Ultrasonic measurement of optic nerve sheath
diameter: a non-invasive surrogate approach for
dynamic, real-time evaluation of intracranial pressure
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ABSTRACT

The current study aimed to identify whether
ultrasonographic measurements of optic nerve sheath
diameter (ONSD) could dynamically and sensitively
evaluate real-time intracranial pressure (ICP). ONSD
measurements were performed approximately 5 min
prior to and after a lumbar puncture (LP). A total of 84
patients (mean+SD age, 43.5+14.7 years; 41 (49%)
men; 18 patients with elevated ICP) were included in the
study. The Spearman correlation coefficients between the
two observers were 0.779 and 0.703 in the transverse
section and 0.751 and 0.788 in the vertical section for
the left and right eyes, respectively. The median (IQR)
change in ONSD (AONSD) and change in ICP (AICP)
were 0.11(0.05-0.21) mm and 30 (20-40) mmH,0,
respectively, for all participants. With a reduction in
cerebrospinal fluid pressure, 80 subjects (95%) showed
an immediate drop in ONSD; the median (IQR) decreased
from 4.13 (4.02-4.38)mm t0 4.02 (3.90—4.23) mm
(p<0.001). Significant correlations were found

between ONSD and ICP before LPs (r=0.482, p<0.01)
and between AONSD and AICP (r=0.451, p<0.01).
Ultrasonic measurement of ONSD can reflect the relative
real-time changes in ICP.

INTRODUCTION

Detection of intracranial pressure (ICP) has become
an important component in the clinical setting for
the diagnosis and management of several neurolog-
ical pathologies, such as head injury, hydrocephalus,
subarachnoid haemorrhage and intracranial haema-
toma." * Until recently, invasive ICP monitoring was
the gold standard.’ Invasive techniques, although
accurate and highly sensitive, require strict neuro-
surgical settings and cause side effects that must
be managed, such as haemorrhage, infection and
brain lesions.**® Therefore, it is necessary to explore
non-invasive monitoring methods.

Papilloedema, a condition in which part of the
optic nerve inside the eye swells due to increased
pressure in or around the brain, has often been
used for screening suspected increased ICP but
optic disc swelling in cases of raised ICP takes
time. Therefore, this technique is not applied in
emergency conditions or when an acute increase
in ICP is suspected.’ © Some non-invasive methods
for measuring ICP are available.® The instrument
developed by Ragauskas et al® can directly assess the
ICP. The measurement of optic nerve subarachnoid
space can indirectly evaluate the ICP’ Recently,
studies have reported that measuring the optic

nerve sheath diameter (ONSD) using non-invasive
imaging technologies provides alternative markers
for early elevated ICR'*"® However, CT scans and
MRI for ONSD measurements are time-consuming,
costly and require patient transportation. Thus,
ultrasound assessment of ONSD could be a better
option because of its low cost and rapid bedside
operation, especially for cases that are not suitable
for the intensive care unit and require real-time
monitoring of ICR' '* Ultrasonic measurements of
the ONSD have established different normal values
for humans and determined the ONSD cut-off
point for evaluating high ICR"™'7 Furthermore,
we have derived a mathematical function to quan-
titatively assess ICP'® However, it remains unclear
whether the acute reduction in ICP may lead to an
immediate effect on ONSD. Thus, we performed
this study to investigate whether ultrasonographic
measurements of ONSD could dynamically and
sensitively evaluate real-time ICP.

MATERIALS AND METHODS

Study population

All patients who required lumbar punctures (LPs)
for diagnostic purposes between August 2016 and
January 2017 at the Department of Neurology
were recruited. We collected data from consenting
patients willing to participate in the study. The
exclusion criteria were as follows: (1) age <18
years or >80 years; (2) eye or orbit diseases, such as
glaucoma, lens opacity or trauma; and (3) ICP <70
mmH,O (if the ICP is too low, we cannot extract
an equivalent amount of cerebrospinal fluid (CSF)).
We collected detailed data from all the participants:
age, sex, body mass index, waistline, head circum-
ference, systolic blood pressure (SBP), diastolic
blood pressure (DBP) and mean arterial blood pres-
sure (calculated as 1/3xXSBP + 2/3xXDBP).

