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Pneumocephalus and air travel:
an experimental investigation
on the effects of aircraft cabin
pressure on intracranial pressure

Ee Lim?, Boon Leong Lan'2, Ean Hin Ooi*?*! & Hu Liang Low>*

This study investigates the effects of aircraft cabin pressure on intracranial pressure (ICP) elevation

of a pneumocephalus patient. We propose an experimental setup that simulates the intracranial
hydrodynamics of a pneumocephalus patient during flight. It consists of an acrylic box (skull), air-filled
balloon [intracranial air (ICA)], water-filled balloon (cerebrospinal fluid and blood) and agarose gel
(brain). The cabin was replicated using a custom-made pressure chamber. The setup can measure the
rise in ICP during depressurization to levels similar to that inside the cabin at cruising altitude. AICP,
i.e. the difference between mean cruising ICP and initial ICP, was found to increase with ICA volume
and ROC. However, AICP was independent of the initial ICP. The largest AICP was 5 mmHg; obtained
when ICA volume and ROC were 20 ml and 1,600 ft/min, respectively. The postulated ICA expansion
and the subsequent increase in ICP in pneumocephalus patients during flight were successfully
quantified in a laboratory setting. Based on the quantitative and qualitative analyses of the results, an
ICA volume of 20 ml and initial ICP of 15 mmHg were recommended as conservative thresholds that
are required for safe air travel among pneumocephalus patients. This study provides laboratory data
that may be used by doctors to advise post-neurosurgical patients if they can safely fly.

Craniotomy refers to the surgical removal of a portion of the skull to gain access to the contents of the intracra-
nial cavity. The procedure usually involves exposing the brain after opening its membranous coverings', which
inevitably expose the human brain to surrounding air. Varying amounts of air within the intracranial cavity (ICA)
(known as pneumocephalus) remain after craniotomy?. In most cases, pneumocephalus is not life-threatening
as the ICA is normally absorbed into the systemic circulation over a period of several weeks®=°. Safety concerns
arise when patients with pneumocephalus engage in air travel before the ICA is fully absorbed.

Air safety regulations require cabins of commercial aircraft to be pressurized to a standardized minimum of
75 kPa, which is approximately 75% that of atmospheric pressure at sea level (101.3 kPa), at cruising altitude®”.
Consequently, during air travel, the ambient pressure may be as much as 25 kPa lower than the initial pressure
of the ICA, which is at 101.3 kPa. According to Boyle’s law, the difference in pressure between the aircraft cabin
and the ICA would result in an increase in the ICA volume, as the ICA expands to equilibrate with the cabin
pressure. The expansion, which takes place inside the rigid cranium, may cause cerebral compression that can
lead to elevations in the intracranial pressure (ICP). A mild increase in ICP is tolerable. However, if the increase in
ICP is too large, cerebral herniation may occur, which severely endangers the life of the pneumocephalus patient.

In spite of the potential life-threatening event, pneumocephalus and air travel safety remains a controversial
topic®. Cases of post-neurosurgical patients embarking on commercial air travel have been recorded in the past.
However, the conclusion drawn on the severity of pneumocephalus during air travel varies among the different
cases. For instance, Beda et al.’ reported on a parietotemporal craniectomy patient who developed deteriorating
neurological condition and confirmed intraparenchymal pneumocephalus after embarking on air travel. Chue
et al.8 reported on the development of extensive pneumocephalus in a facial trauma patient who engaged in air
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travel post-injury. However, there were no reported neurological symptoms. Sweni et al.'’ reported on the case
of a patient, who underwent cervical epidural injection, developing pneumocephalus after a 630 mile flight. The
same authors also reviewed six cases of air travel-related pneumocephalus between 1991 and 2011. However,
only one case was found to relate to the possible expansion of pre-flight pneumocephalus at cabin pressure.
Wilson et al.'! reported no safety issues in a patient with pre-flight pneumocephalus who embarked on a 45 min
commercial air travel, while Donovan et al.!? found no safety risks in the air evacuation of 21 wounded soldiers
with pre-flight pneumocephalus.

The lack of clarity on air travel safety among post-operative neurosurgical patients is further demonstrated
by the absence of consensus amongst neurosurgeons when addressing post-neurosurgery air travel. A survey
conducted by Amato-Watkins et al.”® revealed that 5 out of 66 neurosurgeons were against air travel after neuro-
surgery, with the remaining 61 recommending an air travel restriction period ranging from 2 to 8 weeks'’. The
UK Civil Aviation Authority recommends that patients avoid flying in the first week after intracranial surgery".
A survey conducted by Seth et al.? on 17 commercial airlines revealed that only three of them were able to provide
detailed advice on whether post-craniotomy patients should embark on air travel.

There is presently no consensus amongst medical professionals and the airline industry on when patients
can safely fly after cranial surgery, especially when pneumocephalus is present. Much of the advice used by the
industry and the medical profession is not evidenced-based and relies on case reports, cranial CT scans in
symptomatic patients following flights or mathematical models'. This is not surprising given the difficulties of
performing in-flight brain imaging or ICP monitoring, which has prompted calls for more research into this
topic®'®. There is currently insufficient information to show a direct correlation between the volume of intracra-
nial air and changes in intracranial pressure during air travel. In this paper, we seek to answer the questions by
developing a laboratory model that simulates a flight cabin, the human brain and skull. Through this model, we
seek to demonstrate the effects of varying initial ICA volume, initial ICP and rate of change of external pressure
on the ICP in the presence of pneumocephalus.

Hydrodynamics of intracranial pressure

Intracranial pressure is defined as the pressure within the human skull and is commonly used as a measure of
pressure in the brain and the cerebrospinal fluid (CSF). A healthy ICP ranges from 7 to 15 mmHg when the
individual is in the supine position'®. An ICP of 20 mmHg is considered to be abnormal and anything beyond
25 mmHg usually requires immediate medical attention'”. Unfortunately, a general ICP threshold for cerebral
herniation does not exist, although some studies have suggested that cerebral herniation may occur at ICP as
low as 20 mmHg depending on the physiology of the patient'®. ICP measurement can be performed invasively
and non-invasively'*?. Invasive methods are more accurate, with ICP monitoring via catheters placed in the
lateral ventricles being the ‘gold standard’ for measuring ICP.

