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A B S T R A C T   

Background: Significant research has been devoted to developing noninvasive approaches to neuromonitoring. 
Clinical validation of such approaches is often limited, with minimal data available in the clinically relevant 
elevated ICP range. 
New Method: To allow ultrasound-guided placement of an intraventricular catheter and to perform simultaneous 
long-duration ICP and ultrasound recordings of cerebral blood flow, we developed a large unilateral craniectomy 
in a swine model. We also used a microprocessor-controlled actuator for intraventricular saline infusion to 
reliably and reversibly manipulate ICP according to pre-determined profiles. 
Results: The model was reproducible, resulting in over 80 hours of high-fidelity, multi-parameter physiological 
waveform recordings in twelve animals, with ICP ranging from 2 to 78 mmHg. ICP elevations were reversible and 
reproducible according to two predetermined profiles: a stepwise elevation up to an ICP of 30–35 mmHg and 
return to normotension, and a clinically significant plateau wave. Finally, ICP was elevated to extreme levels of 
greater than 60 mmHg, simulating extreme clinical emergency. 
Comparison with existing methods: Existing methods for ICP monitoring in large animals typically relied on burr- 
hole approaches for catheter placement. Accurate catheter placement can be difficult in pigs, given the thickness 
of their skull. Additionally, ultrasound is significantly attenuated by the skull. The open cranium model over-
comes these limitations. 
Conclusions: The hemicraniectomy model allowed for verified placement of the intraventricular catheter, and 
reversible and reliable ICP manipulation over a wide range. The large dural window additionally allowed for 
long-duration recording of cerebral blood flow velocity from the middle cerebral artery.   

1. Introduction 

Neurological disorders and injuries of the brain contribute signifi-
cantly to the annual hospitalizations in the United States and globally 
(Gooch et al., 2017; Global Burden of Disease Neurology Collaborators, 
2019; Taylor et al., 2017; Virani et al., 2020; Chin, 2014; Carney et al., 
2017). Common conditions include traumatic brain injury, hemorrhagic 
stroke, hydrocephalus, cerebral malaria, and tuberculosis meningitis, all 
of which can result in elevation of intracranial pressure (ICP) and 
possible breakdown of cerebrovascular autoregulatory mechanisms, 

carrying the risk of fatal outcomes (Kochanek et al., 2019; Heldt et al., 
2019). The expeditious monitoring and treatment of these disorders 
often involve the invasive measurement of ICP by placing a catheter in 
the cerebrospinal fluid (CSF) filled ventricular system or a pressure 
transducer placed in the brain parenchyma (Heldt et al., 2019). Several 
attempts have been made to develop novel noninvasive or minimally 
invasive neuromonitoring approaches and validate such methods 
against clinical gold-standard invasive measurements in neurocritical 
care patients (Heldt et al., 2019; Evensen and Eide, 2020; Hawryluk 
et al., 2022; Kashif et al., 2008, 2012). Given that the primary goal of 
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neurocritical care is to stabilize the patient and normalize all key 
physiological variables, such clinical validation is often limited to the 
normal range of measured ICP. This limitation of human clinical data 
motivated the development of an animal model in which ICP can be 
manipulated in a controlled manner over a wide range and allows for 
extended-duration recordings of cerebrovascular and hemodynamic 
waveform data. 

Here, a porcine model was chosen, as pigs have very similar car-
diovascular and cerebrovascular anatomy to that of humans. Pigs also 
have vital signs and range of normal physiological parameters that are 
comparable to those of humans, and are sufficiently large to allow for 
standard hemodynamic and cerebrospinal instrumentation, similar to 
that used for humans in clinical neurocritical care. For these reasons, 
swine have also been used routinely in the past as experimental models 
for ischemic stroke (Allen et al., 2012; Arikan et al., 2017; Mangla et al., 
2015; Brady et al., 2010; Elizondo et al., 2021; Govindan et al., 2019) 
and to investigate cerebrovascular autoregulation (Global Burden of 
Disease Neurology Collaborators, 2019; Janda et al., 2012; Kaiser and 
Fruhauf, 2007; Klein et al., 2019; Muench et al., 2007; Aquilina et al., 
2007; Ciarrocchi et al., 2022). 