Measurements

Optic nerve sheath diameter

ONSD measurements were performed approxi-
mately 5 min prior to and after LP (figure 1). The
operations were performed by two independent
and experienced operators who were blind to each
other’s results. The ONSD was measured with the
Delica MVU-6300 (Shenzhen, Guangzhou, China),
using a 14-5 MHz probe and B-mode. The patients
were examined in a supine relaxed position. The
probe was gently placed on the closed upper eyelid
with a standard ultrasound gel and adjusted to a
suitable angle to display the optic nerve entry into
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Figure 1

the eyeball. According to the ALARA (‘as low as reasonably
achievable’) principle, the output of the ultrasonic instrumenta-
tion was adjusted to the requirements of orbital sonography.®® As
recommended, ONSD measurements were performed at a depth
of 3 mm behind the eye globe," and two measurements were
performed for each eye. The first measurement was performed
in the transverse section and the second was performed in the
vertical section, and thus a total of eight values were obtained.
The final ONSD measurement value for every patient was
derived from the average of the eight values to reduce deviation.
Operator variability has been confirmed to be minimised using
the aforementioned approaches.?® %!

Lumbar puncture

The LP was performed by a senior neurologist according to a
standard procedure where the ICP was recorded in mmH,O.
Initial and final ICP values were recorded. Elevated ICP was
defined as a pressure >200 mmHZO.22 Additionally, 3-4 mL of
CSF was collected for laboratory examination.

Statistical analyses

Descriptive analysis was performed for qualitative data using
frequency and percentage; for quantitative data consistent with
the normal distribution, the mean and SD were used for anal-
ysis; for data that did not meet the criteria for a normal distribu-
tion, analysis involved the median with IQR. Normality of the
distribution was assessed using histograms and the Kolmogor-
ov-Smirnov test. Spearman correlation analysis was performed
to compare the measurements between two eyes and two
observers. A Bland-Altman analysis was performed to determine
interobserver reliability. The Wilcoxon rank-sum test was used
to compare the differences in the ONSD before and after LP.
The correlation between the ONSD and ICP was evaluated using
Spearman correlation analysis. Changes in the ONSD (AONSD)
and ICP (AICP) before and after LP were assessed. The correla-
tion between AONSD and AICP was evaluated using Spearman
correlation analysis. Statistical analyses were performed on a
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ONSD measurements: (A) ONSD before the LP; (B) ONSD after the LP. LP, lumbar puncture; ONSD, optic nerve sheath diameter.

personal computer using SPSS V.20.0 software, and p<0.05 was
considered statistically significant.

RESULTS

A total of 84 patients (mean (SD) age, 43.5 (14.7) years; 41
(49%) men; 18 patients with elevated ICP) were included in this
study (table 1).

The Spearman correlation coefficient for the left eye between
the two observers was 0.779 in the transverse section and 0.751
in the vertical section; for the right eye, it was 0.703 in the trans-
verse section and 0.788 in the vertical section. A Bland-Altman
analysis yielded a mean (SD) difference of 0.038 (0.232) mm in
measurements between the two observers. Limits of agreement
(mean=1.96 X SD) were 0.493 and —0.417 mm. The ONSD
values for all participants, measured before and after LP, ranged
from 3.57 to 5.63 mm, and from 3.26 to 5.01 mm, respec-
tively. The initial ICP for all participants ranged from 90 to 400
mmH, O, and the final ICP ranged from 70 to 240 mmH,O. Vari-
ation ranges for different groups are listed in table 2.

