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Relationship between edema and
Intracranial pressure following
Intracerebral hemorrhage in rat
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Elevated intracranial pressure (ICP) is a potentially fatal consequence of
intracerebral hemorrhage (ICH). As the mass of the hematoma and regional edema
builds, ICP rises and becomes increasingly variable acutely after stroke. High ICP
may worsen cellular injury and edema by impairing local tissue perfusion, fueling
a cycle that may ultimately cause fatality through ischemia and brain herniation.
Time spent above an ICP of 20 mmHg often predicts a greater risk of death and
disability following ICH. Compensatory mechanisms combat rising ICP. Classically,
these include cerebrospinal fluid volume loss and cerebrovascular autoregulation,
such as a reduction in the volume of venous blood. Additional mechanisms such
as brain tissue compliance and skull volume compensation may also contribute.
Compensatory compliance mechanisms are limited, and they vary by age and
many other factors. Animal models of ICH are widely used to assess these variables
and to gauge putative therapeutics. Most often those studies rely upon simple
measures of edema, which may not accurately predict ICP data. Thus, we analyzed
our past studies characterizing ICP, edema, and tissue compliance responses to
striatal ICH in rat, including the collagenase (C-ICH) and whole blood models
(WB-ICH). We found that both ICH models raised ICP, with greater effects in
the C-ICH model, which may thus better reflect clinical findings of concern.
Importantly, measures of edema, such as in the damaged hemisphere, on their
own are not predictive of average or peak ICP response within either model,
unless assessing across a very wide range of injury severities, or when including
non-stroke animals. We caution against using edema data as a surrogate measure
of mass effect and ICP following ICH.

KEYWORDS

edema, stroke, intracranial pressure (ICP), intracerebral hemorrhage (ICH), cerebral
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1. Introduction

Intracerebral hemorrhage (ICH) is a frequently fatal stroke subtype characterized by
the formation of a hematoma and localized swelling (edema) within the brain, taking up
mass within the cranium (Wilkinson et al., 2021). The bony confines of the skull have
limited capacity for rapid deformation, constraining intracranial volume (Benson et al.,
2023); therefore, the added mass effect associated with ICH can result in elevated intracranial
pressure (ICP) over days or even weeks following stroke onset, worsening brain injury and
significantly increasing risk of death (Sykora et al., 2014). Mortality rates following ICH are
generally high, with ~40-50% of patients dying within 30 days of their stroke (van Asch
etal,, 2010). Of these patients, an estimated ~50-75% die within the first 72 h following ICH
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(Sasaki et al.,, 2017), indicating the critical importance of better
understanding the injury mechanisms that play out over this
acute period. In the minutes, hours, and days following ICH
onset, cerebral edema develops in the perihematomal region over
cytotoxic, ionic, and vasogenic phases, each driven by distinct
mechanisms that initially indirectly then directly influence ICP
(Leinonen et al., 2018; Ironside et al., 2019).

Importantly, edema not only contributes to total intracranial
mass effect, but also dictates the degree of tissue ionic
dyshomeostasis, blood brain barrier (BBB) dysfunction, and
perturbed cellular function, as documented in rodent models of
ICH (Lee et al., 1997; Nadeau et al., 2019; Wan et al., 2023), with
similar observations in patients (Aksoy et al., 2013). Progression
of neuroinflammation and development of other secondary
ICH complications such as fever (Malkinson et al., 1985b),
seizures (Gabor et al., 1984; Vespa et al.,, 2007), and obstructive
hydrocephalus also can severely disrupt ICP homeostasis
(Lodhia et al., 2006; Wilkinson et al,, 2021). Ultimately, such
mechanisms are thought to drive ICP elevations and variability
over time, with more severe deviations often associated with early
neurological deterioration and coma (Sykora et al., 2014; Svedung
Wettervik et al, 2020). Although several innate compensatory
mechanisms provide some degree of ICP compliance [e.g., cerebral
autoregulation, cerebrospinal fluid (CSF) flux, tissue compliance]
in response to worsening ICH mass effect (Wilson, 2016; Bothwell
et al., 2019; Kalisvaart et al., 2020; Ocamoto et al., 2021), these
acute reserves are often compromised and quickly exhausted
following severe ICH (Canac et al., 2020; Wilkinson et al., 2021).
For instance, cerebral autoregulation normally ensures consistent
cerebral blood flow (CBF) through homeostatic adjustments
to cerebrovascular resistance via the coordinated action of
myogenic, neurogenic, metabolic, and endothelial mechanisms
(Cipolla, 2009; Armstead, 2016). Each of these respective cellular
autoregulatory components can be disturbed in the setting of
ICH, reducing the capacity for dynamic cerebrovascular control,
and increasing likelihood of ICP decompensation (Armstead,
2016).

Elevated ICP independently contributes to secondary injury
by worsening the ongoing disturbance to cerebrovascular integrity
following ICH, and further impairing cerebral autoregulation
(de-Lima-Oliveira et al., 2018). Distorted tissue architecture and
microvascular compression may hinder adequate CBE resulting
in oxidative injury, energetic failure, and cell death (Lafrenaye
et al, 2012; Guo et al, 2018). As a result, perihematomal
edema and inflammation become progressively more severe,
exacerbating a vicious cycle of worsening brain damage (Ironside
et al., 2019). Accordingly, elevated ICP plays a key role in ICH
mortality due to a combination of insufficient CBE secondary
cellular injury/death, and brainstem herniation (Ropper and
King, 1984; Kalita et al., 2009; Al-Kawaz et al., 2021). Despite
the ~50-70% of ICH patients who experience elevated ICP
(Godoy et al, 2019), and the presumed importance of ICP in
dictating early outcomes following moderate to severe ICH, it
is very rarely measured directly in clinical or preclinical studies.
This paucity of ICP data within ICH research can likely be
attributed to several things, such as the fact that ICP assessment
is typically invasive (both in patients and animal models),
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expensive, and produces widely varying estimates depending
on the methodology, measurement location, and influence of
anesthetics, among other parameters (Allen, 1986; Munakomi and
Das, 2022).