Expanding on past work (Arikan et al., 2017; Mangla et al., 2015; 
Brady et al., 2010; Elizondo et al., 2021; Govindan et al., 2019; Janda 
et al., 2012; Klein et al., 2019; Muench et al., 2007; Ciarrocchi et al., 
2022; Doron et al., 2020), we developed a stable, reproducible 
open-cranium model that allows for alteration of the cerebrospinal fluid 
state over a wide range, and multimodality monitoring of hemodynamic 
and cerebrovascular variables, in particular ICP, arterial blood pressure 
(ABP) and cerebral blood flow velocity (CBFV). The rich waveform data 
collected from these experiments can then be analyzed to validate, 
among other possibilities, the robustness of noninvasive ICP estimation 
methods over a wide range of measured ICP. 

2. Materials and methods 

All procedures and experiments were approved by MIT’s Committee 
on Animal Care. We conducted extensive preparatory explorations on 
harvested tissue samples that guided our model development, such as 
sequential sectioning of frozen tissue samples and 3D MRI re-
constructions of freshly harvested tissue samples (Supplementary Ma-
terial Figures S1 and S2, respectively). The experimental protocol 
detailed here built on these detailed explorations. 

2.1. Anesthesia and physiological stability maintenance protocol 

All experiments were conducted on female Yorkshire pigs. Prior to 
the experiment, the animals were fasted overnight. On the day of the 
experiment, the animals were sedated with an intramuscular injection of 
5 mg/kg telazol (tiletamine and zolazepam), 2 mg/kg xylazine and 
0.06 mg/kg atropine. Once intravenous (IV) access was obtained 
percutaneously through an ear vein, endotracheal intubation was per-
formed using a 7–0 endotracheal tube. Anesthesia was maintained using 
isoflurane (2–3 % in oxygen). The animals were placed on continuous IV 
fluid support (physiological saline) at a rate of 5 ml/kg/hr, adjusted for 
any blood loss, for the duration of the experiment. The animals were 
mechanically ventilated (DRE Veterinary AV-800 or Hallowell EMC 
Model 2000) in the controlled-volume setting with a tidal volume of 
10–15 ml/kg and a respiratory rate set at 20 breaths per minute. Heated 
surgical tables and blankets were used to maintain a stable core body 
temperature. At the end of the experiment, the animals were euthanized 
with an IV injection of 390 mg/ml sodium pentobarbital. 

2.2. Instrumentation 

The animals were initially placed in dorsal recumbancy and instru-
mented for vital-sign measurement and hemodynamic monitoring. 
Surface electrocardiogram (ECG) leads were placed on the limbs in the 

standard three-lead configuration to monitor cardiac electrical activity. 
The tip of the ear or the inside of the lower jaw was used to monitor 
blood oxygenation levels (SpO2) using a standard optical photo-
plethysmograph (PPG) sensor. Core body temperature was measured by 
inserting a temperature probe into the esophagus. Sidestream capnog-
raphy was used to monitor EtCO2 and respiratory rate. The femoral ar-
teries were cannulated bilaterally under ultrasound guidance, and ABP 
was measured continuously from both sides using standard fluid-filled 
catheters. One of the femoral veins was also cannulated under ultra-
sound guidance for additional IV access. The carotid artery was can-
nulated via surgical cut-down to expose the carotid sheath. A 2 F Mikro- 
Tip catheter (Millar Instruments) was threaded approximately 5 cm into 
the carotid artery towards the heart to continuously record a high- 
fidelity carotid ABP signal closer to the brain’s vasculature. Urine 
output was monitored by placement of a 12 F urinary catheter via a 
cystotomy. The ECG, SpO2, temperature, capnogram, and one femoral 
ABP signal were displayed on a Cardell VetTrends V monitor for 
continuous surveillance of the animal’s vital signs. 

2.3. Craniectomy 

Following induction of general anesthesia, intubation, and hemo-
dynamic instrumentation, the animal was placed in the prone position 
on a warming pad. With the forelimbs flexed at the elbows with shoul-
ders adducted, the head was positioned in a custom-built stereotaxic 
frame based on prior work (Poceta et al., 1981) with the neck slightly 
extended and the orbitomeatal line positioned horizontally. The head 
was secured in place by snout and ear bars placed in the mouth and 
external auditory canals, respectively. Adjustments were made to 
maintain the head in the horizontal position and centered in the head 
frame. The stereotaxic frame was crucial to stabilize the head of the 
animal for the craniectomy, to hold the ICP and TCD probes in place, and 
to serve as a reference for measurements of cranial landmarks. 

