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Abstract 
Studies investigating mild Traumatic Brain Injury (mTBI) in the military population using 
experimental head surrogates and Finite Element (FE) head models have demonstrated the 
existence of transient negative pressures occurring within the head at the contrecoup location to 
the blast wave impingement. It has been hypothesized that this negative pressure may cause 
cavitation of cerebrospinal fluid (CSF) and possibly lead to brain tissue damage from cavitation 
bubble collapse. The cavitation pressure threshold of human CSF is presently unknown, although 
existing FE studies in the literature have assumed a value of -100 kPa. In the present study, the 
cavitation threshold of degassed porcine CSF at body temperature (37°C) was measured using a 
unique modified Polymeric Split Hopkinson Pressure Bar apparatus, and compared to thresholds 
of distilled water at various conditions. The loading pulse generated in the apparatus was 
comparable to experimentally measured pressures resulting from blast exposure, and those 
predicted by an FE model. The occurrence of cavitation was identified using high-speed imaging 
and the corresponding pressures were determined using a computational model of the apparatus 
that was previously developed and validated. The probability of cavitation was calculated (ISO/TS 
18506) from forty-one experimental tests on porcine CSF, representing an upper bound for in vivo 
CSF. The 50% probability of cavitation for CSF (-0.467 MPa ±7%) was lower than that of distilled 
water (-1.37 MPa ±16%) under the same conditions. The lesser threshold of CSF could be related 
to the constituents such as blood cells and proteins. The results of this study can be used to inform 
FE head models subjected to blast exposure and improve prediction of the potential for CSF 
cavitation and response of brain tissue.  
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Mild Traumatic Brain Injury; Negative Intracranial Pressure 
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1 Introduction and Background 

Traumatic brain injury associated with blast exposure is common in military conflicts due to the 
use of Improvised Explosive Devices (IEDs) such as roadside bombs. A broad overview of the 
casualties during Operation Enduring Freedom in Afghanistan and Operation Iraqi Freedom in 
Iraq reveals that about 80% of all casualties resulted from blast exposure, and about 40% of service 
member fatalities resulted from IEDs [1, 2]. The United States Department of Defence categorizes 
mild Traumatic Brain Injury (mTBI) as a loss of consciousness for up to 30 minutes and an 
alteration of consciousness or mental state for up to 24 hours [3]. The Defence and Veterans Brain 
Injury Center reported that, as of 2017, 85% of all worldwide TBI cases diagnosed in U.S. forces 
were categorized as mild [4].  

There is currently no consensus regarding mechanisms that cause mTBI associated with blast 
exposure. Current theories include damage from the shearing of soft-tissue [5–8], distortion of 
brain tissue cellular structures and cells [6, 9–15], and intracranial fluid cavitation [6, 16–20]. 
There have been a number of blast exposure studies in the literature that have reported negative 
pressures occurring at the contrecoup location of head blast exposure, demonstrating the 
possibility of cavitation [17, 20–29]. For example, Singh et al. (2014) reported negative pressures 
at the contrecoup ranging between -0.211 and -0.769 MPa that were predicted using validated FE 
head models exposed to blasts at 3 to 4 m standoff distances [20]. Wave theory suggests that the 
negative pressure is the result of the incident compressive pressure pulse propagating through the 
head, and reflecting at the contrecoup in tension due to the greater impedance of the head relative 
to the surrounding air [21]. Some studies have suggested that the negative pressure is greatly 
exacerbated by flexure of the skull [17, 23, 26]. However, Panzer et al. (2012) reported no evidence 
of localized skull flexure using a plane-strain head model and predicted large localized positive 
pressures in the brain having an assumed CSF cavitation threshold of -0.10 MPa, modeled as a 
tensile pressure cut-off threshold. A histological study reported scarring in postmortem brain 
tissues from military service members exposed to blast at similar locations to those reported by 
Panzer [30].  