Clinically, ICP is often measured using a CSF ventricular
catheter and external fluid pressure sensor, or less often, through
dedicated implantable ICP sensors (Evensen and Eide, 2020).
Assessment of epidural ICP (e.g., placement of ICP sensor placed
between dura and skull) is not used as often, owing to gradients
in ICP and/or midline shift. Both methods require a neurosurgical
approach. Non-invasive clinical ICP measures, on the other hand,
are based on surrogate markers of ICP that are either not well-
validated or are subject to major issues that limit their use
(e.g., lack of continuous measurement, considerable inter-patient
variability). Therefore, clinical ICP data is often not collected
in the most severe of stroke patients, along with those with
more modest bleeds where the presumed benefits of monitoring
are outweighed by the risks incurred, such as deadly secondary
complications like fever and infection (Dallagiacoma et al., 2022).
Instead, the degree of cerebral edema, bleed size, and mass
effect are radiologically assessed via computer tomography (CT)
and/or magnetic resonance imaging (MRI), and these measures are
collectively used as crude surrogate markers of mass effect severity
(and therefore elevated ICP).

Regardless of how mass effect severity is evaluated, there are
few treatments available to reduce pathologically elevated ICP
or edema following ICH. Options range from benign strategies,
such as changing patient head position or administration of non-
invasive pharmacological treatment (e.g., hyperosmolar therapies,
corticosteroids, and other agents that target the BBB), to more
invasive neurosurgical options, such as decompressive craniectomy
and/or hematoma evacuation (Ropper et al., 1982; Heuts et al,
2013; Takeuchi et al., 2013). Administration of hyperosmolar
therapies, such as mannitol (Wang et al., 2015; Aminmansour
et al., 2017; Han et al., 2022) or hypertonic saline (Riha et al,
2017; Shah et al,, 2018; Han et al., 2022) have thus far shown
limited efficacy in human patients, along with corticosteroids such
as dexamethasone (Wintzer et al., 2020). Recent guidelines from
the American Stroke Association (Greenberg et al., 2022) designate
the use of hyperosmolar agents to treat elevated ICP/edema as
class 2B (weak evidence for benefit after ICH), while use of
corticosteroids are designated as class 3 (evidence of harm after
ICH). Decompressive craniectomy is similarly designated as class
2B, likely in some part due to higher iatrogenic risk (Greenberg
et al., 2022). Interestingly, although hyperosmotic therapies are
typically transiently effective in reducing ICP levels by drawing
water from the brain into the intravascular space, there is often a
rebound effect where ICP can increase to levels higher than those
observed pre-treatment, contributing to mixed patient outcomes
(Nau, 2000; Griande and Romner, 2012). Additionally, though
decompressive craniectomy lowers ICP, it does not necessarily
improve intracranial compliance (Brasil et al, 2021). There is
clearly yet much to uncover regarding the relationships between
ICP, cerebral osmotic balance, edema, and their interplay with
other intracranial compliance mechanisms. Thus, the promise of
understanding how to best target non-invasive agents (such as
hyperosmolar therapies) as a treatment for cerebral edema and
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elevated ICP remains an important clinical priority. Preclinical
animal models of ICH are therefore vital in evaluating the timing,
dosage, and administration of novel therapies for elevated ICP and
edema moving forward.

Our recent systematic review of preclinical ICH literature
reveals that while the majority (~60%) of studies assessed edema
as an experimental endpoint, only <1% of studies assessed ICP.
This gap makes it difficult to gauge the clinical validity of the
widely used rodent collagenase (C-ICH) and autologous whole
blood (WB-ICH) models of ICH (Liddle et al., 2020), especially
given the limited range of stroke severities that are typically used in
order to navigate ethical and practical concerns (time and money)
(Wilkinson et al., 2021). Cerebral edema is often evaluated in
animal models via bulk assessment of the wet-dry brain tissue
weight, or less commonly, via small animal imaging equipment
(MacLellan et al., 2006, 2008), while ICP is assessed via implantable
telemetry or via ventricular/parenchymal catheter and external
pressure transducer (Harary et al., 2018; Wilkinson et al., 2021).
Each of these methods have their own associated strengths and
limitations. Assessment of wet-dry brain tissue weight as a measure
of cerebral edema, for instance, is often confounded by the degree
of serum extrusion from the hematoma, varying by the precise
bleed location and amount of intact brain tissue in the sample
(Williamson and Colbourne, 2017), but the low cost and ease of
this method makes it a popular choice. Overall, the method and
location of ICP assessment in preclinical studies (e.g., telemetric
assessment vs. intraventricular or parenchymal catheter attached to
external transducer, anesthetized vs. non-anesthetized animals) can
impact measurements significantly (Wilkinson et al., 2021), making
it difficult to compare across studies and to relate meaningfully to
other endpoints, like edema.

