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Take-home message: Optic nerve sheath
diameter measured on head computed
tomography is correlated with intracranial
pressure. Increased optic nerve sheath
diameter is a more sensitive and specific
predictor of increased intracranial pressure
than classical CT findings suggestive of
intracranial hypertension.
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Abstract Purpose: Assess the
relationship between optic nerve
sheath diameter (ONSD) measured on
bedside portable computed tomogra-
phy (CT) scans and simultaneously
measured intracranial pressure (ICP)
in patients with severe traumatic
brain injury. Methods: Retrospec-
tive cohort study of 57 patients
admitted between 2009 and 2013.
Linear and logistic regression were
used to model the correlation and
discrimination between ONSD and
ICP or intracranial hypertension,
respectively. Results: The cohort
had a mean age of 40 years (SD 16)
and a median admission Glasgow
coma score of 7 (IQR 4-10). The

between-rater agreement by intraclass
coefficient was 0.89 (95 % CI
0.83-0.93, P < 0.001). The mean
ONSD was 6.7 mm (SD 0.75) and the
mean ICP during CT was 21.3 mmHg
(SD 8.4). Using linear regression,
there was a strong correlation
between ICP and ONSD (r = 0.74,
P < 0.001). ONSD had an area under
the curve to discriminate elevated
ICP (>20 mmHg vs. <20 mmHg) of
0.83 (95 % CI 0.73-0.94). Using a
cutoff of 6.0 mm, ONSD had a sen-
sitivity of 97 %, specificity of 42 %,
positive predictive value of 67 %, and
a negative predictive value of 92 %.
Comparing linear regression models,
ONSD was a much stronger predictor
of ICP (R? of 0.56) compared to other
CT features (R* of 0.21). Conclu-
sions: Simultaneous measurement
of ONSD on CT and ICP were
strongly correlated and ONSD was
discriminative for intracranial hyper-
tension. ONSD was much more
predictive of ICP than other CT fea-
tures. There was excellent agreement
between raters in measuring ONSD.
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Introduction

In patients with severe traumatic brain injury (TBI),
increased intracranial pressure (ICP) is an important cause
of secondary brain injury and is a strong predictor of poor
neurologic outcome in this population [1-3]. As a result
of the rigid nature of the cranium, the intracranial com-
pliance deteriorates precipitously with expansion of
space-occupying lesions or cerebral edema due to limited
intracranial compensatory reserve [4]. Ultimately, ele-
vated ICP in this setting results in secondary ischemic
injury by limiting cerebral blood flow, the principle
determinant of cerebral oxygen delivery after TBI [5, 6].
The Brain Trauma Foundation guidelines recommend
invasive ICP monitoring in patients who present with a
severe TBI with a post resuscitation Glasgow coma score
(GCS) of less than 9 [7]. However, access to ICP moni-
toring is not universal and may require triage and transfer
of patients with a TBI. Unfortunately, the traditional
features that are used on computerized tomography (CT)
head imaging (midline shift >5 mm, basal cistern and
sulcal effacement) do not reliably predict elevated ICP [8,
9]. ICP may be highly dynamic, almost instantly changing
its value from normal baseline to grossly elevated [10].
Moreover, significant elevations in ICP > 20-25 mmHg
due to cerebral edema, acute hydrocephalus, or space-
occupying lesions are of importance for managing TBI
despite results of recently conducted studies [11] and
refinement of appropriate selection of patients suitable for
invasive ICP monitoring has been advocated [12]. Non-
invasive determination of ICP, as measured by optic
nerve sheath diameter (ONSD), has garnered increased
interest to identify patients for invasive ICP neurmoni-
toring [13].

The optic nerve sheath is continuous with the menin-
ges of the central nervous system and is encased with the
subarachnoid membrane. Cerebrospinal fluid (CSF),
located in the subarachnoid space, accumulates in the
optic nerve sheath thereby widening its diameter in the
setting of increased ICP and limited intracranial compli-
ance [14, 15]. Human studies have shown that this
phenomenon occurs within minutes of acute changes in
ICP [14-16].