Some studies have explored the effects of cavitation damage on brain tissue by inducing cavitation 
collapse on a seed bubble purposefully introduced into the surrounding fluid. Damage such as tears 
and disruptions along the cell layers of tissue from the cavitation collapse of a seeded bubble have 
been reported on rat brain tissue immersed in artificial CSF [31]. Similarly, an FE study modeled 
preexisting seed bubbles within a brain tissue matrix and reported the potential for axonal fiber 
damage resulting from cavitation and collapse of the seed bubble [32]. The cavitation pressure 
threshold of human CSF is not possible to measure in vivo, has not been measured in PMHS, nor 
has it been measured in vitro. Therefore, it is currently not possible to assess the likelihood of 
cavitation from head blast exposure. In the present study, a validated method and test apparatus 
were used to measure the cavitation threshold of degassed porcine CSF at body temperature 
(37°C). 
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1.1 Background on Cavitation 
Cavitation is the nucleation, expansion, and collapse of bubbles within a fluid that occurs when 
the pressure in a fluid of constant temperature drops below a critical pressure, known as the 
cavitation pressure threshold. Cavitation can result from either homogeneous or heterogeneous 
nucleation. Homogeneous nucleation occurs when a vapor phase appears from the separation of 
fluid molecules and reaches a stable critical radius permitting growth. On the other hand, 
heterogeneous nucleation occurs when a cavity nucleates from existing weaknesses in the system 
such as suspended particles, dissolved gases, and entrapped air [33, 34]. Heterogeneous nucleation 
occurs at lesser cavitation pressure thresholds due to such weaknesses acting as nucleation sites, 
whereas homogeneous nucleation occurs at the tensile strength of the fluid. It is very difficult to 
observe cavitation from homogeneous nucleation because, even in laboratory conditions, it is 
difficult to remove all the weaknesses from a system. Therefore, the more common occurrence of 
cavitation is the result of heterogeneous nucleation, and the reported thresholds have a large 
variability due to the differences in the experimental methods such as loading rate, surface 
roughness, and differences in fluid conditions such as temperature and purity. Due to these many 
factors, the cavitation threshold is often expressed as the probability of cavitation, and therefore 
large sets of data points are required to determine a representative value of the cavitation pressure 
threshold [33, 35–37]. Negative pressures are often transient and the subsequent rise to positive 
pressure can lead to the collapse of the cavities known as micro-jetting, which produces high 
localized positive pressure that is known to damage surrounding solid materials [16, 38–43]. 

1.2 Previous Measurement of Cavitation Pressure using Transient Loading 
There are many dynamic methods of generating cavitation existing in the literature including, the 
tube-arrest [44–46], the bullet-piston [47–51], and the fluid-Hopkinson bar [52] methods. A recent 
study by the authors reviewed these methods discussing their advantages and limitations, and 
developed an apparatus for evaluating localized fluid cavitation using a modified Polymeric Split 
Hopkinson Pressure Bar coupled with a fluid confinement chamber [37]. The apparatus was called 
the Closed-Chamber Modified Cavitation Hopkinson Bar (C3HB) and was developed to overcome 
the limitation of the existing methods relating to the loading pulse magnitude and shape, fluid 
volume requirement, and boundary conditions compared to blast exposure.  

The C3HB apparatus consisted of a steel sphere striker, a PolyMethylMethAcrylate (PMMA) 
incident bar, and a PMMA confinement chamber (Fig 1). The combination of the steel sphere 
striker and PMMA incident bar consistently produced a compressive pressure pulse comparable 
to that measured at the coup location of frontal head blast exposure [37]. This approach was 
advantageous since achieving the incident pulse required no major modifications to the Hopkinson 
bar apparatus, whereas both the tube-arrest and bullet-piston methods would require replacements 
involving a different length tube and piston rod, respectively. 
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Fig 1 Diagram of the C3HB apparatus indicating the locations of the instrumentation; and the simplified propagation 

of the incident pulse resulting in a negative reflected pulse. Note that the amplitudes and periods of the pulses are 
simplified and not representative of those measured 

Although changes to the Hopkinson bar section of the C3HB were straightforward, design of the 
fluid confinement chamber was far more involved. The confinement chamber was designed for 
low volume testing (~1 mL of fluid) and to provide a greater acoustic impedance boundary 
condition, which was similar to the contrecoup location of the head in blast exposure [37]. The 
low volume requirement was advantageous when testing difficult to obtain biological fluids such 
as CSF. The C3HB produced localized cavitation in the fluid adjacent to the greater impedance 
boundary of the chamber, which was desired because of its similarity to the boundary conditions 
of CSF adjacent to the skull. Additionally, the high impedance boundary was important for the 
hypothesized mechanism that the negative pressure observed in head blast exposure results from 
a compressive pulse reflecting in tension. 