The frontal, parietal, and temporal scalp was then shaved, and the 
midline marked in ink. An additional planning line was drawn perpen-
dicular to the midline and extended approximately 8 cm just caudal to 
the lateral canthus on the operative side (Fig. 1a). A 10-blade was used 
to incise the scalp along the midline and laterally to expose the tem-
poralis fascia. Raney clips were placed along the incision edges as 
needed to maintain hemostasis. Small perforating towel clamps were 
placed at the vertices of the scalp flaps that were reflected antero- 
inferiorly and postero-inferiorly and held in place with large rubber 
bands clamped to the nearby head appliance posts in the frame. Using 
monopolar cautery, the pericranium was dissected and removed from 
the superior surface of the exposed calvarium, and the attachment of the 
temporalis muscle along the temporal line was incised. The temporalis 
muscle was then undercut with monopolar cautery and removed in its 
entirety from the temporal fossa using rongeurs. In this fashion the 
temporal zygoma is exposed, and establishes the approximate superior- 
inferior level of the floor of the middle intracranial fossa (Fig. 1b). 

A handheld, powered drill with an acorn cutting burr was used at 
high speed to thin (to < 1 mm) the frontal, parietal and temporal 
calvarium. Using Kerrison rongeurs, the inner cortex of the calvarium 
was then removed to expose the underlying and intact dura mater 
(Fig. 1c). A double action, thin point rongeur was then used to remove 
the lateral sphenoid and pterion, and expose the dural fold overlying the 
Sylvian fissure (Fig. 1d). Small cotton rolls were placed along the edges 
of the craniectomy in the epidural space to control epidural venous 
bleeding. The operative field was periodically irrigated with room 
temperature saline to remove any residual bone dust and blood, and 
gelfoam thrombin was used to control any bleeding from the bone. 

2.4. ICP and CBFV measurements 

Ultrasound imaging (CX-50, Philips Healthcare) was used to visu-
alize the ventricular system, the inter-hemispheric fissure, and the 
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lateral ventricle on the operative side (Fig. 2). An 18 G spinal needle 
with stylet in place was affixed to an articulated positioning arm, 
attached to the head frame, and positioned over the parietal dura. The 
needle angle was positioned to parallel the long axis of the ultrasound 
probe. With the lateral ventricle actively in view, the needle was 

advanced to make contact with the dura. The dura of the planned 
puncture site was then coagulated using monopolar cautery, and the 
needle was slowly advanced under ultrasound guidance into the lateral 
ventricle. The stylet was then removed, and the needle attached to IV 
extension tubing and a 5 ml syringe filled with saline. A small amount of 
saline was injected, and the lateral ventricle visualized via ultrasound to 
confirm needle tip placement in the lateral ventricle and to demonstrate 
that the ventricular volume could be increased. Saline-filled extension 
tubing was then connected to a saline-primed three-way Luerlock 
stopcock, a pressure transducer, and IV fluid tubing maintained at body 
temperature and connected to an IV bag. Using a second spinal needle, a 
point on the dura 5 mm anterior to the ventricular catheter puncture site 
was coagulated and perforated. A calibrated 3.5 F Millar Mikro-Tip 
catheter was then placed through this dural puncture into the parietal 
brain parenchyma to a depth of 1–1.5 cm and secured in place, by 
attaching it to the articulated positioning arm holding the ventricular 
needle in place. Thus, pressure recordings from both the intraventricular 
catheter and parenchymal probe were obtained for ICP measurements. 

A 4 MHz TCD ultrasound probe, connected to the DWL Doppler BoxX 
(Compumedics, USA), was then applied to the dural fold overlying the 
anterior-most Sylvian fissure, with generous amounts of ultrasound gel, 
to insonate the MCA. The probe was adjusted to obtain optimal CBFV 
signals from the MCA and held securely in place by a second articulated 
positioning arm from the frame (Fig. 1e). The operative field was gently 
irrigated with room-temperature saline and inspected for epidural 
bleeding which, if present, was controlled with cotton rolls and mild 
pressure. Additional ultrasound gel was gently added in small amounts 
to obtain a water seal at the parietal dural puncture sites, to ensure an 
accurate physiological ICP measurement was obtained at all times. 