The AONSD and AICP of the 84 patients ranged from 0 to
0.62 mm and from 0 to 180 mmH, O, respectively. The median
(IQR) AONSD and AICP were 0.11 (0.05-0.21) mm and 30
(20-40) mmH, O, respectively, for all participants. The median
(IQR) AONSD and AICP for the different groups are shown in
table 3.

Table 1 Patient characteristics

Demographics (n=84)

Age, mean (SD), years 43,5 (14.7)
Male, n (%) 41(49)
Body mass index, mean (SD), kg/m2 23.6 (4.5)
Waistline, mean (SD), cm 80.5(11.2)
Head circumference, mean (SD), cm 55.5 (1.8)
Mean arterial blood pressure, mean (SD), mm Hg 97.1 (17.6)
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Table 2 Variation range for different groups
Elevated ICP (n=18)

Normal ICP (n=66)

Before LP After LP Before LP After LP
ONSD range (mm) 4.02-5.63 3.87-5.01 3.57-4.70 3.26-4.61
ICP range (mmHZO) 200-400 110-240 90-195 70-180

ICP, intracranial pressure; LP, lumbar puncture; ONSD, optic nerve sheath diameter.

Statistically significant correlations were found between ONSD
and ICP before LP (r=0.482, p<0.01) and between AONSD and
AICP (r=0.451, p<0.01). With a reduction in CSF pressure, 80
subjects (95%) showed an immediate drop in ONSD; the median
(IQR) decreased from 4.13 (4.02-4.38) mm to 4.02 (3.90-4.23)
mm (p<0.001) (figure 2). Only four patients showed no signif-
icant changes in the ONSD before and after LP; figure 3 shows
the AONSD and AICP for the elevated ICP groups. The largest
change in ONSD value observed in this study was from 5.63 to
5.01 mm, and the largest change in ICP was of 180 mm Hg.

DISCUSSION
This study demonstrates that the ONSD decreases immediately
following a reduction in CSF pressure, thereby confirming that
ONSD reacts to ICP in real time. Our results, therefore, suggest
that the measurement of ONSD is potentially a non-invasive
approach for dynamic, real-time monitoring of ICP changes,
especially in the early stages. The optic nerve is a part of the
central nervous system, and is surrounded by the dura, arachnoid
and pia mater; the optic nerve sheath is the continuation of the
dura mater, and the subarachnoid space contains CSF. Thus, any
increase in the ICP in the subarachnoid space is transferred to
the fluid in the optic nerve surrounding it.>> For some diseases,
such as elevated ICP secondary to venous sinus thrombosis, LP
has been used to determine whether the ICP has declined, and
this procedure may need to be repeated several times. There-
fore, it would benefit the patients considerably if an ONSD
measurement could help determine the ICP. Several studies have
confirmed that ONSD changes with [CR!2 132425

Sachita Shah et al*® investigated intraobserver and interob-
server reliability among three emergency physicians using three
different imaging protocols and suggested that comparable preci-
sion and interobserver reliability can be achieved. These find-
ings are similar to those in our previous research.”” However, it
remains unclear whether an acute reduction in ICP leads to an
immediate effect on ONSD. Previous animal models*® and in
vitro optic nerve experiments> >® have focused on this problem.
Our study is one of the few that evaluate alterations in ONSD
as ICP changes, in real-time. In a study of 12 patients, Hansen
and Helmke®! showed ONSD changes that exhibited covariance
with the alteration of lumbar CSF pressure during infusion tests
(Ringer’s solution pumped in the lower lumbar intervertebral
segments at adjustable constant flow rates ranging from 0.5 to
4.0 mL/min), and found that the average maximum difference
in ONSD between baseline and peak pressure conditions was
1.8 mm (range: 0.7-3.1 mm). In their study, the change in CSF

ONSD(mm)
6..