The hydrodynamics of ICP may be explained with the aid of a simplified schematic of the human head, which
consists of the cranium, the ventricular system (lateral, third and fourth ventricles), the subarachnoid space, the
brain tissue, the vascular system within the brain and in patient with pneumocephalus, the ICA. The schematic
is illustrated in Fig. la. CSF is produced by the ventricular system, which flows from the lateral ventricles into
the third ventricle and then the fourth ventricle. From here, the CSF flows into the subarachnoid space, which
helps to cushion and protect the brain from the rigid cranium.

Hydrodynamically, the intracranial system of a healthy individual can be simplified into three components,
i.e. brain, CSF and blood?'. In a pneumocephalus patient, a fourth component, the ICA, is present. This is shown
in Fig. 1b. According to the Monro-Kellie doctrine, the sum of volume from each component must remain con-
stant. In other words, an increase in volume in any one of the components will result in an equivalent decrease
in volume in the others. In the case of a pneumocephalus patient embarking on air travel, the expansion of ICA
in response to the smaller cabin pressure will lead to a decrease in the volume of the brain, the CSF and blood,
which subsequently raises the ICP. The process generally involves the displacement of CSF and blood from the
cranium in order to compensate for the increase in ICA volume, such as shown in Fig. 1c.

Materials and methods

Experimental setup. The pressure chamber. A custom-made pressure chamber (see Fig. 2a) was con-
structed to replicate the aircraft cabin. The pressure chamber was constructed from acrylic of thickness 5 mm,
with diameter and height of 350 and 300 mm, respectively. The top lid of the pressure chamber was connected
to a peristaltic pump (CATALYST FH100, Cole-Palmer) that was used to depressurize the chamber from at-
mospheric pressure (101.3 kPa) to cabin pressure at cruising altitude (75 kPa). An analog pressure gauge was
installed to monitor the pressure inside the chamber.

The cranium model. The cranium was modelled using an acrylic box measuring 120 mm in width, height and
depth. The dimensions were chosen so that the box has sufficient capacity to contain the brain model (see “The
brain model” section), the ICA model (see “The ICA model” section) and the CSF model (see “The CSF model”
section).

The brain model. To avoid complications in handling actual brain tissues, 0.4% agarose gel (1st BASE, BIO-
1000) was used as a substitute (see Fig. 2a). In particular, the 0.4% concentration was chosen as it has been shown
to exhibit mechanical properties that are similar to that of human brains??. The volume of human brain can range
from 1,052.9 to 1,498.5 cm?® among men and from 974.9 to 1,398.1 cm? among women?®. The volume of agarose
gel employed in the present study varies depending on the volume of the ICA model (see “The ICA model” sec-
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Figure 1. Hydrodynamics of intracranial pressure. (a) Schematic of intracranial system of a pneumocephalus
patient, (b) model of the four compartments of the intracranial system in a pneumocephalus patient, (c)
expansion of ICA (red arrows) that leads to ventricle compression (green arrows) and CSF flow (black arrows).
CSF is contained in both the ventricular system and the sub-arachnoid space.

tion), but falls within the range of approximately 1662 to 1702 cm?’. This is acknowledged to be slightly larger
than the range reported in the literature but was deemed to be acceptable for the purpose of the present study.

The ICA model. Post-craniotomy ICA are commonly found in the subdural space over the frontal lobe or
lobes?. In order to control the volume of ICA and its position within the cranium model, an air-filled latex bal-
loon (see Fig. 2a) was used to model the ICA. The volume of the inflated balloon represents the volume of ICA.
Since the shape of the cranium was not taken into consideration in the present study (see “The cranium model”
section), it was assumed that the frontal lobe coincided with the lid of the cranium model. Hence, the air balloon
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Figure 2. The experimental setup employed in the present study. (a) Schematic of the setup depicting the
air balloon, water balloon and digital pressure gauge. (b) Actual experimental setup. (c) Model of the human
cranium (black arrows indicate the grooves cut into the top lid).

was positioned at the centre and just beneath the lid of the cranium model. Four grooves were cut into the lid
of the acrylic box, such as shown in Fig. 2¢, in order to allow the ICA to react with the changes in air pressure
inside the pressure chamber.

The CSF model. 'The component representing the CSF in the experimental setup plays a vital role during the
experiments, as it is also used to obtain the ICP. The CSF model was constructed using a water-filled balloon
that was fitted to the cranium model approximately 65 mm from the base (Fig. 2a). The subarachnoid space
between the brain and the cranium was not considered in the present setup; hence, all the CSF was assumed to
be contained inside the ventricular system, which is modelled by the aforementioned water balloon. The balloon
was filled with 16 ml of water, which approximated the volume of CSF inside the lateral ventricles of a normal
middle-aged male adult®.

Outside of the cranium model, the water balloon was connected to a “T’-shaped joint, where one end was
connected to a highly sensitive digital pressure gauge (WIKA CPG1500) with a measuring range of 75 mmHg and
a precision of +0.015 mmHg, while the other end was connected to a syringe via a valve (Fig. 2a). The ICP was
represented by the hydrodynamic pressure of the water balloon, which was measured using the digital pressure
gauge. Different initial values of ICP were replicated by pressurizing the water balloon using the syringe. The
valve allowed the syringe to be detached from the “I’-joint without affecting the pressure inside the water balloon.
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Hydrodynamics of the experimental setup. The setup was designed specifically to replicate the hydrodynam-
ics of ICP within the intracranial system. As the pressure chamber is depressurized to 75 kPa, the air balloon
expands according to Boyle’s law. Since all compartments are contained inside the rigid skull, the expansion of
air balloon compresses the agarose gel and subsequently the water balloon. Compression of the water balloon
causes water to displace out of the skull, which is then recorded as a rise in ICP using the digital pressure gauge.
It was not possible to measure the pressure of the brain model with the current setup. This is because the gel was
used solely to transmit the force due to the expansion of ICA to the CSF model.