2.5. Data acquisition 

Two ADInstruments eight-channel PowerLab 8/35 data acquisition 
systems were daisy-chained and used to record data streams from the 
multiple devices used throughout the experiment. The ECG, PPG, SpO2, 
EtCO2, respiratory rate, and one of the femoral ABP measurements were 
routed through the analog output of the veterinary monitor to the 
PowerLab for archiving. The other femoral ABP, the ventricular ICP 
(when transducing), the parenchymal ICP, and the carotid ABP wave-
forms were directly fed into the PowerLab. The MCA CBFV waveform 
was measured with the DWL Doppler BoxX, and the analog output was 
also streamed to the PowerLab for real-time CBFV archiving. All phys-
iological waveforms were calibrated before the experiment and recor-
ded on a common time axis, at a sampling rate of 1,000 samples/s and at 
an amplitude resolution of 16 bits. The heights of the femoral ABP 
transducers were adjusted to the same vertical level as the ICP trans-
ducer to eliminate any hydrostatic offsets in the pressure signals. Once 
all the instrumentation was complete, stable baseline data were 
collected for up to an hour. 

2.6. Manipulation of intracranial pressure 

Elevation of ICP was achieved by direct intraventricular infusion of 
saline at body temperature through the intraventricular port described 
previously. This amounts to an acute hydrocephalus model. A 1-liter 
saline bag was mounted on a height-adjustable IV stand and con-
nected to the Luer lock of the intraventricular catheter through a stan-
dard IV tubing set. When the Luer lock was opened to the IV line, a 
hydrostatic column was established from the intraventricular space to 
the reservoir of the IV tubing line. As the reservoir was elevated verti-
cally above the level of the ventricles, saline was infused into the ven-
tricles and ICP rose until the inflow into the ventricles matched the 
outflow through the cerebrospinal fluid pathways. 

To control the vertical height of the saline bag, the movable inner 
shaft of the IV stand was mechanically coupled to a linear actuator 
(JoyNano Nema 17) and controlled by a programmable microprocessor 

Fig. 1. Steps involved in the craniectomy procedure. Fig. 1a: Shaved head of 
prone animal with midline and planning line perpendicular to the midline 
marked. Incisions are made along these lines to expose the temporalis fascia. 
The animal’s head is stabilized at all times by placing it in a custom stereotaxic 
frame. Fig. 1b: Temporal zygoma exposed by cutting down on the pericranium, 
and removing the temporalis muscle by monopolar cautery. The shaded region 
represents the original location of the excavated temporalis muscle, with the 
dotted boundary demarcating the exposed zygoma and the intracranial fossa. 
Fig. 1c: A small portion of the dura-covered brain is exposed (blue), after 
burring down on the frontal, parietal and temporal calvarium to thin it. The 
dura-covered brain is exposed by chipping the inner cortex of the calvarium 
away using a Kerrison punch. Fig. 1d: The lateral sphenoid and pterion are 
removed, and the exposure of the dural folds is extended until the Sylvian 
fissure. The craniectomy is complete at this stage. Fig. 1e: Once the dura- 
covered brain is exposed, two ICP monitoring probes, one intraventricular 
(black needle) and one intraparenchymal (yellow wire), are inserted with ul-
trasound guidance. A 4 MHz TCD probe is also placed on the dural folds to 
insonate the MCA. These probes are held in place by articulated fixtures, 
attached to the custom stereotaxic frame (Poceta et al., 1981). 

Fig. 2. Ultrasound image showing the target lateral ventricle in a porcine brain 
for placing an intraventricular ICP probe. Note this image was taken trans-
durally after a craniectomy to expose the dura-covered brain. 
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(Arduino Uno R3). The actuator consisted of a stepper motor (1.8º/step; 
8 mm/360º revolution) connected to the outer shaft with the lead screw 
connected to the inner shaft of the IV stand (Fig. 3). With the stepper 
motor engaged, the inner shaft of the IV stand, and hence the saline bag, 
were raised and lowered in a controllable manner. Assuming purely 
hydrostatic coupling, each 5 cm change in the vertical height of the 
saline bag should have resulted in a change in ICP of approximately 
3.7 mmHg. 

