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Abstract

Background

Repeated invasive intracranial pressure (ICP) monitoring is desirable because many neuro-

surgical pathologies are associated with elevated ICP. On the other hand, it could become a

risk for children to repeat sedation, anesthesia, or radiation exposure. As a non-invasive

method, measurements of optic nerve sheath diameter (ONSD) has been revealed to accu-

rately predict increased ICP. However, no studies have indicated a relationship among age,

brain, and ventricular parameters in normal children, nor a prediction of increased ICP with

artificial intelligence.

Methods and findings

This study enrolled 400 normal children for control and 75 children with signs of increased

ICP between 2009 and 2019. Measurements of the parameters including ONSD on CT

were obtained. A supervised machine learning was applied to predict suspected increased

ICP based on CT measurements. A linear correlation was shown between ln(age) and

mean ONSD (mONSD) in normal children, revealing mONSD = 0.36ln(age)+2.26 (R2 =

0.60). This study revealed a linear correlation of mONSD measured on CT with ln(age) and

the width of the brain, not the width of the ventricles in 400 normal children based on the uni-

variate analyses. Additionally, the multivariate analyses revealed minimum bicaudate nuclei

distance was also associated with mONSD. The results of the group comparison between

control and suspected increased ICP revealed a statistical significance in mONSD and the

width of the ventricles. The study indicated that supervised machine learning application

could be applied to predict suspected increased ICP in children, with an accuracy of 94% for

training, 91% for test.

Conclusions

This study clarified three issues regarding ONSD and ICP. Mean ONSD measured on CT

was correlated with ln(age) and the width of the brain, not the width of the ventricles in 400

normal children based on the univariate analyses. The multivariate analyses revealed
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minimum bicaudate nuclei distance was also associated with mONSD. Mean ONSD and

the width of ventricles were statistically significant in children with signs of elevated ICP.

Finally, the study showed that machine learning could be used to predict children with sus-

pected increased ICP.

Introduction

In the clinical settings of pediatric neurosurgery, many pathologies are associated with

increased intracranial pressure (ICP). For the initial diagnosis and follow-up evaluations of

many underlying neurosurgical conditions, repeated invasive ICP measurements are desirable;

however, it could become a risk for children to repeat sedation, anesthesia, or radiation expo-

sure. Therefore, a reliable and useful clinical technique to non-invasively assess the ICP status

in children is admirable [1, 2].

Recent studies have indicated the efficacy of various non-invasive methods for predicting

elevated ICP [1–5]. In their study, measurements of optic nerve sheath diameter (ONSD) with

ultrasound, CT, or MRI could accurately predict increased ICP. The optic nerve sheath is

anatomically continuous with intracranial dura mater, with trabeculated subarachnoid space

in which cerebrospinal fluid exists [6]. Therefore, changes in ICP are transmitted directly to

the space around the optic nerve. As ICP increases, CSF moves to the expandable optic nerve

sheath and optic nerve sheath expands [7, 8]. ONSD measurements have been revealing to cor-

relate with ICP in children [9, 10]. However, no studies have indicated a relationship among

age, brain, and ventricular parameters in normal children.

Artificial intelligence (AI) uses computer systems to simulate cognitive abilities to achieve

goals. Machine learning classification is one of the domains of AI that enables an algorithm or

classifier to learn patterns in large, complex datasets and produce useful predictive outputs.

The number of published machine learning studies in neurosurgery is increasing exponentially

[11–14]. Some of them have focused on the application of machine learning algorithms to sup-

port clinical decision making in neurosurgery. However, no studies have yet been published

regarding the use of machine learning to predict increased ICP.

The purpose of this study was to identify three issues regarding ONSD and suspected ele-

vated ICP. First, to determine the relationship between ONSD and age, the brain width, or the

ventricular width by CT in normal children. Secondly, we performed an analysis to detect dif-

ferences between normal children and children with clinical signs of elevated ICP. Finally, the

feasibility of machine learning to predict children with suspected elevated ICP was examined.