Operation of the C3HB consisted of accelerating the sphere striker towards the incident bar and 
generating an incident pulse (compressive) that propagated down the bar and into the confinement 
chamber filled with CSF (Fig 1 (1)). Figure 1 illustrates the generation of the pulse reflection 
hypothesized as the primary mechanism that produces negative fluid pressure. The pulse entering 
the chamber is denoted as the transmitted pulse (compression) (Fig 1 (2)) and the pulse resulting 
from the reflection at the free surface of the chamber (chamber-end) is denoted as the reflected 
pulse (tensile) (Fig 1 (4)).  

Wave theory shows that energies and senses of transmitted and reflected pulses from an incident 
pulse propagating through an interface are governed by the acoustic impedance difference of the 
two mediums creating the interface [53]. The transmitted pulse is always the same sense as the 
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incident pulse, whereas the sense of the reflected pulse is the same when the incident pulse enters 
a greater impedance medium and the opposite when the incident pulse enters a lesser impedance 
medium. Further detail of the pulse propagation within the chamber was as follows. Upon passing 
through four interfaces with changing impedances, all the incident pulse energies were separated 
into their corresponding transmitted and reflected pulses (Fig 2). Note that the transmitted pulses 
become incident pulses when entering a new interface. The incident pulse generated by the striker 
impact propagated through the cap and transmitted into the CSF (Fig 2 (1)). This transmitted pulse 
then propagated to the back-wall interface transmitting some energy into the chamber back-wall 
while reflecting some energy back towards the cap (Fig 2 (2)). The pulse in the back-wall reflected 
in tension at the atmosphere interface and, due to the far lesser impedance of air relative to PMMA, 
was a total reflection of the incident pulse (Fig 2 (3)). Lastly, this tensile pulse reflection was 
transmitted into the CSF generating negative pressure (Fig 2 (4)). The apparatus generated 
negative pressure in a volume ~ 2 mm from the back-wall, denoted as the cavitation zone. The 
duration of the negative pressure was approximately 0.15 ms, which was comparable to those 
reported to have generated cavitation [31].  

 
Fig 2 Wave diagram of the propagating pulses within the chamber. Dotted lines indicate pulses that continue, but are 
not shown for clarity. Incident pulse separations are shown at four different times: (1) chamber cap to CSF, (2) CSF 

to chamber back-wall, (3) back-wall to atmospheric air, and (4) back-wall to CSF 

The pulse propagation in the PMMA bars of the FE model was validated using 24 experimental 
tests with varying striker velocities and types [54]. Agreement of the simulated bar strains with 
those measured in the experimental tests was checked using cross-correlation [55, 56], which 
yielded ratings ranging between 0.97 and 0.997, where a rating of 1.0 is a perfect correlation. The 
same validation process was performed on the simulated chamber strain against 27 experimental 
tests of varying striker velocities that yielded a cross-correlation rating of 0.921 [37]. A common 
evaluation of model fit for biofidelity of anthropomorphic test dummies defined in ISO/TR 9790 
[57] identifies scores ranging between 0.86 and 1.0 as Excellent, between 0.65 and 0.86 as Good, 
between 0.44 and 0.65 as Fair, between 0.26 and 0.44 as Marginal, and between 0 and 0.26 as 
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Unacceptable. Thus, the cross-correlation score computed for the PMMA bars in the FE model 
validation cases using the system defined in the standard indicated Excellent agreement with 
experimental measurements. 

During the development of the C3HB, issues related to the direct measurement of fluid pressure 
were recognized using both piezoelectric probe-style (PCB Model 113B21, PCB Piezotronics) and 
piezoresistive catheter-style (SPR-524 Mikro-Tip Catheter Transducers, Millar, Inc.) pressure 
transducers. Both transducers demonstrated an inability to accurately measure negative (tensile) 
fluid pressure and geometric discontinuities introduced by the presence of the transducers created 
nucleation sites, lower the cavitation threshold, and producing erroneous results [37]. Therefore, 
the chamber and fluid was included in the FE model of the apparatus and was developed to predict 
the fluid pressure based on direct measurements. These measurements were strain taken at the 
incident bar by the strain gauge station; surface velocity at the chamber-end taken by the PDV (Fig 
1); and strain at the midpoint of the chamber taken by an additional strain gauge station, thereby 
mitigating the need for a physical transducer within the fluid [37, 54]. The negative fluid pressure 
was obtained from the fluid elements adjacent to the chamber back-wall within the cavitation zone 
(Fig 2). It should be noted that the initiation and collapse of cavitation bubbles were not 
implemented into the FE model, and therefore, the model only predicted the maximum negative 
fluid pressure expected if the fluid remained continuous [37].  