Though very few rodent ICH studies assess both cerebral
edema and ICP directly in the same animals, as mentioned, those
who have done so have indicated that edema measurements do
not relate well to ICP parameters at the same ICH severity,
although it should be acknowledged that these were smaller studies
(Hiploylee and Colbourne, 2014; Williamson and Colbourne, 2017;
Kalisvaart et al., 2022). Additionally, if the degree of cerebral
edema and magnitude of ICP elevations had a direct linear
association, treatments that affect edema should also reduce ICP,
and vice versa; however, preclinical evidence demonstrates that
this is not always the case. For example, therapeutic hypothermia
has been shown to reduce ICP with no effect on edema after
ICH and other stroke subtypes (Murtha et al., 2015; John and
Colbourne, 2016). Taken together, this evidence suggests that
the degree of cerebral edema is not an adequate surrogate
measure for ICP following ICH, at least as typically measured
by preclinical ICH studies. Under normal circumstances, ICP
and intracranial compliance dynamics are dictated by complex
and bidirectional interactions between tissue volume homeostasis,
osmotic regulation, dynamic cerebral autoregulation, and CSF
flux (Wilkinson et al., 2021). These relationships are only
further complicated by stroke. Components of the ICH injury
cascade are also highly interrelated, thereby obfuscating individual
contributions. For instance, vasogenic edema is worsened by
post-stroke inflammation that further fuels BBB disruption,
progressively increasing ICP and worsening edema (Zheng et al,,
2016; Leinonen et al., 2018).
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Therefore, as it stands, it is difficult to untangle the precise
nature of the relationship between edema and ICP following
stroke, yet an understanding of the links between these two factors
remains a key aspect in developing improved predictive tools
and therapeutics for patients. Here, we review the literature on
regulation, timing, and dynamics of ICP and edema following
rodent models of ICH, and we compare to the clinical scenario.
We then retrospectively analyze data from five of our published
studies that assess both ICP and edema following moderate to
severe ICH, allowing for an exploration of these parameters
and their relationships across ages and animal models of ICH
with a greater degree of confidence thanks to a larger pooled
sample size.

2. Background literature

2.1. Normal ICP and intracranial
compliance regulation

Estimates of ICP in both humans and rats vary widely,
depending on the method and location of assessment, and are often
confounded by anesthetics. In humans, ICP is thought to range
from 5 to 15 mmHg under normal circumstances (Czosnyka, 2004),
while in adult rats, ICP ranges from 4 to 5 mmHg, at least in
our hands (Silasi et al., 2009; Williamson and Colbourne, 2017;
Williamson et al., 2018, 2019). Across the experimental literature,
these values range as wide as 4-12 mmHg in conscious animals
(Jiang and Tyssebotn, 1997; Chowdhury et al., 2013; Guild et al.,
2015; Eftekhari et al., 2020), or 7-20 mmHg in anesthetized animals
(Malkinson et al., 1985a; Barth et al.,, 1992; Zwienenberg et al.,
1999; Goren et al, 2001; Bothwell et al, 2021), though these
estimates may vary depending on the anesthetic used. For instance,
volatile anesthetics such as isoflurane tend to increase ICP, thanks
to their vasodilatory effect (Li et al., 2014), while barbiturates or
sedative-hypnotic anesthetics may decrease ICP by reducing both
systemic blood pressure and cerebral metabolic demand (Roberts
and Sydenham, 2012; Oddo et al.,, 2016). Anesthetic choice is
therefore a critical aspect to consider when using rodent models to
evaluate ICP dynamics, as this can vary considerably across studies.
Our recent review of preclinical ICH research demonstrated that
roughly a third of preclinical ICH studies use chloral hydrate (a
sedative-hypnotic), for example, while a quarter use pentobarbital
(a barbiturate), and a sixth of studies use isoflurane (a volatile
anesthetic) (Liddle et al., 2020).

Normally, ICP is the sum product of venous, arterial, and
cerebrospinal fluid (CSF) pressures, as dictated by ongoing
maintenance of cellular activity (Czosnyka, 2004; Bothwell et al.,
2019). This necessitates tight regulation of each component
to maintain adequate CBE while also limiting ICP to a
homeostatic range. The characteristic ICP waveform therefore
remains largely similar over time, with rhythmic fluctuations that
reflect the balance of changing arterial, venous, and CSF pressures
(Figures 1A, B) (Fan et al.,, 2008; Frigieri et al., 2021). Ideally,
changing arterial pulse pressures are buffered by venous outflow
and CSF production, circulation, and drainage- this keeps ICP
levels within a well-regulated range (Figures 1A, B). Changes in
systemic mean arterial blood pressure (MAP) arise from cardiac
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FIGURE 1

The ICP waveform is synchronous with arterial pulse and contains three distinct peaks (A): P1, relating to the systolic percussion wave generated by
left cardiac ventricular ejection, followed by P2, generated by a slightly later systolic tidal pressure wave, which arises from arterial elastance. Lastly,
P3 correlates with the closure of the cardiac aortic valve and the dicrotic pulse (driven by cardiac systole and diastole). Under normal conditions, the
amplitude of P1 > P2 > P3, but under decompensated state (such as following ICH), the amplitude of P2 may be greater than P1, reflecting reduced
intracranial compliance. Over time, the cardiac cycle generates the ICP waveform, while the interaction between the cardiac and respiratory cycles
dictates the amplitude and frequency of the ICP waveform over time (B), resulting in characteristic “ICP slow waves.” The respiratory cycle influences
ICP via changing intrathoracic pressure as a result of breathing, and is synchronized with central venous pressure, at least under normal conditions.
In a decompensated state, this respiratory rhythm is no longer distinct as ICP rises. Rodent data typically are not of high enough resolution for
waveform analyses to be done, nor are additional variables (blood pressure, heart rate, respiration) typically measured concomitantly.

output and the respiratory cycle, along with the ongoing interaction
between blood pressure levels, partial pressures of CO, and
O3, serum osmolarity, and peripheral resistance, among others
(Wilson, 2016; Svedung Wettervik et al., 2020). Cerebral perfusion
pressure (CPP), or the pressure required to maintain CBE is
calculated by subtracting ICP from MAP (Wilson, 2016). The
cerebral vasculature is protected from fluctuating CPP via static and
dynamic cerebral autoregulation, ensuring adequate microvascular
perfusion (Claassen et al., 2021).