Ultrasonography of ONSD in TBI patients has been
shown to correlate with increased ICP [17-24] and sys-
temic reviews have supported this observation [25, 26].
Although reliability of ONSD measurements with ultra-
sound has been established, an element of technical
expertise is required to obtain adequate images which
likely limits its ubiquitous clinical utility [27, 28]. ONSD
measurement on magnetic resonance imaging (MRI) has
been evaluated and also correlates with increased ICP
[13-29]. Unfortunately, limited availability and imaging
time constraints of MRI preclude its widespread use as a
real-time estimate of ICP. Alternatively, ONSD

measurements on MRI and CT are strongly correlated
[30], with the latter modality being widely available for
patients with TBI. Increased ONSD measured on CT
scanning has been associated with mortality [31].
Unfortunately, few patients in this study underwent ICP
monitoring, precluding the ability to examine for an
association between ONSD and ICP. Therefore, the
objective of our study was to determine the association
between simultaneously obtained ONSD measured on
portable bedside CT, and ICP in patients with severe TBI.
In addition, we aimed to determine the ability of ONSD to
discriminate ~ between  intracranial = hypertension,
ICP > 20 mmHg versus normotension, ICP < 20 mmHg,
as defined by international guidelines on the management
of severe TBI [32]. Finally, we compared ONSD to other
imaging features of elevated ICP on CT scan to the
measured ICP.

Methods

This was a single-center retrospective cohort study and is
reported as per the STrengthening the Reporting of
OBservational studies in Epidemiology (STROBE)
guidelines [33]. The protocol was approved by the
Research Ethics Boards at the University of Cambridge
who waived the requirement for written informed
consent.

Patient inclusion and data collection

We used a database of all patients admitted to the Neur-
ocritical Care Unit at Addenbrooke’s Hospital between 1
January 2009 and 31 December 2013 to identify eligible
patients. We included adult patients (older than 18 years)
with a closed TBI (admission GCS < 9) if they under-
went invasive ICP monitoring recorded continuously on
ICM+® brain monitoring software (Division of Neuro-
surgery, Cambridge University) and a portable bedside
head CT during their admission. We excluded patients
with an ocular or retro-orbital injury.

Data were collected into a standardized electronic case
report forms using a Microsoft Excel 2013® database
(Redmond, WA, USA). We collected the following
characteristics: admission GCS, age, gender, and 6-month
Glasgow outcome scores (GOS). We also collected
information on the location, mechanism, and severity of
TBI. The ICP for each patient was obtained from archived
patient data that was recorded on the ICM+® brain
monitoring which directly records data output from the
Codman® ICP monitoring system (Codman & Shurtlett®,
MA, USA). Continuous ICP measurements (each minute)
were averaged over a 15-min period (from the start of CT
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scan to its completion of acquisition of all images)
encompassing the duration of the head CT scan with
portable bedside CT scanner which allowed one to avoid
possible transport-induced increase in ICP. In addition,
we collected the RAP index which is a measure of
intracranial compensatory reserve. It is the correlation
coefficient (R) between 30 samples of amplitude (A) and
mean intracranial pressure (P), averaged over 10-s inter-
vals [34].

The Rotterdam and Marshall scores were calculated
using the admission CT head scan reports from the con-
sultant neuroradiologist [35]. Presence of imaging
features of increased ICP including midline shift >5 mm,
herniation, compressed ventricles, basal cistern, and sul-
cal effacement were also recorded from these reports.

Study site

Affiliated with the University of Cambridge, the Neuro-
critical Care Unit at Addenbrooke’s Hospital is a 23-bed
critical care unit at a tertiary trauma referral center which
specializes in the management of neurotrauma and mul-
timodal intracranial monitoring. It operates on an
approximately 1:1.2 nurse-to-patient ratio with neuro-
critical care consultants and housestaff in attendance.

