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Abstract 

Background: The monitoring of intracranial pressure (ICP) and detection of increased ICP are crucial because such 
increases may cause secondary brain injury and a poor prognosis. Although numerous ultrasound parameters, 
including optic nerve sheath diameter (ONSD), width of the crural cistern (WCC), and the flow velocities of the central 
retinal artery and middle cerebral artery, can be measured in patients after hemicraniectomy, researchers have yet to 
determine which of these is better for evaluating ICP. This study aimed to analyze the correlation between ICP and 
ultrasound parameters and investigate the best noninvasive estimator of ICP.

Methods: This observational study enrolled 50 patients with brain injury after hemicraniectomy from January 2021 
to December 2021. All patients underwent invasive ICP monitoring with microsensor, transcranial, and ocular ultra-
sound postoperatively. We measured the ONSD including the dura mater (ONSDI), the ONSD excluding the dura 
mater, the optic nerve diameter (OND), the eyeball transverse diameter (ETD), the WCC, and the flow velocities in the 
central retinal artery and middle cerebral artery. Then, we calculated the ONSDI-OND (the difference between ONSDI 
and OND) and ONSDI/ETD (the ratio of ONSDI to ETD). Patients were divided into a normal ICP group (n = 35) and 
an increased ICP group (≥ 20 mm Hg, n = 15) according to the ICP measurements. Correlations were then assessed 
between the values of the ultrasound parameters and ICP.

Results: The ONSDI, ONSDI-OND, and ONSDI/ETD were positively associated with ICP (r = 0.455, 0.482, 0.423 and 
p = 0.001, < 0.001, 0.002, respectively), whereas the WCC was negatively associated with ICP (r = − 0.586, p < 0.001). 
The WCC showed the highest predictive power for increased ICP (area under the receiver operating characteristic 
curve [AUC] = 0.904), whereas the ONSDI-OND and ONSDI also presented with acceptable predictive power among 
the ONSD-related parameters (AUC = 0.831, 0.803, respectively). The cutoff values for increased ICP prediction for 
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ONSDI, ONSDI-OND, and WCC were 6.29, 3.03, and 3.68 mm, respectively. The AUC of the combination of ONSDI-OND 
and WCC was 0.952 (95% confidence interval 0.896–1.0, p < 0.001).

Conclusions: The ONSDI, ONSDI-OND, and WCC were correlated with ICP and had acceptable accuracy levels in 
estimating ICP in patients after hemicraniectomy. Furthermore, WCC showed a higher diagnostic value than ONSD-
related parameters, and the combination of ONSDI-OND and WCC was a satisfactory predictor of increased ICP.

Keywords: Optic nerve sheath diameter, Width of crural cistern, Intracranial pressure, Ultrasonography

Introduction
Decompressive craniectomy has become a standard 
option for patients with medically refractory intracra-
nial pressure (ICP) [1, 2]. After the surgical procedure, it 
is imperative to monitor ICP and detect increased ICP, 
which may lead to secondary brain injury and a poor 
prognosis [3, 4]. The gold standards for ICP monitoring 
are invasive and include ICP monitor probe insertion in 
the brain parenchyma or ventricles and lumbar puncture. 
Despite their high accuracy and sensitivity, these inva-
sive ICP measurements require advanced technical skills 
and risk causing hemorrhage and infection [5, 6]. Thus, 
finding a readily available and noninvasive monitoring 
method is necessary.

Recently, the optic nerve sheath diameter (ONSD) has 
become widely used as a surrogate parameter for the 
noninvasive estimation of ICP [7]. Anatomically, some of 
the space surrounding the optic nerve is a direct exten-
sion of the subarachnoid space containing cerebrospinal 
fluid (CSF). Thus, the ONSD will expand as ICP increases 
because of the compensatory redistribution of CSF [8]. 
However, for patients after hemicraniectomy, the CSF 
hydrodynamics may be altered [9], and thus whether 
ONSD can still be used as a proxy of ICP in these patients 
is unclear.