Experimental procedure. The experiment begins with the setup of the CSF model, where the water bal-
loon was pressurized using the syringe until the desired pressure, which was read from the digital pressure gauge,
was reached. The pressure of the water balloon represented the initial ICP.

Agarose gel at 0.4% concentration was then prepared by mixing 7.6 g of agarose gel powder into 1.9 L of
water. The mixture was brought to a boil and then placed in a water bath at room temperature for cooling under
constant stirring. Once the temperature has dropped to approximately 40 °C, the mixture was poured into the
cranium model. The air balloon that has been inflated to a pre-determined volume was then placed onto the
liquid agarose gel mixture and the lid of the box was carefully secured, displacing some agarose gel mixture in
the process. Care was taken to ensure that the air-filled balloon remained positioned at the centre of the box and
that no air pockets were trapped between the gel and the lid. The mixture was then allowed to set for a minimum
of 18 h with the air balloon in place.

The setting process was found to cause slight deviations in the initial ICP from the intended value. As the
effect was unavoidable and efforts to compensate for the deviation by pressurizing or depressurizing the water
balloon after the gel has set led to unfavourable outcome, it was decided that deviation in the initial ICP that was
greater than 25% was unacceptable, in which case, the setup was discarded.

Once the gel has set, the syringe was detached from the water balloon and the rest of the setup was carefully
transferred into the pressure chamber, where it was depressurized to 75 kPa at a fixed flowrate using the peristaltic
pump. The depressurization represents the ascension of the aircraft from sea level to cruising altitude. At 75 kPa,
the pump was stopped and the pressure inside the chamber was held constant for 5 min. This represented the
cruising phase of the aircraft. After 5 min, the vacuum chamber was pressurized back to sea level at the same
flowrate as depressurization and held at that pressure for a further 90 s before the experiment was terminated.
During the entire experiment, readings from the digital pressure gauge were recorded at 5 min interval.

Each experiment was carried out three times, where the recorded ICP values were averaged prior to further
analysis.

Experimental parameters. The effects of three different parameters on the expansion of ICA and the rise
in ICP were investigated in the present study. These parameters are the ICA volume, the rate of climb (ROC) of
the aircraft and the initial ICP.

ICA volumes reported among pneumocephalus patients vary depending on various factors and circumstances.
A medical report by Donovan et al.!? presented a case study of 21 pneumocephalus patients with ICA volumes
ranging from 0.6 to 42.7 ml, indicating its huge variability. Accordingly, five values of ICA volume that cover the
aforementioned range of ICA volumes were investigated, i.e. 10, 15, 20, 30, 40 and 50 ml.

The aircraft ROC is defined as the rate of ascension of the aircraft from sea level to cruising altitude and is
usually expressed in ft/min. ROC influences the rate of change of the cabin pressure, which in the present study,
is represented by the rate of change of the pressure inside the pressure chamber from 101.3 kPa (sea level) to
75 kPa (cruising altitude). The ROC of commercial aircrafts during a typical flight varies depending on factors
such as weight, type and speed of the aircraft. According to the Aeronautical Information Manual (https://www.
faa.gov/atpubs), the climb should be performed at an optimum rate consistent with the operating characteristics
of the aircraft from sea level to 1,000 ft, after which the ROC should be between 500 and 1,500 ft/min until the
assigned altitude is reached. In order to simplify and to relate the rate of change of pressure inside the pressure
chamber to the ROC, the latter was assumed to be constant so that the rate of depressurization of the pressure
chamber from 101.3 to 75 kPa was also constant. ROC values of 960 and 1,600 ft/min were investigated in the
present study as they approximately represent the median and the upper limits of the operational ROC of com-
mercial aircrafts. ROC of 960 and 1,600 ft/min were achieved by operating the peristaltic pump at operating
speeds of 250 and 400 rpm, respectively.

Normal ICP in adults can range from 5 to 15 mmHg, depending on factors such as age and pre-existing medi-
cal conditions'®*-2%, Hence, five initial ICP values, given by 5, 10, 15, 20 and 25 mmHg, were investigated in the
present study. Values of 20 and 25 mmHg were selected to replicate conditions of mild intracranial hypertension.

Results

Transient ICP response. Figure 3a, c plot the transient ICP responses obtained at ROC of 960 and 1,600 ft/
min, respectively for ICA volumes of 10, 15 and 20 ml and an initial ICP targeted at 15 mmHg. As pointed out
in “Experimental procedure” section, the process of setting the agarose gel around the CSF model led to slight
variations in the actual initial ICP readings. Values of the actual initial ICP are summarized in Table 1, which are
also reflected by the different starting ICP points in Fig. 3a, c.

The plots in Fig. 3a, c may be divided into three stages that corresponded to the three stages of flight, i.e. the
ascending, cruising and descending stages. The start of the ascending stage was accompanied by a drop in ICP
(see black arrows) for approximately 60 s. This was followed by a steady rise in ICP until the cruising stage, where
the ICP throughout remained almost constant. The start of the descending stage saw a spike in ICP (see red