TBI management

The neurocritical care unit uses a TBI management pro-
tocol [36]. The TBI protocol aims to minimize ICP by
using a tier approach to institute management strategies
such as intravenous sedation, neuromuscular paralysis,
osmolar therapy, therapeutic hypothermia, cerebral spinal
fluid diversion, and surgical therapy. ICP is continuously
recorded by the Codman® ICP monitoring system and
archived by the ICM+® software on a bedside computer
in real time.

Computed tomography and ONSD measurements

Portable bedside head CT, with reconstruction slices

<5 mm (CereTom®, Neurologica Danvers MA, USA),
was performed on all patients included in the study [37].
Independently, five investigators (CR, EN, KW, NM, MS)
blinded to the patient’s condition, demographics, baseline
characteristics, clinical and physiologic data and who
were not involved with data collection measured bilateral
ONSD on all the portable CT head scans. For measure-
ment, CT scan images were displayed on a digital viewer
(Centricity PACS, General Electric Healthcare, USA).
The images were magnified 2x on the particular image
slice which demonstrated the largest diameter of the optic
nerve sheaths. The images were changed to the ‘chest/

abdomen’ window (Hounsfield unit range +25 to 440)
which demonstrated the optic nerve sheaths in greatest
detail and the ONSD was measured 3 mm behind the
globe in a perpendicular vector in reference to the linear
axis of the nerve. The optic nerve sheath is encased by the
meningeal membranes, including the dural reflection. The
ONSD was measured in its entirety which likely included
a minor contribution of the meninges to the total width.
We considered an optic nerve sheath adequate for mea-
surement if the ONSD could be measured 3 mm behind
the orbit and was not obscured by surrounding structures.

Statistical methods

We used Stata 10.0 (StataCorp, Texas, USA) and SPSS
Statistics 20 (IBM Corporation, New York, USA) to
analyze our data. The mean ONSD across the two sides
and the mean ICP during the 15 min of the bedside por-
table head CT acquisition were used for the analysis. We
described categorical data, normally distributed data, and
non-normally distributed data using proportions [percent;
95 % confidence intervals (CI)], mean [standard deviation
(SD)] and median [interquartile range (IQR)], respec-
tively. Bivariate comparisons of continuous variables
were done using ¢ tests for normally distributed data and
Wilcoxon signed-rank test for non-normally distributed
data where appropriate. Bivariate comparisons of pro-
portions were done using a Fisher’s exact test. We
calculated the intraclass coefficient (ICC) to determine
the between-rater and between-side agreement of ONSD
measurements.

Simple linear regression was used to plot the rela-
tionship between simultaneously measured ONSD and
ICP. The correlation coefficient (r) was calculated using
the square root of the R* value from the model. We also
used linear regression to determine the relationship
between ONSD and RAP. In order to assess the ability of
ONSD to predict intracranial hypertension, univariable
logistic regression was used to model the association
between ONSD and elevated ICP (>20 mmHg vs.
<20 mmHg). This was used to calculate the area under
the receiver operating curve (AUC). Finally, we wanted to
compare ONSD to other CT head predictors of elevated
ICP (cisternal effacement, sulcal effacement, ventricular
compression, and cerebral herniation) [9]. To accomplish
this, we compared two models, which contained all of
these factors with and without ONSD included as an
independent variable. These two models were then com-
pared using a likelihood ratio test. We assess for linearity
by visual inspection of the scatter plot between ICP and
the continuous variable of interest. Residual homosce-
dasticity was ensured by plotting the standardized
residuals against the predicted values following the linear
regression. Residual normality was assessed by plotting a
kernal density plot of the residuals. Multicolinearity was
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assessed by calculating the variance inflation factor (VIF).
A VIF < 10 was interpreted as an absence of multico-
linearity. The sample size was one of convenience and
represented the number of patients in whom simultaneous
ONSD and ICP data was available within the database. A
complete case analysis was performed and we considered
a P < 0.05 to be statistically significant.