According to previous research, a complete or par-
tially obliterated basal cisterns is considered a sign of 
increased ICP [10]. Given that the volume of brain mat-
ter, CSF, and intracranial blood is constant, any increase 
in one is compensated by a decrease in the volume of the 
other two. Acute brain injury often leads to compensa-
tory displacement of the CSF into the lumbar cistern. 
As the mass lesion expands and the ICP increases, the 
basal cisterns are compressed by the medial temporal 
lobe [11]. Additionally, compression or effacement of 
the basal cisterns can impede CSF flow and increase the 
ICP even further. Additionally, as arteries and veins of 
the brain pass through the basal cisterns, compression of 
the basal cisterns may lead to blood vessel compression, 
which may aggravate brain ischemia and ICP elevation 
[12]. Some studies have also found that the flow veloci-
ties of the middle cerebral artery (MCA) as measured by 
transcranial color Doppler (TCD) sonography could also 
be useful for evaluating ICP [13]. For patients treated 

with hemicraniectomy, TCD sonography had an inbuilt 
advantage in observing the intracranial structures, such 
as the basal cistern and MCA. Because the borderline of 
the crural cistern (one part of basal cistern) was clearest 
among all the basal cistern parts, we hypothesized that 
either the width of the crural cistern (WCC) or the flow 
velocities of the MCA could reflect the changes in ICP.

Thus, we performed this study on Chinese patients who 
required invasive ICP monitoring after decompression 
craniectomy. We measured ONSD-related parameters 
and flow velocities and the resistance index of the cen-
tral retinal artery (CRA) using transorbital ultrasound. 
At the same time, we measured the WCC, flow velocities, 
and the pulsatility index (PI) of the MCA using transcra-
nial ultrasound. Until now, there has been no standard 
method for measuring ONSD. Some studies have defined 
ONSD as subarachnoid space excluding the dura mater 
around the optic nerve (ONSDE), whereas others have 
defined it as including the hypoechogenic strip of dura 
mater (ONSDI) [14]. Therefore, we wanted to compare 
which method was better. Because the optic nerve diam-
eter (OND) and eyeball transverse diameter (ETD) are 
constant parameters, the difference between the ONSDI 
and OND (ONSDI-OND) and the ratio of the ONSDI 
to the ETD (ONSDI/ETD) may more accurately reflect 
the changes in the subarachnoid space and reduce indi-
vidual differences. Thus, we measured the ONSD-related 
parameters including the ONSDI, ONSDE, ONSDI-
OND, and ONSDI/ETD. This study aimed to determine 
the relationship between these ultrasonographic param-
eters and the directly measured ICP and explore the best 
surrogate parameters for the noninvasive estimation of 
ICP.

Methods
Study Population
This observational study was conducted on patients with 
brain injury who had undergone invasive ICP monitor-
ing after hemicraniectomy in the neurosurgical intensive 
care unit of our institute from January 2021 to Decem-
ber 2021. The protocol was approved by the research eth-
ics boards of Tongji Hospital, affiliated with Huazhong 
University of Science and Technology. According to 
the ethics standards of the institutional committee, 
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the caregivers of all enrolled patients signed informed 
consent forms. Patients older than 18  years requiring 
hemicraniectomy and invasive ICP monitoring with a 
diagnosis of traumatic or nontraumatic brain hemor-
rhage or hydrocephalus were considered for inclusion. 
We enrolled 65 patients according to these inclusion cri-
teria. The exclusion criteria were as follows: (1) a history 
of ocular  diseases (such as glaucoma, optic neuritis, and 
optic nerve tumors) or optic trauma (n = 3); (2) unfea-
sibility of ultrasonic testing due to agitation (n = 5); (3) 
inability to measure parameters due to insufficient image 
quality (n = 2); (3) age younger than 18 years (n = 1); and 
(4) widely fluctuating ICP measurements due to unstable 
respiration (n = 4). The final 50 included patients were 
divided into the normal ICP group (n = 35, ICP < 20 mm 
Hg) and increased ICP group (n = 15, ICP ≥ 20 mm Hg). 
We conducted all examinations within 48 h after the sur-
gery. To avoid operator differences, an experienced doc-
tor (XX) performed all the transorbital and transcranial 
ultrasound procedures and measured the images while 
blinded to the results of ICP monitoring. A recorder (YL) 
collected other relevant data, including age, sex, body 
mass index, ICP, blood pressure, etc.