Relatedly, osmotic balance, cell volume, and volume of
extracellular space are also normally tightly regulated in the brain,
as these parameters are closely tied to neuron membrane potential,
capacitance, and propagation of electrical signals. Cell volume
is also inherently linked to metabolic efficiency, function, and
health (Danziger and Zeidel, 2015). Therefore, to protect cellular
functionality, the cerebral osmotic balance is primarily regulated
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by expression of aquaporin-4 channels (AQP4) within astrocytes
at the BBB and meninges under normal circumstances (Danziger
and Zeidel, 2015). Expression of AQP4 localized to pial and
vascular astrocytic projections affords precise bidirectional control
of water influx and efflux, ionic homeostasis (e.g., potassium levels)
and glymphatic waste removal (Chen et al., 2021). Additionally,
both primary and secondary transport channels like the Na™/K™
exchanger or the Na®™/KT/Cl™ co-transporter (NKCC1) play a
key role in maintaining the ionic and osmotic balance within
the brain (Stokum et al., 2016). Lastly, expression of transcellular
and paracellular proteins, such as caveolins or those that make
up tight junctions, also play an important role in cellular and
BBB integrity/permeability under both normal and pathological
circumstances (Hladky and Barrand, 2016; Kaya and Ahishali,
2020). The mechanisms outlined in this paragraph are well-
reviewed elsewhere in more detail by Hladky and Barrand (2016),
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Kaya and Ahishali (2020), and MacAulay (2021). These factors are
also important in maintaining ICP homeostasis. Each of the above
factors involved in ICP homeostasis under normal circumstances
are in turn influenced by numerous patient parameters, such as
age, sex, level of physical activity, and health status (Czosnyka et al.,
2005; Santos et al., 2017; Zanello et al., 2018; Gogniat et al., 2022).

2.2. Pathological ICP, edema, and
intracranial compliance

Following an ICH, each component involved in ICP regulation
and maintenance are compromised in some fashion, with
potentially fatal consequences. Indeed, in human patients, an
increase in ICP variability along with a greater amount of time
spent above 20 mmHg are both significantly associated with a
greater risk of death or disability following ICH, emphasizing the
importance of better understanding intracranial compliance as a
treatment target (Tian et al., 2013; Al-Kawaz et al., 2021). In the
early hours during and following acute bleeding, cerebrovascular
autoregulation, CSF and glymphatic circulation, and cellular
volume homeostasis become dysregulated due to the hematoma,
cerebral edema, and associated mechanical damage (Hoff and Xi,
2003; Chen et al., 2015; Farago et al., 2016; Bothwell et al., 2019;
Jiang et al., 2022). Following ICH, edema develops via three distinct
mechanistic phases: (1) cytotoxic edema, (2) ionic edema, and (3)
vasogenic edema (Hoft and Xi, 2003; Stokum et al., 2016; Wan
et al., 2023). Cytotoxic edema is thought to be driven primarily by
a combination of toxic blood break-down products and energetic
failure (Liang et al,, 2007), but note that this cellular swelling
characteristic of cytotoxic edema is distinct from parenchymal
tissue swelling, and simply represents a rearrangement in cerebral
water content (Ironside et al., 2019). This can result in cell
death if severe enough (Liang et al, 2007). The intracellular
ionic shift characteristic of cytotoxic edema depletes extracellular
stores, setting the stage for ionic edema, the second stage of
edema formation.

Ionic edema occurs in the hours following stroke onset
(Ironside et al., 2019; Wan et al., 2023). Given that the BBB largely
remains intact in the hours following ICH, the ionic displacement
triggered by cytotoxic edema creates a driving force for both ions
and water from the intravascular and possibly cerebrospinal fluid
(CSF) compartments (Chen et al, 2021), effectively increasing
water mass and hydrostatic pressure within brain tissue. Edematous
tissue swelling is generated as a result, further worsening ionic
dyshomeostasis in the perihematomal region (Yang et al.,, 1994;
Aksoy et al., 2013; Nadeau et al., 2019). The third phase is formation
of vasogenic edema, which occurs hours and days following ICH
onset as the neuroinflammatory response to cerebral injury sets
in, and BBB integrity is lost (Zheng et al., 2016). Extravasation of
plasma proteins into the brain is facilitated by “leaky” vasculature,
further driving intracellular water movement and facilitating the
spread of cerebral edema (Zheng et al., 2016). Severe ionic and
vasogenic edema are more likely to cause elevated ICP (Leinonen
et al,, 2018), often resulting in local tissue distortion (e.g., midline
shift), and placing some regions at risk of additional injury,
depending on structural characteristics of surrounding cerebral
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architecture (Brock et al., 1975; Lafrenaye et al., 2012; McKeown
et al., 2022). The spread and development of edematous tissue
in regions surrounding the hematoma continues over the acute
period post-ICH in rodents (12-72h) (Lee et al., 1997; Hiploylee
and Colbourne, 2014; Williamson and Colbourne, 2017), but this
can persist longer in patients with severe ICH (Gebel et al., 2002;
Venkatasubramanian et al., 2011). It is also important to note
that the phases of edema formation within brain tissue are not
necessarily temporally distinct, as they may occur in parallel to each
other over tissue space.