Before-LP After-LP

Figure 2 Median and range of optic nerve sheath diameter (ONSD)
measured before and after lumbar puncture (LP) in all subjects.

pressure was controlled using infusion tests, and the range of
increase in ICP was 17-51 mm Hg (231.2-693.6 mmH,0).
When we measured the ONSD before and after LR the range
of reduction in AICP was from 0 to 180 mmH,O. We included
84 patients, and the final ONSD measurement value for every
patient was derived from the average of the eight values obtained
by two experienced operators to reduce deviation.

A prospective observational study demonstrated that the
ONSD of children with hydrocephalus was significantly and
immediately reduced after they underwent a ventriculo-perito-
neal shunt surgery, which is similar to our results in adults.** The
difference is that the authors measured the ONSD 30 min after
CSF drainage, while we performed the measurements within §
min of the procedure. This study reflected the immediate, real-
time changes of ONSD with changing ICP. The evaluation of ICP
using an ONSD measurement has been widely used in clinical
practice, and the standard operation is very important. Some
reports’® '° have emphasised that ONSD measurements should
be performed prior to the ICP monitoring device placement.
Nevertheless, until now, there was no specific study to support
this criterion. Our study shows that ONSD changes immedi-
ately after LR Therefore, the measurements of ONSD should be
performed before the operations that may affect the ICP. There
could be two reasons why four patients in this study showed no
changes in their ONSD after LP. The first reason is that changes
in ICP lead to changes in the volume of the optic nerve sheath.
Until now, studies have often used ultrasound to measure the

Table 3 Mean changes of AONSD and AICP in the different groups

All subjects (N=84)

Normal ICP (n=66)

Elevated ICP (n=18)

AONSD, median (IQR), mm
AICP, median (IQR), mmH,0

0.11 (0.05-0.21)
30 (20-40)

0.105 (0.05-0.21)
30 (20-40)

0.11 (0.06-0.24)
30 (20-82)

AICP, the mean changes of intracranial pressure (ICP) before and after lumbar puncture.

AONSD, the mean changes in optic nerve sheath diameter (ONSD) values measured before and after lumbar puncture.
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Figure 3  Change in optic nerve sheath diameter (ONSD) measured
before and after lumbar puncture (LP) in subjects with elevated
intracranial pressure.

diameter changes of the optic nerve sheath to reflect the volume
changes of optic nerve sheath. However, one must consider that
the optic nerve sheath may not be a perfectly circular struc-
ture. Killer et al* studied 12 optic nerves from nine patients;
the results showed that the subarachnoid space of the human
optic nerve is not a homogeneous, empty chamber filled with
CSF. Instead, it contains a complex arachnoid trabeculae and
septa system to separate the subarachnoid space, which displays
considerable numerical and structural changes according to
their location in different portions of the optic nerve. There-
fore, ONSD might vary from patient to patient and may not
be the same in all locations of the sheath. To increase accuracy,
we performed two cross-sectional scans to measure ONSD, in
the transverse and vertical planes, and the average of the eight
values represents the diameter changes of optic nerve sheath
in our study. This may be crucial for cases where the diameter
changes of optic nerve sheath do not perfectly reflect the volume
changes of optic nerve sheath. The other possible reason for the
lack of change in ONSD is that, although ICP is certainly an
important factor, there are other factors that may affect the optic
nerve sheath in vivo, and these factors need to be investigated in
future studies.

Our study also has some limitations. First, this study was
limited by its modest sample size. Thus, studies with larger
samples should be conducted in the future. Second, the ICP
measured using the LP manometer in this study has an upper
limit of 400 mmH, O, so evaluating cases with even higher ICP
in future studies would offer additional insights. Third, there are
other non-invasive measurements for evaluating ICP by ultra-
sound that should be considered for investigation in our future
research. Finally, the individual optic nerve differences should be
taken into consideration in future research. Taken together, our
results demonstrate that ultrasonic measurement of ONSD can
reflect the relative real-time changes in ICP.
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