Two height-varying profiles were programmed. The first profile 
simulated a stepwise increase and subsequent decrease of ICP (Fig. 4a). 
The saline bag was elevated in steps of 5 cm at a time, up to a maximum 
of 30 cm above baseline ICP; the ICP was allowed to stabilize at each 
new level for 10 minutes. At the conclusion of the stepwise increase, the 
saline bag was lowered to baseline again in steps of 5 cm. This profile 
was chosen to probe the important transition zone in ICP from a normal 
ICP of about 5–10 mmHg to an elevated range of 30–35 mmHg, which 
would constitute a neurosurgical emergency when observed in humans. 
The second profile sought to mimic plateau waves commonly seen in 
neurotrauma patients (Hawryluk et al., 2022; Hayashi et al., 1991a, 
1991b; Dias et al., 2014). For this, the stepper motor was programmed to 
elevate the saline bag at a constant speed of 5 cm/min to 30 cm above 
baseline ICP. The ICP was allowed to equilibrate at the maximum level 
for 10 minutes before the saline bag was returned, again at constant 
speed of 5 cm/min, to its baseline position (Fig. 4b). Finally, to simulate 
exceedingly high ICP values, in a subset of the animals the IV stand was 
disconnected from the stepper motor, and the inner shaft was manually 
elevated to achieve a maximum ICP of about 70 mmHg, depending on 
the hemodynamic stability of the animal (Fig. 4c). 

2.7. Statistical analysis 

The reproducibility of the ICP manipulations by controlled intra-
ventricular saline infusion was tested across all animals. For each step-
wise elevation profile, the baseline pre-elevation ICP was subtracted, 
and the changes in ICP produced by each vertical increase or decrease of 
5 cm in the saline bag were noted. ICP changes of corresponding steps of 
5 cm were then averaged across all such elevation profiles, after 
adjusting for any minor timing disparities. A mean stepwise elevation 
profile was computed, with a corresponding confidence band of one 
standard deviation across all elevation profiles. Similarly, a mean 

plateau-wave elevation profile was also computed, with the corre-
sponding standard deviation. 

3. Results 

We studied twelve pigs, yielding around 80 hours of time-aligned 
physiological waveform data. All experiments were successfully 
completed without adverse complications. In two of the animals, the 
EVD was potentially misplaced, leading to minimal or unexpected var-
iations in the mean ICP. Three of the animals exhibited dural bleeding at 
the point of EVD insertion, which was remedied by the topical appli-
cation of gelfoam thrombin. The primary aim of the experiments was the 
elevation of ICP in a controlled manner, and this was successfully ach-
ieved in a reproducible manner with the three elevation protocols 
described earlier. The distribution of mean ICP measured in all the an-
imals is shown in Fig. 4. The range of measured mean ICP was 2.1 mmHg 
to 78.2 mmHg, with an average of 17.7 mmHg and a standard deviation 
of 11. 3 mmHg. Around one third of all ICP measurements were over 
22 mmHg, defined as the threshold for intracranial hypertension 
(Carney et al., 2017). A representative example of each of the elevation 
profiles is shown in Fig. 4. The reproducibility of the 
microprocessor-controlled stepper motor approach to generate the 
elevation profiles shown in Fig. 4a and Fig. 4b was tested, according to 
the statistical method described earlier. The results are shown in Fig. 6, 
where it can be seen that the approach was found to reproducibly 
elevate the ICP in a pre-programmed manner. It is important to note that 
the ICP measured during these elevations was lower than the theoreti-
cally predicted ICP at peak values (Fig. 6). This is because the 

Fig. 3. Experimental approach to manipulating and measuring ICP. A servo- 
controlled linear actuator was programmed to elevate a saline bag in a pre- 
determined manner. The saline reservoir is connected to a needle whose tip 
is placed into the left lateral ventricle under ultrasonic guidance. Additionally, a 
solid-state pressure transducer is placed ~2 cm into the brain parenchyma. 