Initial fluid cavitation tests were performed with the C3HB apparatus by filling the chamber with 
distilled water at 21°C and including a thin film of a wetting agent on the inner-surface of the 
chamber (side-walls) to reduce entrapped air [37]. Seventy-seven distilled water cavitation 
experimental tests were re-created using the FE model and a cavitation threshold of -3.32 MPa 
±3% was measured (distilled water with a wetting agent). In a preliminary study [58], untreated 
distilled water at 21°C, degassed distilled water at 37°C, and distilled water with a wetting agent 
at 37°C, were tested to investigate the effects of their treatment on the cavitation pressure 
threshold. Untreated distilled water at 21°C yielded a cavitation pressure threshold of -0.53 MPa 
±25%, degassed distilled water at 37°C yielded -1.37 MPa ±16%, and distilled water at 37°C with 
a wetting agent yielded -3.195 MPa ±5%. [37, 58]. This preliminary study demonstrated that the 
conditions and preparation of the fluid had a large effect on the cavitation threshold. 

Overall, evidence exists for the potential of cavitation due to negative intracranial pressure 
resulting from blast exposure, and could potentially lead to brain tissue damage in the vicinity of 
the cavitation event. The cavitation pressure threshold of human CSF is currently unknown, and 
the determination of a threshold is critical to assessing the probability for cavitation in a given 
blast scenario. The present study builds upon the past journal article detailing the development of 
the C3HB apparatus and the preliminary study investigating fluid treatments on distilled water. In 
the present study, the cavitation pressure threshold of degassed porcine CSF at body temperature 
(37°C) was measured using the C3HB apparatus.  
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2 Methods 
The C3HB apparatus [37] was used in the present study (Fig 1). Strain gauges 
(CEA-13-250UW-120, Micro-Measurements) mounted at the midpoint of the incident bar 
measured the propagating strain pulses and the data was amplified (2210B Signal Conditioning 
Amplifier, Vishay) and recorded (BNC-2110, National Instruments) at 2 MHz. Additionally, a 
Photon Doppler Velocimeter (PDV) (1550 nm wavelength, Ohio Manufacturing Institute) probe 
was directed at the chamber-end surface to measure its surface velocity at a sample rate of 10 MHz. 
A high-speed camera (FASTCAM SA5 Model 1300K-M1, Photron, 50,000 fps with 512x272 
resolution) was oriented perpendicular to the chamber to capture the occurrence of cavitation (Fig 
1) [37]. 

The negative fluid pressure at the contrecoup location was calculated using a first-order 
approximation (Equation 1) as a verification of the FE model predictions [37]. The approximation 
made the assumptions that: (1) the pulse propagation between the chamber and CSF was one-
dimensional; (2) the back-wall chamber surface had an equal velocity as the chamber-end, and (3) 
the pulses transmitted from the CSF to the chamber cap did not reflect back into the CSF within 
the time period considered. Equation 1 used: the CSF density (𝜌𝜌𝐶𝐶𝐶𝐶𝐶𝐶); the acoustic wave speeds of 
the acrylic (𝐶𝐶𝑜𝑜𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎) and CSF (𝐶𝐶𝑜𝑜𝐶𝐶𝐶𝐶𝐶𝐶); the surface velocity of the chamber-end that was measured 
by the PDV (v(t)); and the calculated percentage of energy transmitted from the acrylic to the CSF 
(η). The velocity terms v(t-1) and v(t-2) correspond to velocity values that are 1 and 2 timesteps 
before v(t), respectively. It was assumed that the CSF at 37°C behaved similarly to water at 37°C 
and a bulk modulus of 2.282 GPa and density of 1.00 g/cm3 was used to represent the fluid [59–
61]. The acrylic acoustic wave speed (2193 m/s) was calculated with measured propagating 
distances and arrival times of the strain pulses in the apparatus. The CSF acoustic wave speed 
(1511 m/s) was estimated from bulk modulus and density based on water at 37°C.  

𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏(𝑡𝑡) = �−𝜌𝜌𝐶𝐶𝐶𝐶𝐶𝐶 ∗ 𝐶𝐶𝑜𝑜𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 ∗ �𝑣𝑣(𝑡𝑡) − 𝑣𝑣(𝑡𝑡−1)��

+ �−𝜌𝜌𝐶𝐶𝐶𝐶𝐶𝐶 ∗ 𝐶𝐶𝑜𝑜𝐶𝐶𝐶𝐶𝐶𝐶 ∗ 𝜂𝜂 ∗ �𝑣𝑣(𝑡𝑡−1) − 𝑣𝑣(𝑡𝑡−2)�� 
Equation 1 

Equation 1 was derived from a small cylindrical volume of CSF that was bounded by the acrylic 
back wall and additional CSF, respectively. The change in pressure of the small volume was 
calculated using the change in surface velocities of the faces as the pressure wave propagated from 
the acrylic to the CSF boundary (assumption 1). The first term of the equation represented the 
pressure from the change in velocity of the acrylic boundary and the second term represented the 
pressure from the change in velocity of the CSF boundary; therefore, their summation equaled the 
change in pressure of the volume.  This approximation was compared to the numerical predictions 
of the fluid negative pressure and yielded a good agreement. 

Porcine CSF was used because it was more readily available than human CSF, and swine models 
for studying TBI have been established in the literature [62–66], although porcine CSF has a larger 
number of white blood cells and proteins relative to human CSF [67]. Porcine CSF was supplied 
by the Defence Research and Development Canada, Suffield Research Centre, and was obtained 
from castrated male York-Landrace cross swine (~20 kg) for research conducted according to the 
“Guide to the Care and Use of Experimental Animals” and the “Ethics of animal Experimentation” 
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published by the Canadian Council on Animal Care. The animals were anesthetized (5% isoflurane 
in 100% oxygen) and CSF was drawn and immediately frozen and shipped on dry ice to the 
laboratory facilities. The CSF was stored frozen up to the time it was tested. The CSF was defrosted 
at room temperature for 24 hours and then placed into a water bath at 37°C for at least 1 hour 
before use. Prior to undertaking a test, the empty chamber was thoroughly cleaned using distilled 
water and a light solution of soap to remove grease. The chamber was then rinsed with distilled 
water and thoroughly dried. The chamber was slowly and carefully filled with the porcine CSF at 
37°C using a syringe, ensuring that there was no entrapped air visible. The CSF-filled chamber 
(specimen) was then degassed. A degassed treatment was considered because a wetting agent 
treatment would have resulted in chemical contamination of the CSF constituents, and a previous 
study on distilled water demonstrated that a degassing treatment yielded a cavitation threshold 
variability 156% lesser than without treatment [58]. Initial tests on untreated CSF produced high 
variability and led to cavitation, even with the weakest impact possible with the apparatus. Since 
a non-cavitating event was not possible, a threshold could not be established; however, many of 
these tests yielded cavitation at tensile pressures below one atmosphere (101.3 kPa). 

Degassing was performed by placing the chamber specimen into a glass container connected 
directly to a vacuum pump using a hose (Fig 3). A vacuum gauge connected to the hose was used 
to measure the gauge pressure within the system and an inlet with a gate valve that allowed 
atmospheric air into the system was connected to the hose for controlling and maintaining the 
negative pressure. For the given setup, a pressure of -0.093 MPa was determined to be the optimal 
gauge pressure to remove entrapped air within the CSF without causing boiling. This optimal 
pressure was determined by slowly increasing the negative pressure in the container, by way of 
closing the gate valve, just before aggressive boiling occurred. A degassing period of 20 minutes 
at -0.093 MPa was used because it was determined through visual inspection that at approximately 
20 minutes the CSF was still and gas was no longer escaping.  
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Fig 3  Illustration of the degassing, capping, and water bath procedures that were undertaken to prepare a single 