Materials and methods

This is a retrospective study of a prospectively collected database on children visited or admit-

ted to our hospital between 2009 and 2019. The inclusion criteria are as follows; the control

group (CTR) included 400 children who visited our hospital because of minor head injury or

other minor events, revealed no intracranial or skull abnormal lesion on CT of the head. The

exclusion criteria included children with previously diagnosed intracranial lesions. The sus-

pected increased intracranial pressure (siICP) group enrolled 75 patients who presented with

signs of elevated ICP, such as disturbance of consciousness, confusion, irritability, increased

sleepiness, shrill or high-pitched cry, headache, nausea/vomiting, bulging of anterior fonta-

nelle, and convulsion. A board-certified pediatric neurosurgeon (TM) and board-certified

neurosurgeons confirmed children with at least 2 signs of increased ICP as an siICP.
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Measurement protocol on CT

Measurements of parameters, including ONSD, were performed under a rigorous protocol

established by our team to minimize interobserver variability. Our protocol includes several

points: using the same application software on our PACS system, selecting CT images with

maximum optic nerve visibility, using the same magnification and the same density, and mea-

suring three times to minimize interobserver variability. The ONSD was measured 3 mm

behind the posterior aspect of the globe on axial sequences (Fig 1) using the fat window for

ONSD and brain window for other parameters. The actual measurement using the software

was achieved to measure from the gray-black border to the opposite gray-black border of the

optic nerve (gray; optic nerve sheath, black; intraorbital fat). Bilateral ONSD was measured in

all patients, then calculated mean ONSD which was defined as the average value of the left and

right ONSD. The other 6 parameters included the width of the brain and the ventricles in each

level were measured as shown in Fig 1. (A: maximum distance between anterior horn, B: mini-

mum bicaudate nuclei distance, D: third ventricle distance, AA, BB, and DD: corresponding

brain width, respectively, EE: the square root of summation for AA2, BB2, and DD2, ie
E ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
AA2 þ BB2 þ DD2
p

).

Data analysis

For univariate analysis, Fisher’s exact test was used to determine significance, which was

defined as p< 0.05. This study was satisfied when the statistical power is 0.8 or higher, corre-

sponding to an 80% chance of detecting a real effect of the expected size. Also, multiple regres-

sion analysis and Spearman’s rank correlation analysis were applied to investigate the

relationship between CT parameters.

Machine learning

A supervised machine learning in which the program was written by python was applied to

predict suspected increased ICP based on ln(age) and the measurements on CT. The logistic

Fig 1. Computed Tomography imaging. The optic nerve sheath diameter was measured 3 mm behind the posterior aspect of the globe on

axial sequences. A: Maximum distance between anterior horn, B: Minimum bicaudate nuclei distance, D: Third ventricle distance. AA, BB

and DD were corresponding brain width, respectively. EE defined a square root of summation for AA2, BB2, and DD2.

https://doi.org/10.1371/journal.pone.0240845.g001
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analytical method was used in the algorithm to classify the children into intact and suspected

elevated ICP. In detail, 80 percent of the total 475 cases were used for training, 20% for test. A

combination of the values among ln(age), mONSD, A, B, D, AA, BB, DD, or EE was used for

maximum accuracy with as few values as possible. The precision of the algorithm was evalu-

ated by calculating accuracy.

This study complies with the standards of the Declaration of Helsinki and the current ethi-

cal guidelines. The study also was approved by the institutional ethics board and by the IRB of

Matsudo City General Hospital. Verbal consent was obtained from the caregivers for using the

data.

Results

Table 1 showed the demographic features in the control and the siICP group. The mean age of

all cases and females in siICP was older than that in the control group, no statistical signifi-

cance, however, was observed.

After converting the day of life to the logarithmic expression, ie ln(age), Fig 2 showed the

graph revealing the relationship between ln(age) and mONSD in 400 normal children. The

range was 2.15–5.60 mm with a mean of 4.39 (SD 0.61) mm. An analysis revealed the correla-

tion between increasing ln(age) and increasing mONSD. It also indicated mONSD = 0.36ln

(age)+2.26 (R2 = 0.60). Spearman’s rank correlation analysis showed 0.67 in the correlation

coefficient (p< 0.01). In terms of mONSD of those in normal control plotted to the width of

the brain, Fig 3 demonstrated that mONSD was linearly correlated with AA-EE, respectively.

