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Abstract

Objective: Intracranial pressure (ICP) over 20 mmHg is associated with poor neurologic
prognosis, but measuring ICP directly requires an invasive procedure. Dilation of the optic nerve
sheath on axial ultrasound of the eye has been correlated with elevated ICP, but optimal cutoffs
have been inconsistent possibly related to the measurement technique. A coronal technique has
been studied on healthy volunteers but not on patients with high ICP. We compared two
measurement techniques (axial and coronal) in patients with suspected high ICP due to trauma,
bleeding, tumor, or infection.

Design: Prospective blinded observational study.
Setting: Two tertiary referral center intensive care units.

Patients: 20 adults admitted to the ICU at risk for increased ICP expected to receive invasive
intracranial monitoring.

Interventions: Ultrasound measurements of the optic nerve sheath in axial and coronal views
either averaged between eyes or the highest in either eye.

Measurements and Main Results: Coronal measurements showed less variability between
each eye than axial measurements (mean difference 0.5mm vs. 1mm, p=0.03) and were associated
with high ICP at first measurement and over 24 hours (AUROC range 0.7 to 0.8). Mean and
highest axial measurements showed improved association with first (AUROC 0.87, 0.94) and
highest ICP measurement (AUROC 0.89, 0.96) within 24 hours. A cutoff of highest axial
measurement in either eye greater than 6.2mm or mean axial measurement between eyes of 5.6mm
had a sensitivity of 100% in predicting high ICP over the following 24 hours.
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Conclusions: The highest axial measurement of optic nerve sheath diameter in either eye is the
most predictive of patients with high ICP in our population. This comparison of measurement
techniques has not previously been described and should be further explored to set test cutoffs for
ultrasound of the optic nerve sheath diameter.

Keywords

Optic Nerve Sheath Diameter; Intracranial Pressure; Optic Ultrasound; ultrasonography; point of
care ultrasound

Introduction

Elevated intracranial pressure (ICP), defined as sustained pressure > 20 mmHg, is associated
with poor clinical outcomes in patients with neurologic injury. Currently, obtaining this
pressure requires placement of an invasive monitor by a neurosurgeon, which may not be
available in all hospitals. With the development of more sophisticated ultrasound technology,
there has been significant research focus on whether optic nerve sheath diameter (ONSD)
can be used to identify patients with increased ICP, and whether the ONSD can be followed
along with the neurologic exam. These non-invasive measurements could be helpful in triage
decisions at community hospitals, in the emergency department, or in the intensive care unit
(ICU).

Previous studies show that patients with fluctuating ICPs due to CSF absorption disorders or
due to tracheal stimulation while intubated show similarly reliable increases in ONSD and
return to baseline after stimulation or saline instillation ceases.(1, 2) Observational studies in
healthy patients confirm that normal ONSD ranges from about 2.2-5mm.(3-5) In multiple
neurologic populations including traumatic brain injury (TBI), subarachnoid hemorrhage
(SAH), and intracranial hemorrhage (ICH), increased ICP has been associated with
increased ONSD.(6-18) However, despite reliably high sensitivity and specificity, a
consistent ONSD cutoff to predict ICP>20mmHg has been elusive, with various studies
determining an optimal cutoff anywhere from 5-6.2 mm.(19-22)

One explanation for this variability may be the technique used to sonographically measure
the optic nerve. MRI and cadaveric studies show the optic nerve is thickest about 3mm
behind the retina, and then narrows as it makes a curved path posterior and medially.(23-25)
However, the most common method of ultrasound measurement, which involves transverse
orientation through the upper eyelid to obtain a longitudinal cut of the optic nerve, shows a
parallel set of lines or a pyramidal structure that widens as it travels posteriorly.(26, 27)
Given the anatomic evidence that the optic nerve narrows posteriorly, this set of parallel
lines or expanding pyramidal structure is thought to be artifact, either shadowing of the
lamina cribrosa or shadowing of the optic nerve sheath.(28-30) This artifact may increase as
the optic nerve swells, explaining the consistent correlation between ICP and ONSD but also
the variability in exact numeric cutoffs between studies. This artifact may also explain why
studies examining normal ultrasound ONSD have some healthy individuals above 5mm,
while cadaveric and MRI studies consistently show lower upper limits of normal optic
nerves.(4)
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Ophthalmologic ultrasonographers often use a different technique for measuring ONSD,
placing a probe in a vertical orientation on the temporal surface of the eye or the eyelid,
aiming nasally and posterior.(19, 31, 32) This technique, which creates a coronal plane
through the patient, identifies a cross-section of the optic nerve as a circular shape with less
artifact compared to the transverse or axial orientation. Studies that have compared these two
techniques in healthy patients find that the coronal imaging technique provides more
accurate measurements consistent with known normal optic nerve measurements, whereas
measurements made through a transverse approach inflate the size of the optic nerve sheath.
(33-35) However, though it is critical to establish the optimal ultrasound technique in
patients who are at risk for elevated ICP, no study has yet compared these two measurement
strategies in these patients.