Over this same period, the summation of these local pressure
perturbations begins to manifest as an increase in global ICP levels,
and in response, numerous compensatory mechanisms begin to
engage (Papo et al., 1979; Chambers et al., 2001; Wilkinson et al.,
2021). It is not entirely clear which mechanisms are prioritized
first in response to rising pressure levels, but a combination of
changes to local cerebral autoregulation, altered CSF circulation
and drainage (e.g., upregulated AQP4 expression), and tissue
volume adaptations (distal tissue shrinkage) all occur in attempt to
maintain ICP homeostasis. The extent to which each mechanism is
activated is likely dependent on the responsivity of perturbed tissue
(Kalisvaart et al., 2020), the degree to which cerebral autoregulation
remains intact (Ma et al., 2016), and how routes of CSF flux
are affected (e.g., larger bleeds may block outflow, worsening
ICP elevations, while smaller bleeds may leave drainage/clearance
routes more intact) (Mokri, 2001; Koh et al., 2007; Bothwell et al.,
2019; Vinje et al., 2020). The compliance response is also dependent
on the patient context; age and hypertension are associated with
worse control of CSF and vascular autoregulatory dynamics for
example (Czosnyka et al., 2005; Kohn et al., 2015; Lindesay et al.,
2016; Xu et al., 2017; Zhao et al., 2018), while age-related atrophy
appears to alter intracranial compliance dynamics following ICH
(Kalisvaart et al., 2022).

There is evidence for the existence of a centralized sympathetic
baroreflex activated rapidly by increasing ICP (Schmidt et al,
2018), similar in principle to pressure-sensitive areas identified in
the brainstem (McBryde et al., 2017). This mechanism normally
operates to protect cerebral perfusion from modest increases
in ICP associated with changing positions (upright to supine,
for example) in normotensive individuals (Ropper et al., 1982).
Larger ICP elevations (e.g., such as following stroke or brain
injury) may then result in sympathetic over-activation (Schmidt
et al, 2018), especially in a hypertensive state (Valensi, 2021).
The associated vasoconstriction causes an increase in MAP to
combat cerebral hypoperfusion and to maintain CPP. In some
cases, this sympathetic innervation is not adequately balanced by
parasympathetic innervation of cerebral vasculature (Dorrance and
Fink, 2015; Valensi, 2021), often due to hypertension-associated
loss of autoregulatory capacity, or injury-induced vasospasm. The
combined result of these factors is thought to result in localized
hypoperfusion, worsening cell death and edema while further
increasing ICP and microvascular compression, and triggering a
run-away sequence of intracranial decompensation in severe ICH
patients (Ropper and King, 1984; Sykora et al., 2014). Patients at
imminent risk of fatality may display Cushing’s triad, or increased
MAP, bradycardia, and irregular respiration (Marshman, 1997;
Kalmar et al, 2005). The extent to which this occurs following
moderate to severe ICH is likely dependent on mass effect volume
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(e.g., hematoma and edema), along with remaining functionality of
ICP compliance reserves (e.g., tissue compliance, increased venous
and CSF outflow) on a case-by-case basis.

Despite the logical assumption that global edema levels would
be representative of some portion of overall mass effect, bulk
assessment of edema [e.g., wet-dry weight method, varying CT
and MRI scan parameters (Zhang et al., 2022)] does not always
relate well to ICP measurements following strokes of a similar
severity. There are likely several reasons for this disparity, such as
variable methodological and operational definitions, measurement
sensitivity, and study cohorts of a limited size. Though on a
local level, it is entirely likely that the three mechanistic phases
of edema development establish hydrostatic pressure gradients
which then globally contribute to ICP levels, it is difficult to
capture this relationship given the spatial and temporal sensitivity
of current methods. Many edema measurements are taken as
single assessments rather than via dynamic assessment over
time, making it difficult to determine their relationship to the
numerous possible temporally dependent ICP parameters. Here,
we pool data from five of our past studies to assess how well
edema reflects ICP, but also how well ICP responses following
ICH rodent models reflect what is seen clinically, speaking to
their validity.