chamber sample filled with CSF 

Once degassing was completed, the pressure in the glass container was slowly brought to 
atmospheric pressure by way of opening the gate valve and then the specimen was quickly 
removed and capped. A vent channel at the side of the chamber expelled CSF during capping and 
ensured the chamber was completely full of fluid and upon full insertion of the cap, the stem would 
block the channel creating an enclosed system; this design feature was described in greater detail 
in [37]. It should be noted that there was an opportunity for air to diffuse into the CSF during the 
time of removing the specimen from the glass container and capping; therefore, the amount of time 
spent degassing and capping was made consistent throughout the entire study. Once capped, the 
specimen was submerged into another water bath at 37°C for at least 30 minutes. Expulsion of the 
CSF from the chamber as a result of reheating was not observed suggesting that the degassing 
process did not reduce the CSF temperature considerably from its initial 37°C temperature prior 
to degassing. 

After 30 minutes of being submerged in the 37°C water bath, the chamber specimen was quickly 
removed and dried. The chamber was placed at the end of the incident bar with Petroleum Jelly 
used as a coupling agent to ensure full contact and to relieve frictional forces [10, 68]. The time 
between removing the specimen from the water bath to firing the striker was consistently below 2 
minutes and an infrared thermometer was used immediately before each test to verify the specimen 
temperature of 37°C. 

Preparation of the C3HB apparatus and instrumentation was performed during the final water bath. 
Recordings of the incident bar strain gauge and PDV measurements were triggered by the 
propagating incident pulse. Sufficient pre-triggering samples were also recorded to ensure the 
entire event was captured. The high-speed imaging of the chamber was triggered when movement 
was detected through the change in brightness level of a specified area in the viewport. Syncing of 
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the high-speed imaging with the recorded strain gauge and PDV measurements were performed in 
post-processing by tracking (Tracker v4.9.8, Open Source Physics) the chamber-end surface 
movement and syncing it with the PDV measurement. 

The same test protocol detailed in [37] was performed.  After each test, cavitation was noted from 
the captured high-speed imaging. The test was considered to have exhibited cavitation when at 
least one bubble nucleated within the cavitation zone, where negative pressure was expected, 
before bulk movement of the chamber (Fig 2). If cavitation was observed, the CSF was discarded, 
and a new specimen was prepared, otherwise, the specimen was placed back into the 37°C water 
bath for at least 5 minutes to ensure the sample was at 37°C prior to performing another test. For 
all tests performed, the negative fluid pressure at the back-wall of the chamber was predicted using 
the FE model based on the incident pulse measured by the incident bar strain gauge station as the 
input. Additionally, the predicted chamber-end velocity was verified against the PDV 
measurement and the predicted fluid pressure was verified against the first-order approximation 
discussed earlier. Similar to the study [37], each predicted pressure was paired with a binary data 
point corresponding to cavitation or no cavitation observed. A sigmoid probability curve was 
calculated using the paired data points with the process outlined in ISO/TS 18506 to obtain the 
50% probability of cavitation [69]. This 50% probability of cavitation was then considered as the 
measured cavitation pressure threshold for the set of the cavitation tests. 

3 Results & Discussion 
In a typical experimental test where cavitation did not occur, the high-speed video exhibited no 
signs of bubble formation or fluid movement. In a typical experimental test where cavitation did 
occur, the high-speed video exhibited cavitation as 1 to 3 individual bubbles with maximum 
diameters no greater than ~1 mm, or as bubble clusters (Fig 4). Tests, where bubbles nucleated 
outside the cavitation zone but not inside the cavitation zone, were considered to be non-cavitating 
events because weaknesses in the fluid may have promoted nucleation since it did not occur at the 
peak negative pressure within the zone. Inspection of the chamber specimens post-test also 
exhibited evidence of cavitation in the form of stable bubble clusters floating in the CSF, whereas 
the non-cavitating tests did not. 
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Fig 4 High-speed image of a test producing an individual cavitation bubble (left) and a test producing a cavitation 

bubble cluster (right) 