Materials and Methods

Study Design

This study is a prospective blinded observational study in two academic tertiary referral
center intensive care units (ICU).

Study Population

Consent

Optic Nerve

We enrolled adult patients admitted to the ICU from the emergency department or
transferred from outside hospitals with moderate-severe traumatic brain injury (TBI) with a
GCS of 3-12, subarachnoid hemorrhage (SAH), intracerebral hemorrhage with or without
associated intraventricular hemorrhage (IVH), or suspected increased intracranial pressure
due to infection or tumor who received an invasive intracranial pressure monitor
(parenchymal monitor or external ventricular drain [EVD]). Patients were excluded if they
had an EVD in place prior to transfer from an outside hospital, received a decompressive
procedure (ie. surgical hemicraniectomy) prior to admission to the intensive care unit, or had
an ophthalmologic condition that would preclude ultrasound (globe rupture, synthetic eye).
Though not an exclusion criteria, we did not enroll any patients who had direct optic nerve
compression from a focal lesion.

This study was approved by our hospital’s institutional review board with an initial waiver of
consent to obtain the time-sensitive minimal-risk ultrasound on admission to the ICU.
Consent was subsequently obtained from the patient’s designated surrogate. Consent was
reobtained from the patient if they regained ability to consent during their ICU stay.

Sheath Measurements

Optic nerve sheath diameter (ONSD) measurements were made with a Sonosite X-porte
ultrasound by two different methods with the patient in a supine position with the head
raised 30 degrees. In the first method (axial method), a Sonosite L25xp 13-6MHz linear
probe was placed on the upper eyelid with sterile ultrasound gel in a horizontal orientation
creating an axial line through the eyelid of the patient until the optic nerve could be seen
longitudinally behind the orbit at its widest diameter. The diameter was measured 3mm
behind the retina. In the second method (coronal method), the same ultrasound probe was
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placed in a vertical (cephalad-caudal) orientation at the lateral canthus and aimed nasally
and posterior until a circular optic nerve was seen at its largest diameter. Measurements were
taken in a superior-inferior direction to minimize artifact if the image was taken at a slightly
oblique angle (Figure 1). Each measurement was then repeated on the other eye. All
measurements were taken prior to EVD placement and the provider was blinded to ICP
measurements until after images were processed and measured. All individuals performing
the ultrasound were clinical fellows who had undergone a 1 hour hands-on group training in
optic nerve sheath ultrasound as well as one-on-one training with the first author or senior
author. All measurements were made by the primary author who was blinded to the outcome
variables until after measurement.

Data Storage

Study data was collected and managed using REDCap electronic data capture tools hosted at
University of California, San Francisco. REDCap (Research Electronic Data Capture) is a
secure, web-based application designed to support data capture for research studies.(36)

Statistical Analysis

Results

Research data was analyzed with STATA/IC 15.1 (StataCorp 2017). Coronal measurements
and axial measurements were compared with a paired T-test of mean difference between
measurements in each eye. Four predictor variables were predetermined prior to analysis:
Highest axial measurement of optic nerve sheath diameter between right and left eye, mean
axial measurement between eyes, highest coronal measurement, and mean coronal
measurement. The first intracranial pressure was measured after the placement of an EVD or
parenchymal monitor. However, because the process of placing an EVD can often result in
the loss of CSF, we suspected that initial ICP measurement may be inaccurate. Thus, our
predetermined secondary outcome included the highest ICP recorded over the first 24 hours.
Outcome variables were analyzed as both continuous variables and as dichotomized
variables with a cutpoint of ICP = 20 cm H0 since this is generally accepted as clinically
significant intracranial hypertension. ICPs were measured and recorded at least hourly in our
ICU, or more frequently if clinical changes warranted. Each predictor was compared to the
outcome with a nonparametric Spearman’s rank correlation coefficient (continuous
outcome) and nonparametric Wilcoxon Rank-Sum test (dichotomized outcomes). Area
Under the Receiver Operating Characteristic (AUROC) was calculated for each test and
outcome. Optimum test cutoffs were chosen to maximize sensitivity in identifying patients
with high ICP. In order to test the fragility of our significant results, we performed a
bootstrap sample with 50 repetitions from our cohort.