Fig. 4. Examples of ICP profiles implemented by pre-programmed intraven-
tricular saline infusion (a, b) and manual elevation (c) of the IV stand on which 
the saline bag is mounted.(a) Example of pre-programmed stepwise elevation 
and reduction profile of ICP; (b) example of a pre-programmed plateau wave 
profile of ICP; these profiles were programmed into an Arduino Uno coupled to 
a stepper motor to control the vertical position of the IV bag coupled to the 
ventricular space. (c) Example of a manual elevation profile of ICP in which the 
vertical height of the saline bag was raised manually. 
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intracranial chamber is an open fluid reservoir with outflow of the 
injected saline, but the resulting offset between observed and predicted 
ICP can be readily bridged using a closed-loop control system to adjust 

elevation of the IV stand (and thereby the ICP). 
It is known that cerebral blood flow is determined by both the ce-

rebral perfusion pressure, defined as the difference between the ABP and 
ICP, and the distributed biomechanical properties of the cerebral 
vasculature (primarily resistance and compliance). If the ICP exceeds the 
ABP, blood flow should cease due to vascular collapse. This phenome-
non of cutoff of cerebral blood flow, an example of which is shown in  
Fig. 7, was verified in our experimental data. When the ICP was elevated 
to a level that exceeded the diastolic ABP, there was no diastolic blood 
flow through the MCA, as evidenced by the cutoff in the measured CBFV 
during the diastolic portion of the cardiac cycle. Conversely, once the 
ICP dropped below ABP, the CPP exceeded zero again, opening the 
vascular territory, resulting in resumption of cerebral blood flow. This 
result confirmed our understanding of the cerebrovascular physiology 
and validated our experimental approach. 

4. Discussion 

Due to the significant burden of neurological disorders and injuries 
worldwide, a large amount of research has been focused on improving 
and expanding the availability of techniques to monitor the neurological 
health of the patient. The assessment of candidate neuromonitoring 
approaches is often limited by the limited range of measured ICP and 

Fig. 5. Normalized distribution of mean measured ICP values across all ani-
mals. The range of the measured ICP in the porcine model dataset is 2.1 mmHg 
to 78.2 mmHg with a mean of 17.7 mmHg. Over 30 % of the measured mean 
ICP values are greater than 22 mmHg, commonly regarded as the threshold for 
elevated ICP (Carney et al., 2017). 

Fig. 6. Expected (blue) and measured (red) ICP profiles for the pre-programmed stepwise ICP profile (a) and plateau wave (b) manipulations. The plots describe the 
mean characteristics for 10 stepwise elevation and 13 plateau wave profiles in 9 pigs. The solid red line represents the mean changes in measured ICP across all such 
elevation profiles, with the shaded confidence regions representing one standard deviation around the mean change in measured ICP. The blue line represents the 
expected ICP profile based on the vertical height of the saline bag and assuming a purely hydrostatic coupling between the saline reservoir and the ventricular space. 

Fig. 7. Representative examples of arterial blood pressure (ABP), intracranial pressure (ICP), and cerebral blood flow velocity (CBFV) waveforms. (a) Example of 
intracranial normotension in which ABP far exceeds ICP; (b) Example of severe intracranial hypertension in which ICP exceeds ABP during the diastolic phase of the 
cardiac cycle with corresponding cerebral diastolic flow cut-off. 
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lack of significant trends in the ICP waveform data (Fanelli et al., 2019; 
Jaishankar et al., 2019, 2020; Imaduddin et al., 2020). As a result, there 
has been a need to establish a robust, reliable, and reproducible 
large-animal model to record physiological waveform data across a wide 
range of ICP values and with sufficient variation in the cerebrospinal 
state to allow for testing of novel candidate neuromonitoring hypotheses 
and devices. 