SCIENTIFIC REPORTS |

(2020) 10:13626 | https://doi.org/10.1038/s41598-020-70614-w


https://www.faa.gov/atpubs
https://www.faa.gov/atpubs

www.nature.com/scientificreports/

a. b.
ROC =960 ft/min 25 ROC = 960 ft/min (shifted)
25 |—F—10ml ! ! 1 —10ml ! '
—F—15ml ! ! —15ml ! '
20 ml ! ! 20 ml ! '
1 \ 1 1
1 20 1 1
20 1 1 [ ha
) I‘F S l
T oty T
E | E 1
1 |
E s | . E 15 119 =
o 1 1 BI!_ o \ 1
o 1 ] I o 118
1 ] 1 /\ﬁ
1 1 L 117
10 ‘ : 10 ; [J\
1 1 116 T
| | | 500 600, 700 800
ascending : cruising : descending ascending : cruising : descending
5 . . : ' 5
0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200
time (s) time (s)
C. . d. S
30 ROC = 1600 ft/min 30 ROC = 1600 ft/min (shifted)
—+—1om| ! ! —toml| ! '
—F—15mi| ! ! —15mi| ! !
20mf ! \L 20m| ! !
25} : ; 25 : : A
I I I 1//\
—_ 1 J —_ | | \
(o 1 > I [}
T 20} T 20
E | 5w E 1
§— 1 3 é
o “f1 1 o 20 —
G 15 : : I 3 15 )
1 1 1 18(
} 1 |
10 4 ' ! 10\ 116
1 1 1
! ! I 300 400 's00 600
ascending ! cruising ! descending ascending | cruising ' descending
5 5 : : :
0 200 400 600 800 0 200 400 600 800
time (s) time (s)

Figure 3. Transient ICP response at ICA volume of 10, 15 and 20 ml. (a) ROC=960 ft/min, (b) ROC=960 ft/
min after data oset, (¢) ROC=1,600 ft/min, (d) ROC=1,600 ft/min after data offset for a targeted initial ICP of
15 mmHg. Inset: Enlarged view of the ICP response during cruising stage.

arrows) that was followed swiftly by a decrease until the ICP returned to its initial value, after which it remained
steady until the end of the experiment.

The drop and the rise in ICP immediately following the ascending and descending stages were not expected of
the ICP response, as one would assume the ICP to only increase during the ascending stage and to only decrease
during the descending stage. Upon further investigation, these anomalies were found to be experimental arte-
facts due to the partial exposure of the gel surface (see “The ICA model” section) to the pressure changes inside
chamber and the use of the highly sensitive digital pressure gauge for recording the ICP. This will be discussed
further in “Discussions” section. On the other hand, the observation that ICP during the cruising stage remained
almost constant suggests that the aforementioned experimental artefacts have very little influence over the ICP
reading when pressure inside the chamber is held steady. This allowed proper and reliable analysis to be carried
out on the data during the cruising stage, which is of primary interest in the present study, as the ICP readings
during the cruising stage corresponded to the stage when the cabin pressure is at its lowest.

Effects of ICA volume =20 mland ROC. The plots in Fig. 3a, ¢ do not depict clearly the influence of ICA
volume and ROC on ICP due to the slight variation in the actual initial ICP. For better visualization, the data
used for plotting Fig. 3a, c were offset so that the initial ICP coincided with the target initial ICP of 15 mmHg.
These revised plots are shown in Fig. 3b, d for ROC of 960 and 1,600 ft/min, respectively. A larger ICA volume
led to a more rapid increase in ICP during the ascending stage, as indicated by the different slopes. Similarly,
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ICA volume (ml)
Response (mmHg) 10 15 20
ROC=960 ft/min
Actual initial ICP 17.10£0.18 | 12.88+0.02 | 14.64+0.16
Mean ICP at cruising 19.40+£0.36 | 15.65+0.19 | 18.04+0.22
AICP 2.30+0.54 2.77+0.21 3.40+0.38
ROC=1,600 ft/min
Actual initial ICP 16.60+£0.05 | 14.22+0.12 | 13.45+0.05
Mean ICP at cruising | 18.75+£0.68 | 17.55+0.10 | 18.45+0.33
AICP 2.15+£0.73 3.33+£0.22 5.00+£0.38

Table 1. Summary of ICP responses at a targeted initial ICP of 15 mmHg. AICP =mean ICP at
cruising — actual initial ICP.
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Figure 4. Plot of AICP against ICA volume at ROC of 960 and 1,600 ft/min and targeted initial ICP of
15 mmHg.

larger ICA volumes led to larger overall ICP during the cruising stage. The ICA volume did not appear to have
any significant effect on the rate of ICP decrease during the descending stage.

Values of the ICP averaged over the 5 min cruising stage (ICP;.) and the difference between ICP,,;. and the
actual initial ICP (AICP) are summarized in Table 1. At ROC of 960 ft/min, an increase in ICA volume from 10 to
15 ml and from 15 to 20 ml led to 20.4 and 22.7% increase in AICP, respectively. Corresponding values obtained
at ROC of 1,600 ft/min were 54.8 and 50.2%. Figure 4 plots the values of AICP against ICA volume obtained
for ROC of 960 and 1,600 ft/min. Except for the case when ICA volume was 10 ml, a higher ROC resulted in a
larger AICP. Nevertheless, the overlapping error bars observed for ICA volume of 10 ml could suggest that the
difference in AICP obtained for ROC of 960 and 1,600 ft/min is inconclusive. At 15 and 20 ml, the values of
AICP obtained at ROC=1,600 ft/min were 16.8 and 32% larger than those obtained at ROC =960 ft/min. The
observations that AICP increased with ICA volume and ROC agree with the theoretical predictions made using
the mathematical model of Andersson et al.'*.

The plots illustrated in Fig. 3a, ¢ along with the data presented in Table 1 showed that ICP,,;,. did not exceed
the 20 mmHg threshold of what is considered to be abnormal ICP. This may be due to the small variation in the
actual initial ICP that may have influenced ICP,, .. For instance, a value of AICP =5 mmHg was obtained at
ROC=1,600 ft/min and ICA volume of 20 ml. However, the value of ICP,, ;.. obtained was only 18.45 mmHg
since the actual initial ICP was 13.45 mmHg. If AICP is independent of initial ICP, then the cruising ICP would
have exceeded the 20 mmHg threshold in the event the initial ICP was 15 mmHg or greater.