Measurement of ICP
ICP was measured through a microtransducer (Codman 
Micro-Sensor transducer; Johnson & Johnson) posi-
tioned at the decompressed side. Before collecting the 
data, the operator ensured that the ICP monitor (Cod-
man ICP Express cranial monitor; Johnson & Johnson) 
had been zeroed. The ICP value was obtained from a 

reading of the monitor while the measured patient main-
tained stable respiration and relaxation. ICP greater than 
or equal to 20 mm Hg was defined as elevated ICP.

Transorbital Ultrasound Measurement
A Canon Aplio i800 (Japan) ultrasound device with an 
18-MHz linear array transducer was used. Following 
the “as low as reasonably achievable” principle [15], the 
mechanical index and thermal index were adjusted to the 
requirements of orbital sonography. The patients were 
examined in a supine position with their heads elevated 
to 20–30°. The probe was gently placed on the closed left 
and right upper eyelids with coupling gel and adjusted to 
a suitable angle to show clear images with hyperechoic 
striped bands. Images in the transverse and sagittal sec-
tions of each eye were stored for measurement, and 
then we measured ONSD-related parameters at a depth 
of 3  mm behind the retina (Fig.  1). The ONSD-related 
parameters were the OND (measured as the distance 
inside the pia mater), ONSDI (measured as the distance 
between the external borders of the hypoechogenic dura 
mater), ONSDE (measured as the distance between the 
hyperechogenic subarachnoid diameter), ONSDI-OND, 
and ONSDI/ETD. All ONSD-related parameters were 
measured twice in the transverse and sagittal orienta-
tions for each eye, and then the final value was derived 
from the average of the eight values.

Transcranial Ultrasound Measurement
The transcranial ultrasound parameters were meas-
ured using a Canon Aplio i800 (Japan) ultrasound with a 

Fig. 1 Image of optic nerve sheath with hyperechoic striped bands (left). The distance between the two yellow lines denotes ONSDI, the distance 
between the two blue line denotes ONSDE, and the distance between the two red line denotes OND (right). OND optic nerve diameter, ONSDE 
optic nerve sheath diameter excluding the dura mater, ONSDI optic nerve sheath diameter including the dura mater (Color figure online)
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2.5-MHz to 3.5-MHz convex array probe with the patient 
in a supine position. The probe was placed at the posi-
tion of the skull defects, and the scan plane was consist-
ent with that of the preauricular temporal acoustic bone 
window. Then, the probe was adjusted to an appropriate 
angle to show the circle of Willis in color Doppler flow 
imaging mode, and the butterfly-shaped mesencephalic 
brain stem surrounded by the hyperechogenic basal 
cistern was observed at the same time. Then, the color 
Doppler flow imaging mode was switched off, and the 
hyperechogenic basal cistern image at this angle was 
stored for measurement. The basal cistern consisted of 
the interpeduncular cistern, crural cistern, ambient cis-
tern, and quadrigeminal cistern. Because the borderline 
of the crural cistern was the clearest among all parts of 
the basal cistern, we have chosen to measure the position 
of the crural cistern on ultrasonic imaging. We traced 
the outlines of the basal cistern and midbrain and then 
measured the WCC in the middle part of both sides twice 
each (Fig. 2). The WCC was defined as the average value 
of both sides.

Measurement of Blood Flow Parameters
We examined the flow velocity of the CRA and MCA with 
pulsed-wave Doppler ultrasonography. We measured the 
peak systolic velocity (PSV), end-diastolic velocity (EDV), 
mean flow velocity (calculated as EDV + [PSV − EDV]/3), 
resistance index (calculated as PSV-EDV/PSV), and PI 
(calculated as PSV − EDV/mean flow velocity).

Statistical Analysis
The baseline characteristics and ultrasound parameters 
were presented as the means ± standard deviations (SDs) 
or medians with interquartile ranges. Student’s t-test and 
the Kolmogorov‒Smirnov test were used to compare 

data between patients in the increased and normal ICP 
groups. Spearman rank correlation was used to evaluate 
the association between the ultrasound parameters and 
ICP. The areas under the receiver operating character-
istic curves (AUCs) were used to analyze predictors of 
increased ICP. The optimal cutoff value for each predictor 
was calculated. We used the distribution-based method 
to calculate the minimal detectable change (MDC). For 
a conventional confidence level of 95%, the MDC was 
defined as 1.96 × √2 × standard error of measurement. 
The standard error of measurement was calculated using 
the formula = SD × √(1 − ICC), where SD was the SD of 
two measurements and the intraclass correlation coef-
ficient (ICC) was the test–retest reliability coefficient of 
intraobserver variability. All data were analyzed using 
IBM SPSS Version 21 (IBM Corp.), and p < 0.05 was con-
sidered statistically significant.