Using the full supply of the available CSF, forty-one tests were performed on degassed porcine 
CSF at 37⁰ C yielding a cavitation pressure threshold of -0.467 MPa ±7%, which corresponded to 
the negative pressure at which there was 50% probability of cavitation occurring (Fig 5). Since 
CSF contains dissolved gases, it should be expected that the threshold of CSF in vivo would be 
lesser than the upper-bound measured in the present study. For example, the cavitation threshold 
of distilled water reported in [58] decreased from -1.37 MPa ±16% to -0.53 MPa ±25% for 
degassed to an untreated (as-received) condition. If a similar decreasing trend of ~60% was 
applicable to the degassed CSF threshold measured, porcine CSF in an untreated condition would 
yield a predicted threshold of approximately -0.180 MPa, which is on the order of the speculated 
-0.100 MPa threshold noted in the literature. However, it is quite possible that the untreated 
cavitation limit could be even lower due to dissolved gases and solids present in the CSF that can 
act as nucleation sites. It should be further noted that the values quoted are 50% probabilities, and 
that cavitation can occur at lower pressures. 
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Fig 5 The measured cavitation threshold and probability curve from 41 individual experimental tests of 

porcine CSF at body temperature (Error bars show one standard deviation) 

Furthermore, a discrepancy was observed between the measured threshold for porcine CSF and 
that reported for distilled water [58] with both at 37°C and degassed. CSF is comprised of 99% 
water, can carry dissolved oxygen and carbon dioxide [70–72], but with a composition similar to 
blood plasma [67, 73–76]. Such a similarity to water led to the speculated cavitation threshold of 
-0.100 MPa often cited within the literature [18, 26, 77]. Thus, it was expected that CSF (-0.467 
MPa ±7%) and distilled water (-1.37 MPa ±16%) at the same conditions would yield similar 
cavitation pressure thresholds. However, more tests resulted in cavitation at negative pressures 
between approximately -0.5 and -1.0 MPa in the CSF than in the distilled water at the same 
conditions (Fig 6), suggesting that solids such as cells and proteins within CSF may reduce the 
cavitation threshold. Therefore, the decrease in the threshold between degassed and untreated 
porcine CSF may be greater than the ~60% decrease observed between the degassed and untreated 
distilled water.  

  



14 
 

Fig 6 Cavitation thresholds, probability curves, and experimental data points of porcine CSF and distilled 
water [58], both degassed and at body temperature 

For an ideal injury risk curve, there would be a step-wise transition from 0% to 100% probability 
at the measured threshold. The faster transition from 0% to 100% probability of cavitation 
exhibited by the CSF curve relative to the distilled water curve indicates that there was less scatter 
in the CSF datapoints, and in other words there was less overlap of the 0% and 100% datapoints 
for CSF than for distilled water (Fig 6). This was further emphasized by the 7% (0.034 MPa) 
standard deviation of the CSF threshold versus the 16% (0.216 MPa) of the distilled water. 
However, further investigation is required to adequately provide an explanation for the 
considerable difference in scattering between the measured thresholds of CSF and distilled water 
at the same fluid conditions. The CSF yielded a threshold most comparable to that of untreated 
distilled water at 21°C (-0.53 MPa ±25%), albeit the CSF threshold having a lesser standard 
deviation (Fig 7). Perhaps suspended solids within the CSF reduced the threshold in a similar 
amount, as the dissolved gases within the distilled water, but the concentration of the solids in the 
CSF was lesser than that of the dissolved gases in the distilled water; thus, more investigation is 
required. 

 
Fig 7 Cavitation threshold probability curves and bar chart of distilled water at various treatment and temperature 

conditions and porcine CSF in the present study. Error bars show one standard deviation 