Effects of ICA volume=30 ml. The results presented in “Transient ICP response” and “Effects of ICA vol-
ume < 20 ml and ROC” sections have not included the data obtained for the cases when the ICA volumes were
set to 30, 40 and 50 ml. This is due to the inconsistent responses observed among individual experiments from
these cases. Figure 5 plots the transient ICP responses obtained at ROC of 960 and 1,600 ft/min, respectively for
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Figure 5. Transient ICP responses obtained for ICA volumes of 30, 40 and 50 ml, targeted initial ICP of
15 mmHg and ROC of a 960 and b 1,600 ft/min.

ICA volumes of 30, 40 and 50 ml and a targeted initial ICP of 15 mmHg. The trends observed were similar to
those seen in Fig. 3a, c. However, the standard errors (particularly in the case of ROC =960 ft/min) were larger
and the overlaps among the different ICA volume indicated huge variability and poor reliability of the data
collected. Moreover, the ICP showed a progressive decline during the 5 min cruising stage, unlike in Fig. 3a, c,
where the ICP was almost constant.

Upon further examination, it was found that cracks formed across the surfaces of the agarose gel where the
air balloon was situated. This is illustrated in Fig. 6a—c, where the cracks can be identified by the red strips (see
black arrows) that were present after dyed water was swiped across the surface of the gel post experiment. In
contrast, the absence of these cracks was apparent in the experiments performed for ICA volume of 10, 15 and
20 ml (see Fig. 6d for the 10 ml case). The formation of these cracks suggests that the expansion of the air balloon
was so large that the stress on the agarose gel was sufficiently high to cause it to crack. The presence of cracks
increases the total surface area that is in contact with the air balloon. Under constant expansion force, this leads
to a drop in the stress experienced by the gel (stress =force/area) and less compression on the water balloon. This
may explain the gradual drop in ICP,, ., which is likely caused by the continuous propagation of cracks. The
process of crack formation and propagation within the gel may have contributed to the large standard errors of
the ICP reading seen in Fig. 5.

Table 2 summarizes the ICP responses obtained from the experiments performed for ICA volumes>30 ml.
Mean values of the peak ICP obtained during the cruising stage (ICP,,) are also presented. Values of AICP
obtained at ICA volumes of 30, 40 and 50 ml were at least two times larger than those found for ICA volumes of
10, 15 and 20 ml for the same ROC. However, the trend where AICP increases with ICA volume was not observed
for ICA volumes of 30, 40 and 50 ml. Values of AICP at ROC of 960 ft/min were found to be larger than those
at ROC of 1,600 ft/min, which was opposite to what was found for the cases when ICA volumes were smaller
than 30 ml. It is important to note on the uncertainties that arose from the formation of cracks in the agarose gel
during the experiments, which may have influenced the pressure readings and subsequently the interpretation
of the data in Table 2.

Effects of initial ICP. The effects of initial ICP on the transient ICP response were investigated for initial
ICP values set to 5, 10, 15, 20 and 25 mmHg. The ROC was set to the median value of 960 ft/min. The ICA vol-
ume in this case was fixed at 20 ml, as this volume has been determined to lead to the largest AICP (see “Effects
of ICA volume < 20 ml and ROC” section). Consequently, the results obtained in this section would represent
the worst-case-scenario for AICP. Conversely, ICA volume of 30 ml or greater was not considered due to the
uncertainties arising from the formation of cracks (see “Effects of ICA volume > 30 ml” section).

Figure 7 plots the transient ICP responses obtained, while a summary of the ICP responses is presented in
Table 3. As in the earlier cases, the actual initial ICP deviated slightly from the targeted initial ICP due to the
setting of agarose gel. It was found that a larger initial ICP led to larger values of ICP,, ;... However, values of
AICP did not appear to be influenced by initial ICP. From Table 3, one may observe that the values of ICP,, .
did not exceed the abnormal threshold of 20 mmHg in cases where the initial ICP was 15 mmHg and smaller.
On the other hand, initial ICP of 20 and 25 mmHg resulted in abnormal ICP.,. values. Variation of ICP,, .
and AICP against the actual initial ICP are shown in Fig. 8a, b, respectively, where first order polynomials were
fitted to the data of ICP,,;,. and AICP. There was strong and significant correlation between ICP,, ;. and ini-
tial ICP (R?=0.9995, p=4.7 x 10°°), while the correlation between AICP and initial ICP was moderate but not
statistically significant (R?=0.5214, p=0.17). Using the equation of linear fit shown in Fig. 8a, it is possible to
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a. 30 ml b. 40 ml

c. 50 ml d. 10 ml

Figure 6. Evidences of cracks (black arrows) on the surface of the agarose gel following expansion of ICA
volumes of (a) 30, (b) 40 and (c) 50 ml. Absence of cracks for ICA volume of 10 ml shown in panel (d). Blue
arrow indicates pool of red water collected on the surface of gel, while green arrow points to the crater formed
by the air balloon.

ROC=960 ft/min

Actual initial ICP 13.21£0.07 |16.39+0.15 | 16.76+0.16
ICP,yise 19.47+0.44 |21.25+0.35 | 22.89+0.91
Mean peak ICP at cruising | 20.15+1.58 | 21.87+0.58 | 24.47+1.82
AICP 6.26+0.51 | 4.86+0.50 | 6.13+1.07
ROC=1,600 ft/min

Actual initial ICP 16.49+0.15 |15.78+0.03 | 15.97+0.03
ICP,yice 21.39+0.37 |20.22+0.57 | 20.96+0.45
Mean peak ICP at cruising | 21.99+1.29 |20.54+0.35 | 21.61+0.95
AICP 4.90+£0.52 | 4.44+0.60 | 4.99+0.48

Table 2. Summary of the ICP responses at a targeted initial ICP of 15 mmHg and ICA volumes of 30, 40 and
50 ml.

estimate the critical value of initial ICP that will result in ICP,, . that exceeds the 20 mmHg threshold of what
is considered to be abnormal ICP. Hence, for a pneumocephalus patient with 20 ml of ICA who is travelling in
an aircraft with ROC of 960 ft/min, an initial ICP of 16.45 mmHg or more would have resulted in ICP_, . to
approach levels that are considered to be abnormal. On the other hand, an initial ICP greater than 21.56 mmHg,
which has already breached the unhealthy threshold, may lead to conditions that require immediate medical
assistance (ICP >25 mmHg).
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Figure 7. Transient ICP responses for targeted initial ICP of 5, 10, 15, 20 and 25 mmHg obtained for ICA
volume of 20 ml and ROC of 960 ft/min.