Results

During the study period, 190 patients were admitted with
a severe TBI with invasive neuromonitoring. Sixty-two
patients had a simultaneous CT scan while undergoing
continuous ICP monitoring. Five patients were excluded
because the optic nerve sheaths were not amendable to
visualization secondary to obscuration by surrounding
structures due to orbital trauma, leaving 57 included in the
final analysis (Table 1). Thirteen of 57 (23 %) patients
had a poor outcome (GOS 1 or 2) and 5 of 57 (9 %) died.

The between-rater agreement for ONSD measure-
ments as determined by ICC was 0.89 (95 % CI
0.83-0.93, P < 0.001). ICC between right and left ONSD
measurements was 0.96 (95 % CI 0.93-0.98, P < 0.001).
The mean ONSD was 6.7 mm (SD 0.75) and the mean
ICP during CT was 21.3 mmHg (SD 8.4). Using simple
linear regression, there was a linear correlation between
ICP and ONSD (r=0.74, P <0.001) (Fig. 1 and
Table 2). Although there was a linear relationship
between ONSD and RAP (r = 0.35, P = 0.007) there
was considerable variability around the point estimate
(data not shown).

ONSD displayed an AUC for the ability to elevated
ICP (=20 mmHg vs. <20 mmHg) of 0.83 (95 % CI
0.73-0.94) (Fig. 2). Using a cutoff of 6.0 mm, ONSD had
the following performance characteristics: sensitivity
97 %, specificity 42 %, positive predictive value (PPV)

Table 1 Baseline characteristics of cohort

67 %, and negative predictive value (NPV) 92 %. Using a
cutoff of 7.0 mm, the performance characteristics were
sensitivity 45 %, specificity 96 %, PPV 93 %, and NPV
60 %. A complete table of diagnostic test characteristics
is presented in the Electronic Supplementary Material.

The results of the simple (model A) and multivariable
(models B and C) linear regression models are presented
in Table 2. Simgle linear regression modeling ICP to
ONSD had an R“ value of 0.56 (model A). The multi-
variable linear regression containing only the CT
predictors of increased ICP (model B) had an R* of 0.21.
Addition of ONSD to model B resulted in an increased R*
to 0.60 (model C). Likelihood ratio testing between
model C and model A (i.e., model A nested within
model C) revealed that the addition of the CT predictors
to the model containing ONSD failed to improve the
predictive ability of the model (P = 0.15). There was no
evidence of colinearity on either multivariable model with
the highest VIF being 2.3.

Discussion

In our single-center retrospective cohort study, we dem-
onstrated a linear association between ONSD measured
on portable CT and simultaneously measured ICP in
critically ill patients with severe TBI. ONSD measure-
ments showed excellent agreement both between raters
and between sides in the same patient. ONSD also
showed excellent discriminative ability to predict patients
with intracranial hypertension. Finally, ONSD was a
much stronger predictor of ICP than traditional CT fea-
tures of intracranial hypertension (cisternal effacement,
sulcal effacement, ventricular compression, and cerebral
herniation).

The linear relationship between ONSD and ICP dem-
onstrated in our study is similar to previously published

Overall (n = 57)

ICP > 20 (n = 31) ICP < 20 (n = 26)