Baseline characteristics from 20 patients are summarized in Table 1. The average age was 53
years (range 21-85 years), and most patients had either subarachnoid hemorrhage (35%) or
intracerebral hemorrhage (25%). 45% of our patients received mannitol or other ICP
lowering therapies, and 10% required surgical decompressive hemicraniectomy. ICU
mortality among our cohort was 20%. The mean time from ONSD measurement to first ICP
measurement after EVD placement was 82 minutes (range 0-196 minutes). Median first ICP
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measurement was 9.5 cm H,0 (IQR: 5.5-17.5) with median highest ICP within 24 hours of
18 cm H,0 (IQR: 13-26.5).

Among all patients, the mean axial measurement between eyes was 5.6mm (range 3.7—
8.1mm) and mean coronal measurement was 5.7mm (range 3.1-7.6mm). Coronal
measurements showed smaller differences between each eye than axial measurements (mean
difference 0.5mm vs. 1mm, p=0.03). Both mean and highest axial diameters were higher in
patients who had high first measured ICP or high ICP within the first 24 hours (p=0.006—
0.03). However, coronal measurements did not meet statistical significance (Table 2). Both
mean and highest axial measurements had strong correlation with ICP within the first 24
hours (Rho = 0.7, 0.79 respectively, p<0.0005 for each, Figure 2) and moderate correlation
with first measured ICP (Rho = 0.4, 0.5 respectively, p=0.07 and p=0.02). Mean and highest
coronal measurements showed moderate correlation at best with initial ICP and highest ICP
within 24 hours (Rho 0.4-0.5, p=0.02-0.1).

Both mean and highest coronal measurements were correlated with first ICP measurement
(AUROC 0.8 and 0.73, respectively) and highest ICP measurement (AUROC 0.74, 0.7)
within 24 hours (Figure 3). Mean and highest axial measurements were also correlated with
first (AUROC 0.87, 0.94) and highest ICP measurement (AUROC 0.89, 0.96) within 24
hours. Highest axial measurement had better prediction of high ICP within 24 hours than
highest coronal measurement (AUROC 0.96 vs. 0.7, p=0.04), while other comparisons did
not meet statistical significance.

A cutoff of highest axial measurement in either eye greater than 6.2mm had a sensitivity of
100% and specificity of 83% in predicting high ICP over the following 24 hours and a
sensitivity of 100% and specificity of 63% at predicting high ICP first measured after EVD
placement (positive predictive value [PPV] 80% and 57% respectively, negative predictive
values [NPV] both 100%). A mean axial measurement between eyes of 5.6mm also had a
sensitivity of 100% and specificity of 75% in predicting high ICP over the following 24
hours and a sensitivity of 100% and specificity of 63% at predicting high ICP first measured
after EVD placement (PPV 73% and 40% respectively, NPVs both 100%).

One patient in our population required surgical hemicraniectomy due to worsening
neurologic decompensation and active herniation on CT scan, despite no recorded high ICP
events. If this patient was reclassified as having high ICP, then the highest axial
measurement of >6.2mm was 100% sensitive and specific in identifying patients who
developed high ICP within 24 hours.

In order to test the fragility of our analyses, we performed a bootstrap sample of our main
results, which did not change their significance.

Discussion

Despite a large body of literature examining ultrasound of the optic nerve sheath diameter in
a variety of healthy and sick patient populations, descriptions of the procedural technique
and the image measurement have been poor. To our knowledge, this is the first study to
compare two different measurement techniques (axial and coronal) and two different
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interpretation techniques (highest measurement vs. average measurement) in a diverse
patient population at risk for increased intracranial pressure.

Our study confirms that the coronal measurement showed less variability between eyes than
the axial view. This is consistent with studies in healthy human volunteers that show the
coronal measurement has less artifact and likely more accurate measurement of the optic
nerve sheath.(33, 34) However, our study shows that despite the narrower range of
variability with the coronal method, the axial method is a better estimate of true increased
intracranial pressure. As all prior studies on the coronal method have been done on healthy
volunteers, this is a novel finding and may imply that the artifact of the axial method may be
important in its clinical utility as a predictor of increased intracranial pressure.