Targeted initial ICP (mmHg) | Actual initial ICP (mmHg) | Mean ICP at cruising (mmHg) | AICP (mmHg)
5 3.81+0.30 7.62+0.06 3.81+0.36
10 8.52+0.15 12.16£0.07 3.64+0.22
15 14.04+0.32 17.70+0.07 3.66+0.39
20 20.06+0.20 23.85+0.10 3.76+0.30
25 25.68+0.16 28.88+0.20 3.12+0.36

Table 3. Summary of the ICP responses for different initial ICP at ICA volume of 20 ml and ROC =960 ft/
min.

Discussions

An experimental setup that investigates the expansion of ICA and its role in ICP elevation in a pneumocephalus
patient during air travel was proposed in the present study. The setup utilizes a custom-made pressure chamber
to recreate the reduced pressure environment inside the cabin of a flying aircraft, while the hydrodynamics of
ICP was replicated using agarose gel for the brain, water for the CSF and balloon for the ventricles. Using the
proposed experimental setup, we demonstrated for the first time the effects of air travel on pneumocephalus
patients, which prior to this, were postulated based on Boyle’s law and the Monro-Kellie doctrine. In particular,
observations made during the experiments supported the theory that the reduced pressure of aircraft cabins
during flight can lead to expansion of ICA and the subsequent elevation in ICP.

Results from the experimental study indicated that the increase in ICP during cruising depended on the
ICA volume and the ROC, but not significantly on the initial ICP. In particular, a larger ICA and a higher ROC
resulted in higher elevations in the ICP. These behaviors complemented the predictions made by Andersson
et al." using a hydrodynamics model of the intracranial system that also incorporated the presence of ICA.
There was however, poor quantitative match between the experimental findings from the present study and the
mathematical predictions of Andersson et al.'*. For instance, the present study obtained an increase in ICP in
the range of 2.3-3.14 mmHg at ROC of 960 ft/min, while the model of Andersson et al."* predicted an increase
that ranges from 5.1 to 19.2 mmHg at ROC of 1,000 ft/min. This discrepancy may be due to the underlying
assumption of the model of Andersson et al.', which assumed the pressure inside the ICA to equilibrate with
the surrounding cabin pressure!®. In other words, the model assumes the ICA to expand until its pressure is
equivalent to that of the cabin. This assumption is not entirely correct, as the stiffness of the agarose gel (brain)
and the resistance from the water balloon (CSF contained inside the ventricle system) are likely to restrict the
amount of expansion of the ICA.

Based on the analysis carried out in “Effects of initial ICP” section, it was determined that an initial ICP of
16.45 mmHg is required for ICP,,, to breach the 20 mmHg safe limit, which is applicable for ICA volume of
20 ml and ROC of 960 ft/min. Assuming that the independence between AICP and initial ICP is valid also for

SCIENTIFIC REPORTS |

(2020) 10:13626 | https://doi.org/10.1038/s41598-020-70614-w



www.nature.com/scientificreports/

d.

30 - r T T 4.2
y = 0.9772x + 3.927 _
R2 = 0.9995 4
25
3.8
2 S
E 20/ T 36|
E E ~1 .
ki :3 4 \
g 151 9 3.2}
o .
5 <
| 3| y=-0.0228x + 3.927
2 =
,g| RZ=0.5214
5 ‘ ‘ ' 2.6 ‘ ‘ : ‘ :
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Initial ICP (mmHg) Initial ICP (mmHg)

Figure 8. Plots of (a) ICP,,;,. against the actual initial ICP and (b) AICP against the actual initial ICP for ICA
volume of 20 ml and ROC of 960 ft/min.

ICA volumes of 10 and 15 ml, then the initial ICP required for ICP. to breach 20 mmHg would have been
larger than 16.45 mmHg since the AICP for these volumes were smaller than that for 20 ml (see Table 1).

A similar argument can be made for the case when ROC =1,600 ft/min. From Table 1, the AICP obtained for
ICA volume of 20 ml and ROC = 1,600 ft/min is 5 mmHg. Hence, the required initial ICP to breach the 20 mmHg
safe limit would be 15 mmHg, while smaller ICA volumes would elevate the required initial ICP. For ROC that
are smaller than 960 ft/min, the initial ICP that is safe for air travel is expected to be larger than 16.45 mmHg
based on the finding that AICP decreases with decreasing ROC. Hence, one may deduce from this analysis that
the conservative threshold of initial ICP for a pneumocephalus patient to safely embark on air travel is 15 mmHg
or lower for ICA volume of 20 ml or smaller regardless of the ROC.

The formation of cracks across the surface of agarose gel reported in “Effects of ICA volume > 30 ml” section
suggests that it may not be safe for pneumocephalus patients with ICA volumes of 30 ml or larger to embark on
air travel, as this may lead to complications due to elevated ICP and cerebral herniation. Large expansion of ICA
may also lead to more severe neurological disorders such as epilepsy* and focal neurological deficits, depending
on the location of the ICA within the brain®**!. Although the experiments performed in “Effects of ICA volume
<20 ml and ROC” section were limited only to 15 mmHg, the 30 ml threshold for unsafe travel applies also to
other values of initial ICP. This is due to AICP being dependent only on the degree of ICA expansion (Boyle’s
law) and not the initial ICP. On the other hand, air travel is likely to be safe for patients with ICA volumes of
20 ml or smaller if the initial ICP is 15 mmHg or smaller.