Age in years, mean (SD) 39 (16) 43 (15) 35 (15)
Male sex, n (%) 47 (82) 26 (84) 21 (81)
Glasgow coma score, median (IQR) 7 (4-9) 6 (4-10) 7 (4-9)
Missing, n (%) 1(2) 1 (3) 0
Rotterdam score, median (IQR) 2 (2-3) 2 (24 2 (2-3)
ONSD, mm (SD) 6.7 (0.75) 7.0 (0.71) 6.2 (0.50)
RAP (SD) 0.60 (0.22) 0.65 (0.22) 0.55 (0.21)
Day of CT after admission, median (IQR) 3 (2-5) 3 (2-6) 324
EVD in situ during CT, n (%) 3(5) 2 (6) 14
DC at time of CT, n (%) 12 (21) 5 (16) 727
Serum Sodium during CT, mean (SD) 146 (7) 146 (6) 146 (7)
PaCO, during CT, mean (SD) 39 (6) 39 (6) 38 (6)
Mean ICP during CT head in mmHg, mean (SD) 21.3 (8.4) 27.5(5.2) 14 (4.6)

SD standard deviation, APACHE acute physiology and chronic health evaluation, IQR interquartile range, PaCO, partial pressure of
arterial carbon dioxide in mmHg, EVD external ventricular drain, DC decompressive craniectomy, CT computerized tomography



1271

Fig. 1 Scatterplot of
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Table 2 Regression table comparing three linear models with ICP as the dependent variable

Predictor variable Model A (n = 57)

Model B (n = 54) Model C (n = 54)

Intercept —34.5 (6.8)
<0.001

Average ONSD in mm 8.4 (1.0)
<0.001

Cisternal effacement -

Sulcal effacement -

Ventricular effacement -

Cerebral herniation -

R’ 0.56

Adjusted R* 0.55

38.9 (6.5) —25.1 (10.6)

<0.001 0.022

- 8.0 (1.2)
<0.001

16.4 (7.7) —0.34 (2.3)

0.04 0.88

1.8 3.2) —23(2.4)

0.58 0.35

—138 (5.7) —4.8 (4.3)

0.019 0.27

—3.5(1.5) —1.1 (1.1)

0.021 0.33

0.21 0.60

0.13 0.55

Cell entries are reported as estimated regression coefficient (standard error) and P value

studies using ultrasound [13, 22, 23] and MRI [29]. Prior
studies have also confirmed the ability of ONSD on ultra-
sound and MRI to discriminate between elevated from non-
elevated ICP with AUC above 0.90 [23, 29]. In the ultra-
sound study by Geeraerts et al. [23], the AUC was 0.91 with
the best cutoff value being 5.86 mm which offered a sen-
sitivity of 95 % and a specificity of 79 %. Subsequently,
Geeraerts et al. [29] demonstrated that ONSD on MRI had
an AUC of 0.94 with a cutoff of 5.82 mm having a sensi-
tivity of 90 % and a specificity of 92 %. The AUC in our
study (0.86), although highly discriminative, does not
perform as well as these two prior studies. Furthermore,
although the sensitivity seen in our study (97 %) at a cutoff
of 6.0 mm was consistent with the two prior studies, the

specificity observed (42 %) was much lower, affording a
higher risk of a false-positive results. Discrepancies in these
results may reflect differences in patient populations, dis-
criminative abilities of the modalities, or a combination of
both. It is likely that ONSD measurements on ultrasound or
MRI would have higher accuracy and be less subject to
measurement bias compared to those obtained on CT
imaging. However, the benefit of CT is that it is more
widely available than MRI and does not require the imaging
acquisition expertise of ultrasound. Although ultrasound
has good intraobserver reliability with repeated exams,
there is definite skill acquisition required [28]. In contrast,
our results demonstrate strong intraobserver reliability
even with minimal training.
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Fig. 2 Receiver operating
curve (ROC) for ONSD on the
risk of developing intracranial
hypertension

(ICP > 20 mmHg). It is a plot
of the true positive rate
(sensitivity) vs. the false
positive rate (1 — specificity) at
various thresholds of ONSD.
The area under the curve is a
measure of the diagnostic
accuracy for ONSD of
predicting intracranial
hypertension. The dotted line
represents a test which is no
better than chance