Results
A total of 50 patients were finally included in this research 
and divided into a normal ICP group (35 patients, ICP 
ranges from 2 to 19 mm Hg) and an increased ICP group 
(15 patients, ICP ranges from 20 to 42  mm Hg). Nine-
teen patients (38%) presented with cerebral contusion/
laceration, 28 (56%) with acute intracerebral hematoma, 
and 3 (6%) with acute subdural hematoma. There were no 
significant differences between groups in age, sex, body 
mass index, mean artery pressure, or Glasgow Coma 
Scale score (all p > 0.05, Table 1).

Neither the OND nor ONSDE was different between 
the two groups (p > 0.05). The mean ONSDI, ONSDI-
OND, and ONSDI/ETD of the increased ICP patients 
were 6.39 ± 0.41, 3.25 ± 0.33, and 0.27 ± 0.01  mm, 
respectively, and those of the normal ICP patients were 
5.93 ± 0.41, 2.81 ± 0.30, and 0.26 ± 0.02 mm, respectively. 

Fig. 2 Hyperechogenic basal cistern structure (left). The orange highlighted part stands for the interpeduncular cistern, the green highlighted part 
stands for the crural cistern, the blue highlighted part stands for the ambient cistern, and the yellow highlighted part stands for the quadrigeminal 
cistern. Measurement of the WCC on both sides (right). The red line stands for the outline of the midbrain, whereas the blue line stands for the 
borderline of the basal cistern. We have measured the middle part of the crural cistern. WCC, width of the crural cistern (Color figure online)
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The three ONSD-related parameters were significantly 
higher in the increased ICP group than in the normal ICP 
group (all p < 0.05). The mean WCC of the increased ICP 
group was 3.30 ± 0.65  mm, which was noticeably lower 
than that of the normal ICP group (4.28 ± 0.59  mm, 
p < 0.001). None of the Doppler ultrasound parameters 
related to the CRA and MCA were significantly different 
between the two groups (all p > 0.05, Table 1).

The intraclass correlation coefficient for intraobserver 
variability was 0.89 for OND, 0.9 for ONSDI, and 0.912 
for WCC (all p < 0.001). The MDCs (with a 95% confi-
dence interval) for OND, ONSDI and WCC were 0.25, 
0.38, and 0.31  mm, respectively. The ONSDI, ONSDI-
OND and ONSDI/ETD showed positive associations 
with ICP (r = 0.455, 0.482, and 0.423, respectively; all 
p < 0.05; Fig.  3). Particularly, for WCC, a negative rela-
tionship with ICP was observed (r = − 0.586, p < 0.001; 
Fig. 3). In addition, the Doppler ultrasonography param-
eters related to the CRA and MCA were not associated 
with ICP (all p > 0.05).

The receiver operating characteristic curve for the 
WCC showed that it remarkably differentiated increased 

ICP from normal ICP, with an AUC of 0.904 (sensitiv-
ity 85.7%, specificity 86.7%; Fig.  4, Table  2). Among the 
ONSD-related parameters, ONSDI and ONSDI-OND 
also presented great predictive power, with the lat-
ter (AUC = 0.831) slightly outperforming the former 
(AUC = 0.803). The combination of ONSDI-OND and 
WCC had the greatest discriminability between nor-
mal and elevated ICP, with an AUC of 0.952 (95% con-
fidence interval 0.896–1.0, p < 0.001, Fig. 4, Table 2). The 
cutoff values for predicting increased ICP for ONSDI, 
ONSDI-OND, and WCC were 6.29, 3.03, and 3.68 mm, 
respectively.