Additionally, the width of the brain was a function of ln(age) as shown in Fig 4. However, the

absence of a linear relationship or only a weak linear correlation was observed in A, B, and D

when plotting the width of the ventricles to ln(age) (Fig 5). Fig 6 also demonstrated that

mONSD has no linear relationship or only a weak correlation with the width of the ventricles.

Summarizing the univariate analysis, mONSD was a function of age and also the width of the

brain, but not the width of the ventricles. Fig 7 and Table 2 showed the multivariate analytic

data. Fig 7 demonstrated a correlation coefficient heatmap regarding ln(age) and the CT

parameters. This also showed a strong relation between mONSD and AA, BB, DD, or EE. Mul-

tiple regression analysis in the control group revealed no difference between 2 scenarios as

shown in Table 2A and 2B (scenario1; explanatory variables included ln(age), A, B, D, AA, BB

and DD, scenario 2; explanatory variables included ln(age), A, B, D, and EE). Therefore, sce-

nario 2 was used in further analysis because of fewer explanatory variables. Then,

mONSD = 0.153ln(age) + 0.006A − 0.029B + 0.041D + 0.014EE with R2 = 0.67 and significant

F value< 0.01. The analysis also revealed the correlation coefficient of ln(age), B, and EE were

significant at the level of p< 0.01. Table 2C showed a bit lower coefficient of determination in

females compared to that in males.

Table 1. Demographic features in control and suspected increased intracranial pressure group.

Control siICP

Total number 400 75

male 258 53

female 142 22

Age (days) 844.7±1473.4 1080.4±1781.9

male 771.7±1278.6 774.6±1374.8

female 977.3±1770.9 1817.2±2389.7

https://doi.org/10.1371/journal.pone.0240845.t001
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Fig 2. Optic nerve sheath diameter of those in normal control plotted in relation to ln(age). Results of regression

analysis and Spearman’s rank correlation analysis is shown in separate table. mONSD; mean optic nerve diameter, ρ;

Spearman’s rank correlation coefficient.

https://doi.org/10.1371/journal.pone.0240845.g002

Fig 3. Mean optic nerve sheath diameter of those in normal control plotted in relation to width of the brain, revealing that

mONSD was linearly correlated with AA-EE, respectively. Results of regression analysis and Spearman’s rank correlation analysis is

shown in separate table. mONSD; mean optic nerve sheath diameter, AA, BB and DD; corresponding brain width to maximum distance

between anterior horn, minimum bicaudate nuclei distance, third ventricle distance, respectively, EE: a square root of summation for

AA2, BB2, and DD2, ρ; Spearman’s rank correlation coefficient.

https://doi.org/10.1371/journal.pone.0240845.g003
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Table 3 showed the results of the group comparison between the control and the siICP. It

revealed statistical significance in mONSD, A, B, and D between the control and the siICP.

Supervised machine learning was applied to classify the children to predict suspected raised

ICP as shown in Fig 8. A code was written in python using the logistic analytical method to

classify them into 2 class, intact and siICP. The values of ln(age), mONSD, A, B, D, AA, BB,

DD, and EE were combined to obtain maximum accuracy with as few values as possible.

Eighty percent of 475 cases were used for training, 20% for test. The analysis revealed only 4

values, ln(age), mONSD, D, and EE were applied to make the accuracy of 94% for training,

91% for test. The logistic equation obtained was x = -0.89ln(age) + 3.50mONSD + 0.37D

− 0.08EE -0.69, probability y = 1/(1+e-x).

Discussion

This study identified three issues regarding ONSD and suspected elevated ICP. First of all, the

study revealed a relationship among ONSD measured on CT and ln(age), parameters of the

brain, or the ventricles in 400 normal children. Secondly, measurement of the parameters

including ONSD on CT showed that ONSD and the width of ventricles were statistically signif-

icant in children with signs of elevated ICP compared to control children. Finally, the study

showed that machine learning could be used to predict children with suspected increased ICP.