Our work here, directly motivated by this inherent problem in using 
patient data, resulted in the development and implementation a porcine 
model to record physiological waveform data over a wide range of he-
modynamic cerebrospinal states. Rather than opting for burr holes for 
placement of intracranial probes to either measure or manipulate ICP 
(through balloon inflation or saline infusion) (Sousa et al., 2016; Jeng 
et al., 2021; Soares et al., 2021; Twedt et al., 2017; Freimann et al., 
2013; Metzger et al., 2018; Tiba et al., 2022; Ruesch et al., 2021, 2020), 
we opted for a sizeable unilateral craniectomy approach to expose the 
intact dura. Our choice was necessitated by the comparatively thick 
skull of adult Yorkshire swine and motivated by the need to visualize 
and expose the sphenoid wing of the Sylvain fissure, find the MCA, and 
obtain Doppler-based flow velocity recordings from the MCA for many 
hours. Additionally, the hemicraniectomy approach allowed us to 
visualize the ventricles, place the ventricular catheter under ultrasonic 
guidance, verify its placement by visualizing the ventricular expansion 
during instillation of fluid into the ventricles, and ultimately manipulate 
ICP through saline infusion. Since clinically, large craniectomies are 
typically performed deliberately to reduce ICP, it was not clear whether 
it was possible to manipulate ICP reproducibly and robustly over a wide 
range in a model that utilizes large craniectomies. Prior work using 
intact-dura craniectomies in swine either focused on providing a 
comparatively small access window for ultrasonography (Shin et al., 
2022) or required dural access to apply controlled cortical impact for 
traumatic injury induction. In both studies, the ICP was only varied over 
a narrow range, and hence could not serve as a reference for our work. 

We were able to record data from twelve pigs and obtained over 
80 hours of time-aligned multi-parameter physiological waveform data, 
which is larger than what is reported in typical clinical cohorts (Evensen 
and Eide, 2020; Ciarrocchi et al., 2022; Doron et al., 2020; Fanelli et al., 
2019; Jaishankar et al., 2019, 2020; Imaduddin et al., 2020). Addi-
tionally, we were able to reproducibly simulate two different ICP 
elevation profiles: a stepwise elevation and subsequent decrease of ICP 
(in steps of ~4 mmHg) in the important transitional range between 
intracranial normotension and overt intracranial hypertension; and a 
plateau wave (with ICP reaching 78 mmHg). As a result, a significant 
fraction of our recorded ICP data lies in the range of elevated ICP or 
intracranial hypertension (defined as ICP>22 mmHg (Carney et al., 
2017); Kochanek et al., 2019). The resulting rich dataset also allows for 
a more rigorous quantification of candidate neuromonitoring ap-
proaches. Additionally, the elevation profiles used allow for evaluation 
of neuromonitoring techniques during dynamic changes in ICP, not just 
at different steady-state values. 

Past work has also focused on the use of several cerebral autor-
egulation metrics as indicators of neurological health (Heldt et al., 2019; 
Hawryluk et al., 2022; Kaiser and Fruhauf, 2007; Klein et al., 2019; 
Armstead, 2016). These metrics focus on capturing the interplay be-
tween cerebral ABP and ICP, as mediated by several autoregulatory 
mechanisms, to maintain cerebral perfusion at constant and acceptable 
levels (Steiner et al., 2002). These mechanisms break down in cases of 
intracranial hypertension, leading to rapid decompensation and poten-
tially herniation of the brain stem, and death. Hence, gaining insights 
into these metrics and predicting these acute episodes of elevated ICP 
that may require immediate surgical intervention is crucial. Our diverse 
dataset, with controlled and significant variations in ICP, and where the 
cerebral autoregulatory reserves of the animal are stressed, enables 
further investigations of these control mechanisms. Moreover, the 
manual ICP elevation profile depicted in Fig. 4c resulted in extreme 
levels of intracranial hypertension (ICP>50 mmHg), which would 

necessitate surgical intervention for sustenance of life in humans. 
While our large craniectomy model allows for probing of intracranial 

dynamics over a wide range of cerebrovascular states, there is still scope 
for modifying the model to gain valuable information. Specifically, the 
variation of the hemodynamic state of the animal can be further 
explored through administration of vasoactive drugs or by altering the 
ventilation parameters. Similarly, the effect of various anesthetic drugs 
on the cerebral vasculature and the autoregulatory mechanisms can also 
be studied further (Dagal and Lam, 2009). Finally, while some the 
autoregulatory metrics reported in literature are indicators of the 
neurological health of the patient, the time-scale of the processes un-
derlying these control mechanisms and their interplay are still debated 
in literature. The trends in ICP afforded by our animal model, measured 
with high temporal resolution, can be leveraged to potentially gain in-
sights into these unanswered questions. 
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