.” Being aware on the higher current threshold values
for the treatment of intracranial hypertension, " we have chosen
15 mmHg for a number of reasons. First, we decided to select a
lower cut-off value in accordance with using ONSD ultrasound as
a screening tool for intracranial hypertension and therefore, for
hypothetically testing the method for selecting TBI patients most in
need of invasive ICP monitoring in settings with constraints on re-
sources. Although it has been demonstrated the existence of a linear
relationship between ONSD and ICP, we recognize the limits
associated with measuring such small interval differences. Since few
millimeters of difference in ONSD can result in significant

differences in ICP, we cannot rely on the one-to-one correspondence
of the 2 variables. We therefore suggest to establish a cut-off above
which it is appropriate to switch to a second-line invasive strategy.
The selection of a lower cut-off allows to intercept patients who will
have a possible tendency to develop intracranial hypertension as
they present intermediate values worthy of invasive investigations
but not yet univocally pathological. This is the main category of
patients with TBI to whom this screening tool can be offered and the
population we are interested in intercepting before the development
of a frank and without interpretative doubts intracranial hyperten-
sion. Moreover, using sonographic ONSD as a first-line assessment
of ICP makes it possible to use invasive monitoring strategies as a
second-line assessment to be reserved only for patients in whom the
first-line noninvasive evaluation is positive. Moreover, the good
concordance showed between the pre-ICP and post-ICP measure-
ments is a further element that confirms the reliability of the method
to obtain an estimate of the ICP through ONSD. A further avenue
worthy of future investigations could be the evaluation of the time
spent above predefined alarm thresholds, thus studying the actual
dose of intracranial hypertension to which a subject is subjected and
how this would affect the outcome.” 1 of the main difficulties
encountered in measuring ONSD is the exact identification of the
sheath.”®'* To establish the correctness of a measurement, we
suggest that a series of anatomical landmarks must be identified.
First it is essential to obtain a scan in which the optic nerve is
positioned vertical to the eyeball. On this level, through small
excursions in the cranio-caudal direction of the probe, as shown
in Figure 5, itis possible to identify a pattern of 5 layers: a hypoechoic
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Figure 5. |dentification of the Optic nerve sheath with
a pattern of alternating hypo-hyperechoic 5 layers.

core represented by the optic nerve, 2 intermediate hyperechoic
bands, and outside these, further 2 hypoechoic bands
representing the sheath. The measurement is carried out 3 mm
posterior to the posterior pole of the eyeball and the transverse
diameter is as perpendicular as possible to the long axis of the
optic nerve. Even if in our study it was not possible to
demonstrate, presumably due to the small sample size, the
statistical significance of the improvement in the accuracy of the
measurements as an expression of a learning curve of the method,
we are of the opinion that there is nevertheless a rapid learning
curve and that the adoption of this method should be encouraged
and widely used and not restricted to a niche exclusively
neurocritical area. The widespread use of ultrasound equipment
in emergency departments and intensive care units justifies the
importance of implementing this method in the diagnostic
algorithm of the patient with severe TBI and suspected
intracranial hypertension. The method has been shown to be
reliable compared with invasively measured ICP detection data. It
is also reproducible, and the operator-dependent variability can be
reduced after a rapid learning curve. Since it is not invasive, it can be
repeated bedside at will multiple times during the day. It does not
involve transporting patients to perform radiologic examinations

(i.e., computed tomography scan) exposing them to the risk of
unwarranted ICP elevations during travel and reduces the number of
unwarranted radiologic checks. Furthermore, it becomes essential
for assessing ICP indirectly in contexts where there is no availability
of ICP monitors. At least from our experience, often in many cen-
ters, the first physician who meets a patient with a severe head injury
is not directly related to neurocritical care field and there is not al-
ways the availability of an intraparenchymal sensor: this is a fact that
cannot be overlooked. In the context of traumatized patients, the
Focused Assessment With Sonography in Trauma® is often
performed to investigate the presence of gross damage to the
thoraco-abdominal viscera to implement rapid source control
measures of the damage. This protocol, widespread in almost all
trauma centers, is implemented by various physicians trained in the
use of ultrasound. We are of the opinion that the ONSD could also
acquire space in the implementation of the Focused Assessment
With Sonography in Trauma protocol, completing and integrating
it. This would be an implementation which adds completeness in
the evaluation of a polytrauma patient.

LIMITATIONS OF THE STUDY

This study has several limitations: the sample examined is small,
because this is a preliminary study for the validation of a diag-
nostic practice recently introduced in our center. We have few ICP
measurements above 20 mmHg: this is mainly linked to the fact
that patients in whom it would have been possible to measure that
value presumably directly underwent urgent surgery due to a
clinical-radiological certainty of the necessity of it. Nevertheless,
we believe it is important to emphasize the possibility of per-
forming this diagnostic maneuver having high clinical value (i.e.,
measuring ONSD) especially for centers where there is no im-
mediate availability of intraparenchymal ICP sensors.

CONCLUSION

Detection of an ONSD value above 5.8 mm allows estimation of
ICP above 15 mmHg with a sensitivity of 92% and specificity of
80%. We propose the use of ultrasonographic assessment of optic
nerve sheath diameter as a repeatable screening investigation for
post-traumatic intracranial hypertension in the context of an
emergency department, especially in contexts where there is no
availability of ICP monitors.
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