Sensitivity

AUC=0.83, 95%CI: 0.73 — 0.94

There is a sound biologic mechanism for ONSD to
increase with ICP. The optic nerve sheath is continuous with
the subarachnoid membrane and CSF is located in the space
between the sheath and optic nerve [15]. ONSD widens when
CSF is redistributed into the optic nerve sheath and this
process likely occurs during limited intracranial compensa-
tory reserve and compliance. The RAP index is a correlation
coefficient (R) between amplitude (A) and mean intracranial
pressure (P) and is a surrogate measure of intracranial
compliance. A RAP approximating 0 indicates good com-
pensatory reserve and adequate intracranial compliance [34].
Whereas, a RAP approaching 41 indicates limited com-
pensatory reserve and intracranial compliance. In our study
there was a linear correlation between increased ONSD and
the RAP index, suggesting that ONSD likely widens from
CSF shunting into the optic nerve sheath when intracranial
compensatory reserve is limited.

An important limitation of ONSD estimation of ICP is
that the distension of the optic nerve sheath requires
normal intracranial CSF flow dynamics. Following TBI,
CSF flow dynamics may become altered, in particular if
obstructive hydrocephalus ensues or with placement of an
external ventricular drain which is used for therapeutic
CSF removal during episodes of increased ICP [38]. In
these instances, altered CSF flow dynamics may make the
interpretation of optic nerve sheath distension during
increased episodes of ICP unreliable. In our cohort, no
patients had obstructive hydrocephalus and only three
patients had an EVD. This precludes examining the per-
formance of ONSD in these subgroups. An important
future step for investigation would be to examine ONSD
in patients with obstructive hydrocephalus who have
simultaneous invasive ICP monitoring with EVDs.

0.25

0.50 0.75 1.00
1 - Specificity

Finally, ONSD was a much better predictor of ICP
than the CT findings of cisternal effacement, sulcal
effacement, ventricular compression, and cerebral her-
niation. Thus, ONSD measured on CT could serve as a
noninvasive predictor of intracranial hypertension in
patients without invasive intracranial monitoring.
Although our findings do not suggest a cutoff that is
simultaneously sensitive and specific, the measurement
of ONSD performs well at extremes. Thus, in our
population, a low ONSD has a high negative predictive
value and effectively rules out intracranial hyperten-
sion. This may be useful when triaging patients in the
setting of limited resources. Furthermore, estimate of
intracranial hypertension could be extrapolated to dis-
ease states when invasive neuromonitoring is
contraindicated, such as fulminant hepatic failure with
cerebral edema as well as concurrent coagulopathy and
hypoxemic-ischemic brain injury post cardiac arrest
with concomitant use of antiplatelet or anticoagulant
therapies. However, these inferences are speculative
and require further study.

Our study has important limitations that need to be
considered. As with all observational studies, residual or
unmeasured confounding may be an alternative explana-
tion for our results. However, it is unclear what
unmeasured or residual confounders would be indepen-
dently associated with ONSD and ICP, limiting
confounding as a significant source of bias. Importantly,
we have a relatively small, single-center cohort of patients
with TBI which limits the external validity. Furthermore,
selection bias is likely as only a minority of patients
within the cohort underwent simultaneous portable CT
head scanning with ICP monitoring. Clinicians select
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which patients should undergo both CT scanning and ICP
monitoring and these decisions will differ between clini-
cians and centers. Thus, extrapolation of our results to
patients with less severe TBI, or with other disease states,
should be done with caution. Future study with a larger
population and multiple centers would help improve the
external validity of our results.

Conclusion

In critically ill patients with severe TBI, ONSD measured
on non-contrast CT was linearly associated with mean
ICP recorded by invasive neuromonitoring. ONSD was
also highly discriminatory in predicting intracranial
hypertension (ICP > 20 mmHg vs. <20 mmHg). ONSD
also had superior predictive value for increased ICP

compared to classical CT findings of intracranial hyper-
tension. Finally, ONSD measurements on CT were highly
reproducible among observers making its clinical utility
potential generalizable.
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