Relationship of parameters measured on CT in control children

Fig 2 shows the relationship between ln(age) and mONSD in control children. The correlation

analysis indicated mONSD = 0.36ln(age)+2.26 (R2 = 0.60). In the previous studies [15–17]

Fig 4. Width of the brain of those in normal control plotted in relation to ln(age), revealing that AA, BB, DD and EE were linearly

correlated with ln(age), respectively. Results of regression analysis and Spearman’s rank correlation analysis is shown in separate

table. AA, BB and DD: corresponding brain width to maximum distance between anterior horn, minimum bicaudate nuclei

distance, third ventricle distance, respectively, EE: a square root of summation for AA2, BB2, and DD2, ρ; Spearman’s rank

correlation coefficient.

https://doi.org/10.1371/journal.pone.0240845.g004
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using ultrasound or MR imaging, logarithmic regression analysis demonstrated a relationship

between increasing age and increasing ONSD, although they enrolled quite a few infants and

younger children. This study using CT of the head in 400 normal children demonstrated a lin-

ear correlation between ln(age) and mONSD. The mONSD in the control group was also line-

arly correlated with the width of the brain, not the width of the ventricles. As shown in Fig 4,

the width of the brain is a function of ln(age). Taken together with the results in Figs 2, 3 and

4, mONSD is a function of ln(age) because there is a correlation between mONSD and the

brain width (Fig 3), and the brain width and ln(age) (Fig 4), respectively. The analysis also

revealed that mONSD did not correlate linearly with the width of the ventricles in normal chil-

dren, and the results of the univariate analysis suggest that mONSD appears to be age-depen-

dent in normal children, rather than the morphology of the ventricles or the volume of the

cerebrospinal fluid space.

The results of the multivariate analysis revealed the relationship between each parameter, as

shown in Fig 7. The heatmap for the correlation coefficient confirmed the results of univariate

analysis, indicating the strong relationship between mONSD and AA, BB, DD, or EE. When

considering 2 scenarios (scenario1; explanatory variables included ln(age), A, B, D, AA, BB

and DD, scenario 2; explanatory variables included ln(age), A, B, D, and EE), multiple regres-

sion analysis in the control group showed no significant difference between 2 scenarios. This

result indicated that EE instead of AA, BB, and DD could be used in further analyses with the

same statistical values of R2 and F value. The multiple regression equation obtained could

explain 67% of mONSD. The analysis also revealed the correlation coefficient of ln(age), B,

Fig 5. Width of the ventricle of those in normal control plotted in relation to ln(age), revealing that A was weakly correlated with

ln(age), however absent in linear correlation in B and D. Results of regression analysis and Spearman’s rank correlation analysis is

shown in separate table. A: Maximum distance between anterior horn, B: Minimum bicaudate nuclei distance, D: Third ventricle

distance.

https://doi.org/10.1371/journal.pone.0240845.g005
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Fig 6. Mean optic nerve sheath diameter of those in normal control plotted in relation to the width of the ventricles, revealing

that mONSD was weakly correlated with A, however absent in linear correlation in B and D. Results of regression analysis and

Spearman’s rank correlation analysis is shown in separate table. mONSD; mean optic nerve sheath diameter, A: Maximum distance

between anterior horn, B: Minimum bicaudate nuclei distance, D: Third ventricle distance.

https://doi.org/10.1371/journal.pone.0240845.g006

Fig 7. Heatmap of the multivariate analysis results. The correlation coefficient was expressed in heatmap fashion.

Lower coefficient was shown in darker, higher in lighter. mONSD; mean optic nerve sheath diameter, A: Maximum

distance between anterior horn, B: Minimum bicaudate nuclei distance, D: Third ventricle distance. AA, BB and DD:

corresponding brain width to A, B and D, respectively, EE: a square root of summation for AA2, BB2, and DD2.

https://doi.org/10.1371/journal.pone.0240845.g007
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and EE were significant at the level of p< 0.01, indicating those 3 elements significantly con-

tribute to the equation. The mONSD in the control children could be speculated mathemati-

cally with age, minimum bicaudate nuclei distance, and the square root of 3 brain widths.

Based on the univariate and multivariate analyses, mONSD was speculated to correlate

Table 2. Results of multiple regression analysis, revealing no significant difference between scenario1 and 2. Therefore, decision was made to use scenario 2 in the fur-

ther analysis because of fewer explanatory variables. Scenario 1; explanatory variables include ln(age), A, B, D, AA, BB and DD, Scenario 2; explanatory variables include ln

(age), A, B, D and EE, n; case number, R; correlation coefficient, R2; coefficient of determination, SE; standard error, A: Maximum distance between anterior horn, B: Min-

imum bicaudate nuclei distance, D: Third ventricle distance, AA, BB and DD: corresponding brain width to maximum distance between anterior horn, minimum bicau-

date nuclei distance, third ventricle distance, respectively, EE: a square root of summation for AA2, BB2, and DD2.