3. Methods

3.1. Retrospective analysis design

Data was extracted from experiments within five of our
previously published studies measuring ICP following ICH in
male rats, using either the C-ICH or WB-ICH model (Hiploylee
and Colbourne, 2014; John and Colbourne, 2016; Williamson
and Colbourne, 2017; Williamson et al., 2019; Kalisvaart et al.,
2022). These measurements were collected in awake freely moving
animals through use of company-calibrated telemetry blood
pressure transmitters connected to an epidural cannula (Data
Sciences Int., probe model PA-C10), as previously documented
(Williamson et al.,, 2018). Values were also corrected by offset
readings taken before and after removal, as recommended.
All experimental procedures were originally approved by the
University of Alberta Biological Sciences Animal Care and Use
Committee (protocol #960) prior to data collection, adhering
to the Canadian Council of Animal Care guidelines. In the
included experiments, ICP data was collected following sham
procedure (surgery without an ICH), severe C-ICH, or WB-
ICH (at doses of 100, 130, or 160 pL of autologous blood
within groups, denoted as WB-100, WB-130, and WB-160,
respectively). Consistent surgical methods (e.g., dose of isoflurane
anesthesia, procedure for stereotaxic injection of collagenase or
autologous blood) were used across studies, each modeling a
moderate to severe stroke severity. Animals were randomized
to sham or ICH procedure in all cases. As the final endpoint,
each of these experiments also assessed edema by calculating
regional brain water content percentages (BWC%) via the wet-dry
weight method.
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Four out of the five studies used young adult male animals
(~300-500g, 3-5 months of age; groups are denoted by C-
ICH-Adult, WB-ICH-Adult, Sham-Adult), recording ICP over
72h post-procedure, followed by euthanization and evaluation
of BWC% as a measure of cerebral edema (Hiploylee and
Colbourne, 2014; John et al., 2015; Williamson and Colbourne,
2017; Williamson et al., 2019). The other study used middle
aged males (~650g, 9-11 months of age; groups denoted by
C-ICH-Aged, Sham-Aged), recording over 24h, followed by
euthanization and evaluation of BWC% (Kalisvaart et al., 2022).
Different survival times were used in these studies for experimental
reasons (e.g., aged rats in the Kalisvaart et al., 2022 study were
euthanized at 24h post-ICH as this is the timing of maximal
tissue compliance, for instance). Pooling across studies (after
original study exclusions, Table 1), data from 21 C-ICH-Adult
animals, 24 WB-ICH-Adult animals, 15 Sham-Adult animals, 10
C-ICH-Aged animals, and 10 Sham-Aged animals were included
in the present analyses (prior to analysis exclusions, see Results).
Data from C-ICH and WB-ICH animals were compared to
pooled shams for ICP and BWC% analyses, separating by
age when appropriate; comparisons were not drawn directly
between models.

3.2. Intracranial pressure analyses

Raw data from each of the five included studies was first
examined for artifact (e.g., values that exceed the previous hour’s
average by >5x, and did not persist over time) by an experimenter
blinded to group allocations. On average, this was only 0.26% of
the raw data points within each animal included. Data from WB-
ICH and C-ICH groups were assessed separately, with average and
peak 24 h and 72 h ICP calculated and compared to age appropriate
controls (average and peak 1-min and hourly ICP values over
each epoch are outined in Table 2). In order to assess ICP spiking
events, data from each study was analyzed using a Python script
(Kalisvaart et al., 2022) to identify (a) when ICP increases > 10
mmHg for at least 3 min compared to the preceding 60-min average
(e.g., “disproportionate increase in ICP”, or “DIICP event”) and
(b) when ICP increased to values > 20 mmHg for at least 3 min,
and the preceding 60-min average was also >20 mmHg (e.g.,
“raised ICP” or “RICP” event). These criteria were determined by
clinical definitions of intracranial hypertension. Once each DIICP
or RICP event was identified, ICP data over the event duration
was extracted, along with the preceding 60 min of data (pre-event
baseline). Pre-event baseline data was first averaged within animals
who experienced events. Corresponding “sham-equivalent” values
were then determined by averaging sham data over the recording
period, extracting 60 min of data corresponding to the timing of
each ICH pre-event baseline. The pre-event baseline data was then
split into four 15-min epochs, and the slope of ICP change over
time was calculated for each epoch, comparing ICH and “sham-
equivalent” values over each epoch in order to assess local ICP
variability. Average and peak ICP over each DIICP and RICP
event was also determined, along with event duration, timing, and
number of events per animal within 24 and 72 h timeframes. Data
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TABLE 1 An outline of studies, experiments, and experimental groups included in the present retrospective analyses.

Experiment Experimental  Groups Survival
number
John and Colbourne Experiment 1 5 SHAM-Adult ~13-24 weeks Male 72h Ipsilateral striatum
(2016) 5 C-ICH Adult ~300-600 g
Contralateral striatum
Ipsilateral cortex
Contralateral cortex
Cerebellum
Hiploylee and Colbourne | Experiment 3 6 SHAM-Adult ~ 3-5 months Male 72h Ipsilateral striatum
(2014) 8 WB-100-Adult ~350-500 g
8 C-ICH-Adult Contralateral striatum
Ipsilateral cortex
Contralateral cortex
Kalisvaart et al. (2022) Experiment 2 10 SHAM-Aged ~12 months Male 24h Ipsilateral hippocampus
10 C-ICH-Aged ~650 g
Contralateral hippocampus
Ipsilateral striatum
Contralateral striatum
Williamson et al. (2018) Experiment 5 8 C-ICH-Adult ~8-12 weeks Male 72h Ipsilateral hemisphere
~250-350 g ]
Contralateral hemisphere
Cerebellum
Williamson and Experiment 3 5 SHAM-Adult ~ 8-12 weeks Male 72h Ipsilateral hemisphere
Colbourne (2017) 5 WB-100-Adult ~250-350 g
5 WB-130-Adult Contralateral hemisphere
6 WB-160-Adult
Y Cerebellum

Demographic data of each experimental group, along with specifics on edema endpoints collected in each case are also presented.

processing was done using Microsoft Excel (v.16.61) and Anaconda
Python v.3.9 (Spyder Package v.5.15).

3.3. Brain water content

Brain water content % (representative of edema) data was
collected either by blocking out a portion of the ipsilateral and
contralateral hemispheres, or by dissecting out striatal, cortical,
and/or hippocampal regions in each hemisphere, along with
cerebellum (See Table 1 for specific study details in each case).
Tissue BWC% was measured via the wet-dry weight method,
and weight-corrected by percentage, as done previously. For the
present analysis, these regional BWC% values were averaged within
hemispheres to give a standardized “hemispheric” edema value, for
comparison’s sake across studies. The “total” magnitude of cerebral
edema was determined by subtracting cerebellar brain water
content values from both ipsilateral and contralateral hemispheres,
then adding these values together. Here, each ICH group was
compared to respective age-appropriate pooled sham groups at
their respective euthanasia time point: this was at 72h in C-ICH-
Adult, Sham-Adult, and all WB-ICH groups, while C-ICH-Aged
and Sham-Aged animals were euthanized at 24 h. Thus, we did not
directly compare data across ages in the C-ICH model, due to the
difference in euthanasia timing.