To determine the potential for CSF cavitation in blast exposure, the probability of cavitation from 
the sigmoid curve calculated in the present study was compared to the survivability from a set of 
Bowen curves for a body perpendicular to the blast winds in an open-field [78]. Reported 
information from existing experimental and computational studies in the literature was used to 
calculate the probabilities of cavitation and survivability for varying blast conditions. The 
probabilities of CSF cavitation were calculated using the reported peak contre-coup negative 
pressures and the survivability were calculated using the reported overpressures and durations 
from the existing literature (Table 1). This comparison used frontal blast exposure cases from the 
experimental shock tube tests on cadaver heads by Bir (2011) [22], the computational FE free-
field blast exposure tests on planar head models by Singh et al. (2014) [20], and the computation 
FE free-field blast exposure tests on a three-dimensional head model by Zhang et al. (2013) [29].  
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The three overpressures (71, 76, and 104 kPa) reported by Bir for frontal blast exposure fell below 
the threshold value for lung injury on the Bowen curves and yielded ~0% probability of cavitation. 
The 170 kPa overpressure case reported by Singh also fell below the threshold value for lung injury 
on the Bowen curves and yielded 4% probability of cavitation. The 326 kPa overpressure reported 
by. Singh yielded <1% probability of fatality using the Bowen curves and 35% probability of CSF 
cavitation. Lastly, the four overpressures  (270, 350, 460, and 660 kPa) reported by Zhang yielded 
14%, 37%, 32%, and 53% probability of cavitation; while the probability of fatality was <1% for 
all four overpressures when assessed using the Bowen curves [29]. However, the calculated 
probabilities of cavitation may be conservative, since they were calculated using the data from 
degassed CSF while non-degassed CSF may represent a lower bound for in vivo conditions. When 
a probability curve for non-degassed CSF was extrapolated from the degassed CSF, based on the 
previous tests on distilled water, the probabilities of cavitation increased in all cases. The three 
overpressures reported by Bir slightly increase but remained ~0%, the two overpressures reported 
by Singh increase from 4% to 6%, and 35% to 58%; and the four overpressure reported by Zhang 
increase from 53% to 89%, 32% to 54%, 37% to 62%, and 14% to 24%. The probabilities of 
cavitation for all overpressures considered were equal to or far greater than that the probability of 
fatality determined using the Bowen curves, thus demonstrating that intracranial cavitation is a 
potential source of injury in unprotected blast exposure, and could occur in blast events when the 
probabilities of survivability are high.  

Table 1 Summary of probability analysis for intracranial cavitation and lung damage from Bowen curves 

Study Duration 
(ms) 

Overpressure 
(kPa) 

Peak 
contre-
coup 

negative 
ICP (kPa) 

Probability 
of Cavitation 

using 
degassed 
CSF (%) 

Estimated 
Probability of 

Cavitation 
using non-
degassed 
CSF (%) 

Bowen curves - 
Body 

perpendicular to 
blast winds 

(Probability of 
fatality %) 

Bowen curves - 
Body 

perpendicular 
to blast winds 

(fatality %) 

Bir 
(2011)  

~7.5 71 -30 0% 0% Below lung injury 
threshold line 

Below damage 
threshold line 

~7.5 76 -38 0% 0% Below lung injury 
threshold line 

Below damage 
threshold line 

~7.5 104 -30 0% 0% Below lung injury 
threshold line 

Below damage 
threshold line 

Singh 
et al. 

(2014)  

~3 170 -211 4% 6% Below lung injury 
threshold line 

Below damage 
threshold line 

~3 326 -410 35% 58% <1% <1% 

Zhang 
et al. 

(2013) 

1 660 -480 53% 89% <1% <1% 

1.5 460 -400 32% 54% <1% <1% 

2 350 -420 37% 62% <1% <1% 

3 270 -310 14% 24% <1% <1% 
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The findings of the current study introduce an opportunity for future work in testing untreated 
porcine CSF and investigating the effects of the solid constituents on the threshold. Such a study 
in measuring the cavitation threshold of untreated porcine CSF would provide further insight into 
the probability of cavitation occurring in vivo and may provide a realistic lower-bound threshold. 
A limitation of the current study that should be noted was that no composition analysis was 
performed on the CSF and the variability between the animals may have affected the results. 

4 Conclusions 

A series of cavitation tests were undertaken on degassed porcine CSF to generate a cavitation 
probability curve at body temperature using the C3HB apparatus. Since degassed porcine CSF was 
used, an upper-bound cavitation pressure threshold of -0.467 MPa ±7% was measured, 
corresponding to the negative pressure with a 50% probability of generating cavitation in CSF as 
a result of loading comparable to that observed in head blast exposure. The measured threshold for 
porcine CSF was less than a previously reported threshold for distilled water (-1.37 MPa ±16%) 
under the same temperature and degassed condition, albeit CSF being comprised of 99% water. It 
was hypothesized that the difference in thresholds was attributed to the solid constituents of CSF 
that do not exist in distilled water. Further investigation is required for re-creating CSF conditions 
comparable to in vivo; however, this study provides empirical data as additional insight to the 
speculated threshold used in head models exposed to blast and can be applied to future studies to 
provide knowledge representing the upper-bound response to CSF cavitation. 
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