Discussion
Elevated ICP within 48 h following brain injury is known 
to be closely linked with a poor prognosis and higher 
mortality rates [16, 17]. Thus, monitoring ICP in patients 
with brain injury is crucial for recognizing elevated 
ICP and providing timely treatment. For patients after 
hemicraniectomy, because of skull defects, many ultra-
sound parameters, such as ONSD-related parameters, 
WCC, and Doppler ultrasonography parameters, can be 

Table 1 Baseline characteristics and ultrasonic parameters of two groups according to ICP

Values are presented as number (%) or the mean ± standard deviation or median (interquartile range)

BMI body mass index, CRA  central retinal artery, EDV end-diastolic velocity, ETD eyeball transverse diameter, GCS Glasgow coma scale, ICP intracranial pressure, MAP 
mean arterial pressure, MCA middle cerebral artery, OND optic nerve diameter, ONSD optic nerve sheath diameter, ONSDE ONSD excluding the dura mater, ONSDI 
ONSD including the dura mater, PI pulsatility index, PSV peak systolic velocity, RI resistance index, WCC  width of crural cistern

Characteristics and parameters Normal ICP (n = 35) Increased ICP (n = 15) p Value

Age 53.3 ± 11.7 55.8 ± 11.4 0.597

Male sex 26 (65) 12 (86) 0.144

BMI 23.9 ± 3.0 25.2 ± 2.7 0.262

MAP 95.9 ± 12.9 90.3 ± 17.9 0.310

ICP (mm Hg) 9.89 ± 5.33 (2–19) 27.93 ± 6.96 (20–42)  < 0.001

GCS score 9.26 ± 3.3 9.0 ± 3.7 0.84

Diagnosis

Cerebral contusion/laceration 13 (37.14) 6 (40)

Acute intracerebral hematoma 20 (57.14) 8 (53.33)

Acute subdural hematoma 2 (5.72) 1 (6.67)

ONSDI (mm) 5.93 ± 0.41 (4.83–6.55) 6.39 ± 0.41 (5.58–7.28) 0.001

ONSDE (mm) 4.93 ± 0.35 (4.08–5.35) 5.15 ± 0.38 (4.5–5.58) 0.121

ONSDI-OND (mm) 2.81 ± 0.30 (2.18–3.3) 3.25 ± 0.33 (2.78–3.88)  < 0.001

OND (mm) 3.13 ± 0.26 (2.75–3.5) 3.12 ± 0.26 (2.78–3.58) 0.862

ONSDI/ETD 0.26 ± 0.02 (0.24–0.29) 0.27 ± 0.01 (0.25–0.30) 0.001

PSV of CRA (cm/s) 11.15 ± 3.24 10.9 ± 2.58 0.842

EDV of CRA (cm/s) 3.32 ± 1.43 3.41 ± 1.72 0.879

RI of CRA 0.70 ± 0.09 0.70 ± 0.10 0.983

WCC (mm) 4.28 ± 0.59 (3.0–5.8) 3.30 ± 0.65 (1.5–4.0)  < 0.001

PSV of MCA (cm/s) 129.98 ± 52.46 134.07 ± 43.48 0.859

EDV of MCA (cm/s) 40.53 ± 27.31 37.85 ± 18.50 0.820

RI of MCA (cm/s) 0.70 ± 0.12 0.73 ± 0.06 0.497

PI of MCA 1.38 ± 0.55 1.61 ± 0.51 0.391
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obtained easily and accurately. Some ultrasound param-
eters have shown tremendous potential in detecting 
elevated ICP, but the most suitable parameter remains 

unknown. According to our research, ONSDI, ONSDI-
OND, and WCC were well correlated with ICP, with 
WCC demonstrating the highest predictive power for 

Fig. 3 Scatterplots of the relationship between the ONSDI-OND and ICP (positively related, r = 0.482, left). Scatterplots of WCC vs. ICP (negatively 
related, r = − 0.586, right). ICP intracranial pressure, ONSDI-OND, the difference between the optic nerve sheath diameter including the dura mater 
and the optic nerve diameter, WCC  width of the crural cistern