(A)

scenario 1 scenario 2

N 400 400

multiple regression R 0.82 0.82

multiple regression R2 0.68 0.67

SE 0.35 0.35

significant F value <0.01 <0.01

(B)

scenario 1 scenario 2

coefficient SE t p value coefficient SE t p value

intercept 1.027 0.21 4.96 <0.01 0.935 0.20 4.67 <0.01

ln(age) 0.153 0.03 5.79 <0.01 0.153 0.03 5.78 <0.01

A 0.007 0.01 1.14 0.25 0.006 0.01 0.97 0.33

B 0.031 0.01 3.42 <0.01 0.029 0.01 3.21 <0.01

D 0.047 0.02 2.36 0.02 0.041 0.02 2.10 0.04

AA 0.002 0.00 0.45 0.65

BB 0.015 0.00 3.92 <0.01

DD 0.006 0.00 1.55 0.12

EE 0.014 0.00 7.56 <0.01

(C)

Total Male Female

N 400 258 142

multiple regression R 0.82 0.83 0.80

multiple regression R2 0.67 0.69 0.64

SE 0.35 0.35 0.34

significant F value <0.01 <0.01 <0.01

https://doi.org/10.1371/journal.pone.0240845.t002

Table 3. Group comparison between control and suspected increased intracranial pressure.

Control siICP p

ln(age) 6.0±1.3 5.7±2.0 0.08

mONSD(mm) 4.4±0.6 5.3±1.1 <0.01

AA(mm) 94.6±10.0 93.9±13.4 0.60

BB(mm) 103.3±12.5 101.6±16.4 0.31

DD(mm) 116.6±13.8 116.0±17.1 0.75

EE(mm) 182.3±20.4 180.7±26.2 0.55

A(mm) 30.9±4.5 33.9±8.3 <0.01

B(mm) 10.8±3.0 15.2±7.5 <0.01

D(mm) 3.8±1.4 6.1±4.2 <0.01

https://doi.org/10.1371/journal.pone.0240845.t003
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strongly to ln(age) and the brain width, and fairly to the ventricular width. To the best of our

knowledge, this is the first report which revealed a relationship between ONSD and the CT

parameters including the width of the brain or the ventricles.

Although a slightly lower coefficient of determination was observed in females than in

males (Table 2C), the F value was still significant. Further studies, including more female

cases, would be needed in the future.

Group comparison between the control and the siICP

As shown in Table 3, there are significant differences between the control and the siICP

regarding mONSD and the width of the ventricles. This suggests that any intracranial lesions

inducing the ICP elevation have, to some degree, ventricular dilatation, which in turn causes

the shift of CSF toward extracranial CSF space such as the subarachnoid space around the

optic nerve. An enlarged ONSD, as a reflection of ICP, is a concept that has been evolving

throughout the past 25 years. The rationale behind this concept is derived from the anatomic

extension of the subarachnoid space underneath the optic nerve sheath and its connection to

the CSF cavities. Increased ICP is, therefore, believed to cause transmission of force through

this space, resulting in distension of the ONSD [6–8].

Several studies have found a correlation between ONSD on ultrasound [1, 2, 16, 17], MRI

[15], CT [18], and ICP measured through traditional monitoring. In the previous studies

which enrolled adult patients with any kind of intracranial pathologies, Robba et al. showed

that ONSD measured on ultrasound had the strongest correlation in predicting increased ICPs

in patients with invasive ICP monitoring [19]. Kimberly and the colleagues revealed in their

study that an ONSD > 5.0 mm had a sensitivity and specificity of 88% and 93% in detecting

ICP> 20 cmH2O in patients with an ICP monitor [20]. Additionally, Raffiz and Abdullah

indicated that the ONSD cutoff of 5.2 mm had a 95% sensitivity and an 80% specificity in pre-

dicting increased ICPs [21]. Kerscher and her colleagues showed the relation of ONSD and