It is noteworthy that the aforementioned recommendation represents only a conservative estimate, i.e. a
cautious representation of the actual threshold due to the present experimental model not accounting for the
more complex CSF circulation system. The actual threshold may be much higher as the near-spherical shape of
the air balloon resulted in a low surface area of contact between the balloon and the gel, which allowed the gel
to crack more easily. In reality, the shape of ICA varies, which may induce different physical responses within
the brain. Realistically, adverse neurological effects may occur even at ICP that is lower than 25 mmHg. For
example, cerebral herniation may occur at ICP as low as 20 mmHg under certain circumstances, such as in the
presence of a temporal mass lesion'®. Therefore, the aforementioned recommended threshold of ICA volume
and initial ICP for safe air travel is based solely on the effects of ICA expansion and may not be applicable if the
patient has other medical complications.

During the experiments, a rapid drop and a rapid rise in ICP were recorded during the initial ascending
and descending stages, respectively. This was determined to be a combination of the partial exposure of the gel
surface to the ambient air and the use of the highly-sensitive digital pressure gauge. As the air is pumped out of
the pressure chamber, the weight (mass) of the air that is acting on the gel through the area of partial exposure
decreases. This causes the initial drop in the ICP reading that was picked up by the highly-sensitive pressure
gauge. Since air is contained inside the latex balloon, the expansion must overcome the resistance from the bal-
loon elasticity before any force can be exerted onto the water balloon to increase its ICP. A similar explanation
applies for the rise in ICP during the initial stages of descending.

Some limitations to the present study must be highlighted in order for them to be addressed in future studies.
Firstly, the intracranial system adopted in the present study was a simplified version that consisted of only the
brain, the ICA and the CSE In reality, the CSF is contained inside the ventricular system that consists of four
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separate components. Moreover, the CSF can also be found in the subarachnoid space that surrounds the brain
tissue. Secondly, the present model has not included the compensatory mechanisms, i.e. the shift of venous blood
and CSF out of the intracranial compartment that limits the rise in ICP during ICA expansion. It is difficult to
incorporate these anatomical details into the existing experimental setup; however, it is acknowledged that these
differences may also influence how the ICP responds to the expansion of ICA and hence, they are worthy of
future considerations. In spite of this, the present experimental model may still explain scenarios that represent
an actual clinical setting. It is well-known in the medical community that much of the CSF is removed following
craniotomy. This CSF is not expected to be fully replenished in the first few weeks of surgery, as indicated by CT
scans of the head that continue to show intracranial air and slumping of the brain. The intracranial environment
during this period is very similar to the experimental model set up in the present study.

Thirdly, the use of a latex balloon to contain the air volume may result in some degree of error in its expan-
sion. This is due to the resistance provided by the elastic properties of the latex that the expansion forces must
overcome before any actual expansion can occur. Given this circumstance, the actual ICP reading may be larger
than what was presented in “Results” section. Lastly, the shapes of the cranium and the brain were assumed to
be inconsequential to the expansion of ICA and the elevation in ICP. An anatomically more realistic model that
is achievable through 3D printing technology may be considered in future studies. This should allow for a more
realistic placement of the ICA and a more accurate representation of the ICA expansion.

Conclusions

The postulated effect of ICA expansion and the subsequent increase in ICP in a pneumocephalus patient embark-
ing on air travel has been successfully demonstrated and quantified in a simulated laboratory setting, which to
the best of the authors’ knowledge, is the first of its kind.

Results obtained from the present study showed that the rise in ICP increases with both ICA volume and
ROC. However, the influence of initial ICP on the rise in ICP was insignificant. Based on the quantitative
and qualitative examinations of the experimental findings, air travel is not recommended for pneumocephalus
patients with ICA volume of 30 ml or larger in order to avoid complications associated with severe ICP elevation
and cerebral herniation. On the other hand, an initial ICP of 15 mmHg and ICA volume of 20 ml were recom-
mended as conservative thresholds for safe air travel for ROC less than or equal to 1,600 ft/min.

The successful demonstration and quantification of the ICA expansion and its associated increase in ICP
in the laboratory is crucial as it allows future studies on air travel safety among pneumocephalus patients to be
carried out in a cost-effective way and in a controlled environment. This study provides laboratory evidence on
which clinical decisions and airline policies can be made on whether a patient with pneumocephalus can safely fly.