Fig. 4 ROC curve analysis of the predictive power of the WCC and combination (left). ROC curve analysis of the predictive power of the ONSD-
related parameters including the ONSDI-OND, ONSDI, and ONSDI/ETD (right). AUC  area under the receiver operating characteristic curve, ONSD 
optic nerve sheath diameter, ONSDI/ETD the ratio of the ONSD including the dura mater and the eyeball transverse diameter, ONSDI-OND the dif-
ference between the ONSD including the dura mater and the optic nerve diameter, ROC receiver operating characteristic, WCC  width of the crural 
cistern

Table 2 Prognostic accuracy of ONSD-related parameters, WCC, and the combination

AUC , area under the receiver operating characteristic curve, CI confidence interval, ETD eyeball transverse diameter, OND optic nerve diameter, ONSD optic nerve 
sheath diameter, ONSDI ONSD including the dura mater, WCC  width of crural cistern

Parameters AUC p Value Cutoff value Sensitivity (%) Specificity (%) 95% CI

ONSDI 0.803 0.001 6.29 66.7 85.7 0.657–0.948

ONSDI-OND 0.831 0.000 3.03 75 80 0.699–0.964

WCC 0.904 0.000 3.68 85.7 86.7 0.804–1.0

ONSDI/ETD 0.765 0.003 0.27 80 68.6 0.699–0.964

Combination of ONSDI-
OND and WCC 

0.952 0.000 0.33 86.7 91.4 0.896–1.0
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increased ICP. Additionally, the combination of ONSDI-
OND and WCC was the most precise predictor for this 
condition. None of the Doppler ultrasound parameters 
were correlated with ICP. To the best of our knowledge, 
this is the first study to show the correlation between 
WCC and invasive ICP measurements in patients after 
hemicraniectomy.

Many previous studies have shown that ultrasono-
graphic ONSD is strongly correlated with ICP [18]. The 
study by Youm et al. [19] revealed that ONSDI, ONSDE, 
and ONSDI/ETD were all significantly associated with 
ICP, and the ONSDI/ETD showed the highest predictive 
power. In our study, ONSDE was not associated with ICP. 
In our observations, compared with the outer line of the 
dura mater, the outer line of the subarachnoid space was 
more likely to appear indistinct on ultrasonography. This 
might explain why ONSDE was not different between the 
two groups and not correlated with ICP in this study. Our 
results also showed that the ONSDI/ETD was weakly 
associated with ICP and was not the best predictor of ele-
vated ICP. Youm et al. [19] measured the ETD from brain 
computed tomography (CT) with a clear eyeball outline, 
whereas we measured ETD through transorbital ultra-
sound. Because of the sidewall loss effect, our method 
might not have demonstrated the same accuracy as CT 
measurements, which may explain why our results were 
unlike those of the research done by Youm et al. [19]. We 
found that ONSDI-OND might provide a more reliable 
estimation of ICP than ONSDI, consistent with the study 
of Klinzing et  al. [20]. When ICP increases, CSF passes 
through the optic foramen into the subarachnoid space 
surrounding the optic nerve. Because OND is a constant 
parameter, ONSDI-OND can more intuitively reflect the 
changes in the subarachnoid space and reduce individual 
differences.

Research by Wang et  al. [21] found that ONSD was 
strongly related to the invasively measured ICP in 
patients with traumatic brain injury (TBI) after decom-
pressive craniectomy. The ONSD of patients with ele-
vated ICP was significantly higher than that of patients 
with normal ICP [21]. However, the study by Gao et  al. 
[22] showed that ONSD measured on ultrasound was not 
significantly correlated with ICP after hemicraniectomy. 
Our study found that ONSDI had a weak correlation 
with ICP in patients after decompressive craniectomy. 
Several factors might explain the inconsistency in the 
findings. First, the altered CSF might affect the ONSD. 
Surgical craniectomy might reduce CSF secretion, affect 
CSF outflow, cause CSF redistribution, and prevent 
the ONSD from shrinking [23]. Second, because of the 
complex structural composition of the subarachnoid 
space, including trabeculae, septa, and stout pillars, the 
elastic fibers might not be able to rebound in time after 

a decrease in ICP, delaying reversal of the optic nerve 
sheath distention. Thus, when ICP drops to normal, the 
optic nerve sheath might still be wide [24, 25]. In this 
study, we also observed that postoperative ICP decreased 
to less than 15  mm Hg in some cases, but the ONSDI 
was still higher than 6.3  mm. Additionally, the stand-
ard range of ONSD is inconsistent [26]. Therefore, the 
ONSD might be inaccurate in some cases and prone to 
providing a false positive result. To solve this problem, 
we measured the WCC through transcranial ultrasound, 
hoping to improve ultrasound accuracy in detecting ICP.