Fig 8. Schematic figure of supervised machine learning and the results, showing accuracy of machine learning application was 94% for training,

and 91% for test. Also it shows the logistic equation obtained, y = 1/(1+e-x), x = -0.89ln(age)+3.50mONSD+0.37D-0.08EE-0.69.

https://doi.org/10.1371/journal.pone.0240845.g008
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ICP in pediatric neurosurgery practice [1, 2]. They indicated that children > 1 year showed a

better correlation between ONSD and ICP, and those< 1 year did worse while infants with

open fontanelle had no correlation. Although our study used clinical signs, such as headache,

nausea/vomit, bulging anterior fontanelle, etc. as indicators for suspected elevated ICP, the

results showed a significance between the control and the siICP. In the previous study con-

ducted by Siddiqui et al. [22], there had a relation with good sensitivity and specificity between

clinical signs of the raised ICP and ultrasonic ONSD measurements.

Prediction of suspected increased ICP with supervised machine learning

Based on the results mentioned above, we tried to use supervised machine learning to classify

the children into 2 groups, intact and siICP, using ln(age) and CT parameters.

The values of ln(age), mONSD, A, B, D, AA, BB, DD, and EE were combined to obtain

maximum accuracy with as few values as possible. Among these values, the analysis revealed

only 4 values, ln(age), mONSD, D, and EE, were the ones for obtaining the maximum accu-

racy. It revealed an accuracy of 94% for training, 91% for test. The logistic equation obtained

was x = -0.89ln(age) + 3.50mONSD + 0.37D − 0.08EE—0.69, probability y = 1/(1+e-x). To the

best of our knowledge, our study presents the first to predict suspected increased ICP in chil-

dren using an AI, especially supervised machine learning. When inserting ln(age), mONSD,

D, and EE obtained from CT of the head in the child whom we would like to know whether he

or she may have suspected increased ICP into the equation, it automatically reveals a probabil-

ity of suspected elevated ICP with high accuracy. This study indicated that the supervised

machine learning could be used to predict suspected increased ICP in children. Although

machine learning-based systems are powerful technologies as mentioned above, they should

not replace the clinical judgment of physicians and medical teams [11–14]. The ideal role of

these systems is as a data-driven input to the surgical decision-making process, designed to

solve focused problems such as predicting the risk of increased ICP in this study. The question

to consider in neurosurgery is what would be when a neurosurgeon trusts on the guidance of a

machine learning-driven clinical decision support system and the patient suffers an unexpect-

edly poor outcome. A support system regarding clinical decisions must only be used by profes-

sionals and should be just one of many inputs to the decision-making process. To maximize

safety, machine learning models should be developed according to a robust process [11].

Limitation of this study

In terms of demographic characteristics, the number of female children was relatively small

compared to the number of male children. Therefore, this issue may affect the average age

(Table 1) or the interpretation of the results of this study. Better age management would be

needed in future studies, especially for females. Validation was not included in this study and

future studies will need to be prospective. Finally, studies in the future will clarify a relationship

between mONSD and invasively measured ICP. However, because the present algorithm

included elements of age and mONSD, machine learning was accurately able to predict the

suspected elevated ICP.

Although ultrasound has been used to measure ONSD, its advantages include ease of use at

the bedside and in the emergency room and no radiation exposure. On the other hand, a dis-

advantage is that there are the interobserver and intraobserver errors. Because the main focus

of this study was to reveal the relationship between ONSD and the brain, the head CT was

used. However, there is the possibility of performing an ultrasound technique with standard-

ized A-scan technology and a "30 degree test" that can be used to obtain more accurate
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measurements of the optic nerve sheath [23]. The ONSD measured using this technique will

be compared to the ONSD in our study in the future.

Conclusion

This study clarified three issues regarding mONSD and suspected elevated ICP. First of all,

this study revealed a linear correlation of mONSD measured on CT with ln(age) and the width

of the brain, not the width of the ventricles in 400 normal children based on the univariate

analyses. Additionally, the multivariate analyses revealed minimum bicaudate nuclei distance

was also associated with mONSD. Second of all, measurement of the parameters including

ONSD on CT showed that ONSD and the width of the ventricles were statistically significant

in children with signs of elevated ICP as compared with control children. Finally, the study

showed that machine learning could be used to predict children with suspected increased ICP.
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