We again emphasize that BWC% is not necessarily equivalent
to “true” ICH-associated edema, as these values partly derive
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from serum extrusion, though we may use these terms
interchangeably here.

3.4. Statistical comparisons

All statistical analyses and figures were done using Graphpad
Prism 9.5.0 (Graphpad Software, San Diego, CA). The threshold
for statistical significance was set at @ = 0.05, and p < 0.05.
Figures are presented as mean £ 95% confidence intervals (95%
Cls). Effect sizes are reported as the mean difference between
groups £ 95% Cls. Prior to statistical testing across groups,
assumptions of normality, heterogeneity, and sphericity were
confirmed using the Shapiro-Wilk normality test, the F-test, the
Brown-Forsythe test, and Spearman’s test for heteroscedasticity,
respectively, and when appropriate. Independent means were
compared using one-way ANOVA or Welch’s one-way ANOVA
tests, depending on whether there were significant differences in
standard deviation among groups; multiple comparisons follow-up
testing was then done using Dunnett’s T3 test. Pre-ICP event slope
data was compared using two-way repeated measures ANOVA
with a Greenhouse-Geissser correction, using SidaKs multiple
comparisons test upon follow-up. Across groups and within
animals, edema data (ipsilateral and contralateral hemispheres,
cerebellum) was compared using a 2-way ANOVA with Sidak’s
multiple comparisons test. Lastly, correlations between ipsilateral,
contralateral, and total BWC% vs. peak and average 72h or 68-72h
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TABLE 2 A characterization of average and peak 1-min and hourly ICP over 24 and 72 h epochs, split both across original studies, as well as compiled into the groups that were compared in the present data
analyses.

Experiment 1-min 1-min 1-min peak 1-min peak Average Average Peak hourly Peak hourly
average ICP  average ICP ICP (24 h) ICP (72 h) hourly ICP hourly ICP ICP (24 h) ICP (72 h)
(24 h) (72h) (24 h) (72h)
John and Colbourne (2016) SHAM-adult 4.30 7.21 13.88 17.15 4.30 4.88 6.58 7.92
C-ICH-adult 14.03 18.98 26.93 41.70 14.02 16.13 18.77 26.32
Hiploylee and Colbourne SHAM-adult 2.23 4.37 9.16 15.43 2.23 4.37 4.61 9.15
(2014)
‘WB-100-adult 6.06 5.34 16.09 18.28 6.06 5.34 8.11 9.72
C-ICH-adult 9.04 9.66 19.67 25.30 9.04 9.66 11.71 14.82
Kalisvaart et al. (2022) SHAM-aged 4.76 N/A 17.40 N/A 4.76 N/A 9.05 N/A
C-ICH-aged 11.71 N/A 31.57 N/A 12.18 N/A 21.57 N/A
Williamson et al. (2018) C-ICH-adult 10.74 13.06 40.48 44.02 10.64 10.29 15.80 18.58
Williamson and Colbourne Sham-adult 3.65 3.43 14.76 17.55 3.65 3.43 5.37 5.52
(2017)
‘WB-100-adult 7.67 5.94 22.25 25.74 11.05 6.16 9.75 10.95
WB-130-adult 8.75 6.24 18.63 19.29 8.75 6.23 11.79 11.79
‘WB-160-adult 10.09 7.65 25.83 43.01 10.09 7.76 12.51 17.85
Overall comparison across SHAM-adult 3.23 491 12.11 16.53 3.23 4.24 5.39 7.76
studies
SHAM-aged 4.76 N/A 17.40 N/A 4.76 N/A 9.05 N/A
C-ICH-adult 10.88 13.18 29.33 36.33 10.83 11.44 14.95 18.99
C-ICH-aged 11.71 N/A 31.57 N/A 12.18 N/A 21.57 N/A
‘WB-100-adult 6.68 5.57 18.46 21.15 7.98 5.66 8.74 10.19
‘WB-130-adult 8.75 6.24 18.63 19.29 8.75 6.23 11.79 11.79
WB-160-adult 10.09 7.65 25.83 43.01 10.09 7.76 12.51 17.85
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ICP (by minute) were calculated via Pearson’s R. For correlations, a
threshold of r < 0.4 was considered poorly correlated, while values
r > 0.4 were considered moderately correlated, and values r > 0.6
were considered strongly correlated.

4. Results

4.1. Exclusions

One animal (Sham-Adult) was excluded from all analyses due
to apparent probe failure (e.g., negative ICP values for >25% of the
recording period). One C-ICH-Adult animal was excluded from
DIICP pre-event baseline and BWC% analyses due to incomplete
data. Lastly, one Sham-Adult animal was excluded from BWC%
due to incomplete data. Across included experiments, there were
no mortalities following WB-ICH. There were two mortalities
following C-ICH in adult animals within the included experiments,
for an average experimental mortality rate of 9.5% within this
dataset. There were also two mortalities following C-ICH in aged
animals, or an experimental mortality rate of 20%. It is possible
that experimental premature mortality rates may differ with age,
but we cannot directly speak to this here, given that aged animals in
the present dataset were only evaluated out to 24 vs. 72 h in young
animals. We have evaluated ICP out to 72h in a larger sample of
aged spontaneously hypertensive rats following ICH (unpublished
data, Wilkinson et al.), however, and we did not observe significant
premature mortality within this cohort.