Furthermore, though previous studies have either averaged measurements between eyes or
chosen to evaluate the highest measurement between eyes, we directly compared the test
characteristics of both of these interpretation methods. We found that the largest axial
diameter in either eye was the most predictive of patients who were diagnosed with high ICP
after placement of their intracranial monitor or within 24 hours afterwards. Our cutoff of
6.2mm for highest diameter and 5.6mm for mean diameter for 100% sensitivity is consistent
with the range seen in prior studies. Similarly, our excellent AUROC is comparable to the
higher range of previously published studies.

Our study has a few unique strengths compared to other literature. First, the direct
comparison of axial vs. coronal and highest vs. mean measurements has not previously been
reported. Second, our study was performed with a diverse patient population including a
range of potential risk factors for increased intracranial pressure. As a result, our findings are
likely to have broader generalizability to other patients at risk for high ICP.

Our decision to make our ONSD measurements prior to placement of invasive intracranial
monitoring deserves further discussion. Because there was a delay of 82 minutes on average
between our measurements and the first recorded ICP, it is possible that ICP may have
changed in the interim due to medical management (hypertonic therapy) or CSF
decompression while placing the intracranial monitor. For this reason, we prespecified
another outcome, increased ICP within the first 24 hours, presuming that patients who
presented with high ICP who were temporized would be likely to have repeated events of
intracranial hypertension. However, it is not clear that making our ONSD measurement
simultaneously with invasive ICP measurement would have eliminated this problem. Though
there are some studies that show transient increases in ICP are translated to the optic nerve
sheath immediately, others show that after prolonged intracranial hypertension the optic
nerve can remain dilated and take time to return to normal even after increased ICP has been
relieved.(2, 37) Thus, invasive pressure measurements made immediately after EVD
placement may show “normal” ICP after CSF loss but still enlarged optic nerve sheath by
ultrasound and be subject to the same error. By making our ONSD measurements prior to
placement of an intracranial monitor, we preserve two strengths. First, we preserve blinding
for the clinician performing the scan and reduce the introduction of bias. Second, this timing
mimics the real-world utility of the technique, where it would be used prior to invasive
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monitor placement to identify patients at risk of decompensation at that time or over the next
day and perhaps arrange for transfer if at a facility that lacks advanced neurosurgical care.

There are two main limitations with the interpretation of our study. First, given the four
predictors and the two outcomes, there is the potential for false positives due to multiple
comparisons. We reduced this risk by prespecifying our predictors and outcomes and
following a prespecified statistical analysis plan, and our strongest findings survive even an
overly conservative 8-fold Bonferroni correction. We are also encouraged that our findings
replicate test characteristics in past studies, so we believe that this risk is low. Second,
though we had an adequate number of patients to answer our primary question, our overall
number of patients studied was low. This can increase the risk of variability in our data, and
we did not have power to explore subgroups such as the effect of mannitol or hypertonic
saline on our measurements or to analyze outcomes such as mortality. Lastly, because our
ONSD measurement was not performed at the exact same time as ICP measurement, we
relied on surrogate outcome measures, such as first ICP measured or highest ICP measured
in the first 24 hours.

Conclusions

We performed a blinded observational study in two academic tertiary referral centers to
compare multiple potential measurement techniques of the optic nerve sheath diameter in a
diverse population of patients at risk for increased intracranial pressure. Our results suggest
that the highest measured diameter in either eye using the axial technique is the most likely
to be predictive of high first-measured ICP as well as high ICP over the next 24 hours. In a
group of 20 patients, this measurement showed promising test characteristics and a
clinically-relevant cutoff of 6.2mm that had 100% sensitivity for identifying patients at risk
of decompensation. Future studies should prospectively validate this cutoff with larger
patient cohorts.
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Figure 1:
The axial approach involves probe placement as in A. The view obtained through the globe

is a pyramidal structure which fans outward posteriorly in the eye. Measurements are made
3mm behind the retina (B). If edema is seen, measurements are made at the outer edge of
edema, as presumably that is the optic nerve sheath. The coronal approach (D) involves
placing the probe cranial-caudal. The view obtained is a sharply demarcated circle,
measured at its widest diameter (E). If edema is seen the measurement is taken at the outer
edge (F, outer calipers).
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Mean Axial Measurement vs. ICP within 24 hours
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Figure 2:
Both mean (top graph) and highest (bottom graph) axial measurements had strong

correlation with ICP within the first 24 hours (Rho = 0.7, 0.79 respectively, p<0.0005 for
each).
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Figure 3:

Both highest axial measurement and mean axial measurement of the optic nerve sheath
diameter predict high ICP (>20 mmHg) on first measurement (Top graph) and over the first

24 hours (Bottom graph).
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