Previous studies have shown that the basal cistern nar-
rows or even disappears when ICP increases [27–29]. 
However, this change has rarely been quantified; the sta-
tus of the basal cistern has only been divided into nor-
mal, compressed, or absent according to CT or magnetic 
resonance images in most previous studies, which is not 
sufficiently accurate for analysis. According to previous 
research, patients with severe TBI still had open basal 
cisterns on head CT despite an elevated ICP [30]. We 
supposed that the width of the basal cistern might be a 
more sensitive and accurate indicator for detecting ICP 
changes. Skull defects in patients who have undergone 
bone flap removal allow the possibility for ultrasonic 
observation of the basal cistern. This study conducted a 
correlation analysis between WCC and ICP to determine 
whether WCC could detect increased ICP. Our study 
provided evidence that WCC was significantly negatively 
correlated with ICP and, compared with ONSD-related 
parameters, had a higher diagnostic value in evaluating 
ICP elevation. Our results suggested that this crural cis-
tern quantifying method, measuring WCC by transcra-
nial ultrasound, might yield a lower false positive rate for 
increased ICP than ONSD-related parameters. The com-
bination of ONSDI-OND and WCC achieved a satisfac-
tory result as a predictor of increased ICP.

Although some researchers have demonstrated that the 
MCA PI is significantly correlated with ICP, more stud-
ies have revealed that TCD parameters were not signifi-
cantly correlated with ICP, a recent systematic review 
demonstrated that the TCD-PI was insufficiently accu-
rate in detecting elevated ICP, suggesting that it might 
not be helpful for evaluating this parameter [31, 32]. The 
study by Youm et al. [19] showed that the PSV or PI of 
the CRA was not related to the ICP in patients with TBI 
treated without hemicraniectomy. Gao et  al. [33] also 
found that the MCA PI value was ineffective in quantify-
ing the ICP in patients after decompressive craniectomy. 
In this study, we found no correlation between ICP and 
the Doppler ultrasonography parameters related to the 
CRA and MCA, consistent with earlier findings. There 
are many possible reasons why Doppler ultrasonogra-
phy parameters cannot accurately evaluate the ICP, such 
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as the diversity of brain injury mechanisms, cerebral 
resistance and compliance, physiological variations, and 
interobserver variability [19, 34]. Therefore, the use of 
Doppler ultrasonography parameters for the diagnosis of 
elevated ICP should be considered with caution.

Limitations
Our study also has several limitations. First, this study 
was limited by its relatively small size; studies with larger 
samples could include more patients with increased ICP 
and should be conducted in the future. Second, we meas-
ured the WCC in the middle point and defined the WCC 
as the average value of both sides. With this method, it 
may have side-to-side variability and variability of width 
on the same side, which might affect the accuracy of the 
results. In the future, we may measure several points 
around the middle position of both sides to obtain the 
average value or trace the area of the crural cistern region 
to reduce the variability. Third, the exact trajectory of 
how the sheath diameter or individual components at 
the root of the subarachnoid space change over time is 
unknown, so we should pay attention to the possibility 
of delaying reversal of the optic nerve sheath distention, 
which may lead to false positive results. Fourth, the ultra-
sound parameters could only predict the probability of a 
high or normal ICP and could not provide the exact value 
of the ICP, so they cannot replace the direct and invasive 
ICP measurements.

Conclusions
Reasonable ultrasonic parameters for evaluating ICP in 
patients after hemicraniectomy included the ONSDI, 
ONSDI-OND, and WCC. Furthermore, WCC showed a 
higher diagnostic value than ONSD-related parameters, 
and the combination of ONSDI-OND and WCC was a 
satisfactory predictor of increased ICP. This ICP evalu-
ation method has good application prospects for severe 
neurosurgical patients because of the ability to perform 
the measurements at bedside examination and their non-
invasive nature. More studies should be conducted in the 
future to examine the validity of this method.
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