Received: 21 March 2020; Accepted: 9 July 2020
Published online: 12 August 2020

References
1. Putnam, K. Craniotomy. AORN J. 104, P14-P16 (2016).
2. Seth, R., Mir, S., Dhir, J. S., Cheeseman, C. & Singh, J. Fitness to fly post craniotomy—a survey of medical advice from long-haul
airline carriers. Br. J. Neurosurg. 23, 184-187 (2009).
3. Dexter, F. & Reasoner, D. K. Theoretical assessment of normobaric oxygen therapy to treat pneumocephalus: recommendations
for dose and duration of treatment. Anesthesiology 84, 442-447 (1996).
. Reasoner, D. K., Todd, M. M., Scamman, F. L. & Warner, D. S. The incidence of pneumocephalus after supratentorial craniotomy:
observations on the disappearance of intracranial air. Anesthesiology 80, 1008-1012 (1994).
. Yu, B.-H. et al. Dynamic changes of facial skeletal fractures with time. Sci. Rep. 10, 4001 (2020).
. Alexandria, V. A. Medical guidelines for air travel, 2nd ed. Aviat. Space Environ. Med. 74, A1-A19 (2003).
. Silverman, D. & Gendreau, M. Medical issues associated with commercial flights. Lancet 373, 2067 (2009).
. Chue, K. M,, Lim, T. C,, Lim, ], Yap, Y. L. & Ong, W. C. Pneumocephalus following air travel in a patient with preexisting facial
fractures and dural tears. J. Craniofac. Surg. 27, 1774-1776 (2016).
9. Beda, R. D,, Khot, S., Manning, T. & Walker, M. Airhead: intraparenchymal pneumocephalus after commercial air travel. Surg.
Neurol. 68, 648-649 (2007).
10. Sweni, S., Senthilkumaran, S., Balamurugan, N. & Thirumalaikolundusubramanian, P. Tension pneumocephalus: a case report
with review of literature. Emerg. Radiol. 20, 573-578 (2013).
11. Wilson, T. J., Grady, C., Braxton, E. & Weitzel, E. Air travel with known pneumocephalus following outpatient sinus surgery. Aviat.
Space Environ. Med. 85, 75-77 (2014).
12. Donovan, D. ], Iskandar, J. I, Dunn, C. J. & King, J. A. Aeromedical evacuation of patients with pneumocephalus: outcomes in 21
cases. Aviat. Space Environ. Med. 79, 30-35 (2008).
13. Amato-Watkins, A., Rao, V. M. & Leach, P. Air travel after intracranial surgery: a survey of advice given to patients by consultant
neurosurgeons in the UK. Br. J. Neurosurg. 27, 9-11 (2013).
14. Andersson, N. et al. Air transport of patients with intracranial air: computer model of pressure effects. Aviat. Space Environ. Med.
74, 138-144 (2003).
15. Balasubramaniam, C. & Kaliaperumal, C. Letter: air travel after brain surgery—does it really matter when to fly?. Neurosurgery
81, E53E54 (2017).
16. Albeck, M. J., Borgesen, S. E., Gjerris, F, Schmidt, J. E. & Serensen, P. S. Intracranial pressure and cerebrospinal fluid outflow
conductance in healthy subjects. J. Neurosurg. 74, 597-600 (1991).
17. Czosnyka, M. & Pickard, J. Monitoring and interpretation of intracranial pressure. J. Neurol. Neurosurg. Psychiatry 75, 813-821
(2004).
18. Rangel-Castillo, L., Gopinanth, S. & Robertson, C. S. Management of intracranial hypertension. Neurol. Clin. 26, 521-541 (2008).
19. Zhang, X. et al. Invasive and noninvasive means of measuring intracranial pressure: a review. Physiol. Meas. 38, R143-R182 (2017).
20. Evensen, K. B., Paulat, K., Prieur, ., Holm, S. & Eide, P. K. Utility of the tympanic membrane pressure waveform for non-invasive
estimation of the intracranial pressure waveform. Sci. Rep. 8, 15776 (2018).
21. Rodriguez-Boto, G., Rivero-Garvia, M., Gutiérrez-Gonzalez, R. & Méarquez-Rivas, ]. Basic concepts about brain pathophysiology
and intracranial pressure monitoring. Neurologia 30, 16-22 (2015).

'S

[cBN B NS, |

SCIENTIFIC REPORTS |

(2020) 10:13626 | https://doi.org/10.1038/s41598-020-70614-w



www.nature.com/scientificreports/

22. Pervin, F. & Chen, W. W. Mechanically similar gel simulants for brain tissues. In Proulx, T. (ed.) Conf. Proc. Soc. Exp. Mech. Series,
vol. 1, 9-13 (Springer, New York, 2011).

23. Allen, J. S., Damasio, H. & Grabowski, T. ]. Normal neuroanatomical variation in the human brain: an MRI-volumetric study. Am.
J. Phys. Anthropol. 118, 341-358 (2002).

24. Sinclair, A. G. & Scoffings, D. J. Imaging of the post-operative cranium. RadioGraphics 30, 461-482 (2010).

25. Sakka, L., Coll, G. & Chazal, ]. Anatomy and physiology of cerebrospinal fluid. Eur. Ann. Otorhinolaryngol Head Neck Dis. 128,
309-316 (2011).

26. Lang, E. W. & Chestnut, R. M. Intracranial pressure and cerebral perfusion pressure in severe head injury. New Horiz. 3, 400-409
(1995).

27. Myburgh, J. A. Intracranial pressure thresholds in severe traumatic brain injury: pro. Intensive Care Med. 44, 1315-1317 (2018).

28. Nourallah, B. et al. Critical thresholds for intracranial pressure vary over time in noncraniectomised traumatic brain injury patients.
Eur. J. Neurosurg. 160, 1315-1324 (2018).

29. Lowenstein, D. H. Epilepsy after head injury: an overview. Epilepsia 50(Suppl 2), 4-9 (2009).

30. Marupudi, N. I, Mittal, M. & Mitta, S. Delayed pneumocephalus-induced cranial neuropathy. Case Rep. Med. 2013, 105087 (2013).

31. Jones, J. M., Gouveia, J. P. & Rodrigues, N. M. Pneumocephalus and seizures following combined spinal-epidural for labor. J. Clin.
Anesth. 44, 123-124 (2018).

Acknowledgements

This research is funded by Sunway Medical Centre Malaysia under the Project 016/2018/IND/EX. EH Ooi
would like to thank Mr. Yik Hong Soo, Mr. Jason Cheong and Mr. Zhi Qi Tan for their contribution in laying
the groundwork for this project.

Author contributions

H.L.L. conceived the main idea of this project. E.H.O., B.L.L. and H.L.L. designed the experimental study. E.L.
carried out all experiments and data analyses. The paper was written by E.H.O. and E.L., and revised by B.L.L.
and H.L.L. E.H.O. supervised the whole project.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to E.H.O.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

SCIENTIFIC REPORTS |

(2020) 10:13626 | https://doi.org/10.1038/s41598-020-70614-w


www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Pneumocephalus and air travel: an experimental investigation on the effects of aircraft cabin pressure on intracranial pressure
	Anchor 2
	Anchor 3
	Hydrodynamics of intracranial pressure
	Materials and methods
	Experimental setup. 
	The pressure chamber. 
	The cranium model. 
	The brain model. 
	The ICA model. 
	The CSF model. 
	Hydrodynamics of the experimental setup. 

	Experimental procedure. 
	Experimental parameters. 

	Results
	Transient ICP response. 
	Effects of ICA volume ≤ 20 ml and ROC. 
	Effects of ICA volume ≥ 30 ml. 
	Effects of initial ICP. 

	Discussions
	Conclusions
	References
	Acknowledgements