4.2. Intracranial pressure characterization

4.2.1. Autologous whole blood model
4.2.1.1. 72 h ICP comparison: Adult animals

Over 24h, there was a significant difference in both mean
ICP across groups (all p < 0.0001), where the WB-100, WB-130,
and WB-160 animals all had significantly greater values compared
to Sham-Adults (3.42 + 2.43 mmHg, 5.52 + 3.29 mmHg, 6.86
+ 3.07 mmHg, respectively, all p < 0.005; Figures 2A, B). Peak
24h ICP was also significantly greater across groups (all p <
0.0001), where the WB-100, WB-130, and WB-160 animals all
had significantly greater values compared to Sham-Adults (3.71
+ 2.80 mmHg, 6.40 & 3.78 mmHg, 7.12 £ 3.54 mmHg, all
p < 0.005, Figure 2D).

Over the 72h epoch, mean and peak ICP varied significantly
by experimental group (all p < 0.01; Figures 2C, E), but further
testing demonstrated that only the WB-160 animals had statistically
higher mean and peak ICP over the entire 72h epoch vs. Shams
(3.52 & 2.46 mmHg and 10.09 &+ 7.78 mmHg, respectively, both p
< 0.006).

4.2.1.2. ICP spiking events

Across WB animals who experienced DIICP events (WB-ICH-
DIICP), there was a significant difference in pre-event baseline ICP
compared to Sham-equivalent values, where time, experimental
group, and time x experimental group were significant fixed effects
(all p < 0.026; Figure 2F). Further testing demonstrating that
WB-ICH-DIICP animals experienced significant ICP elevations
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vs. Sham-equivalent values at minute 8, 2, and 1 leading up to
the DIICP event (3.03 £ 2.79 mmHg, 7.68 £ 1.85 mmHg, and
11.95 &+ 6.53 mmHg respectively, all p < 0.039). Accordingly, the
local slope analysis over the pre-event baseline period indicated
significant differences across groups, where time and experimental
group were significant main effects, with a significant time x
experimental group interaction (all p < 0.002; Figure 2G). Further
analysis revealed a significant difference in slope over the last
15-0-min period leading up to the event, where WB-ICH-DIICP
animals had higher ICP slopes (p < 0.01), but there were no
significant differences over the 30-16-, 45-31-, or 60-46-min pre-
event baseline epochs (all p > 0.59). Therefore, prior to DIICP
events in the WB model, there is a non-linear increase in ICP in
the 15 min leading up to event initiation.

In the 24 included WB animals, there were 13 DIICP events,
which occurred in four out of 24 animals (16.67%; Figure 2H).
The average DIICP event duration was 3.3 min, occurring on
average at 40.03 h post-ICH (Figure 2I). The average ICP over the
DIICP event in WB animals was 15.75 mmHg, while the peak ICP
was 17.55 mmHg (Figure 2H). There were no DIICP events that
occurred prior to 24 h post-ICH.

There were no WB-ICH animals who experienced RICP events.

4.2.2. Collagenase model
4.2.2.1. 24 h ICP comparison: Adult and aged animals

The average ICP for the 24h recording period varied
significantly across groups (p < 0.0001, Figures 3A-C). Further
comparisons demonstrated that there was no significant difference
in mean 24 h ICP between C-ICH-Adult animals and C-ICH-Aged
animals (2.62 &+ 5.82 mmHg, p > 0.60), or between Sham-Adult
and Sham-Aged animals (1.90 £ 3.34 mmHg, p > 0.42), though
aged animals had higher ICP on average in each case. There was a
significant difference in mean 24 h ICP between C-ICH-Adult and
Sham-Adult animals (6.70 £ 2.92, p < 0.0001), as well as between
C-ICH-Aged and Sham-Aged groups [7.41 + 5.93 mmHg, p <
0.013 (Heuts et al., 2013)].

The peak ICP over the 24h epoch varied significantly by
experimental group (p < 0.0001, Figures3A, B, D). Multiple
comparisons testing demonstrated that peak 24h ICP differed
significantly across C-ICH-Adult vs. Sham Adult groups (11.66
+ 3.49 mmHg, p < 0.0001), and C-ICH-Aged vs. Sham-Aged
groups (12.51 & 10.47 mmHg, p < 0.02). There was no significant
difference in peak 24h ICP between C-ICH-Adult and C-ICH-
Aged groups (6.62 + 10.42, p > 0.29), but there was a significant
difference in peak 24h ICP between Sham-Adults and Sham-
Aged animals (5.77 £ 3.29, mmHg, p < 0.0005). In each case,
peak 24 h ICP was also higher in aged animals compared to their
younger counterparts.

Therefore, C-ICH caused higher average and peak ICP in
both adult and aged animals over 24h. Sham-Aged animals had
significantly higher peak, but not mean 24h ICP compared to
Sham-Adults, perhaps indicating the effect of age on dynamic
ICP regulation over time. Interestingly, there was no difference
in mean or peak 24h ICP between C-ICH-Adult and C-ICH-
Aged animals, though C-ICH-Aged animals had higher values in
each case.
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FIGURE 2

Intracranial pressure data was collected via telemetry following whole blood ICH (WB-ICH), or sham procedure (Sham-Adult), averaged by hour (A)
At 24 h post-WB-ICH, mean and peak ICP over the recording period were significantly different across all WB-ICH groups compared the
Sham-Adults (B, D). Average (C) and peak (E) 72 h ICP (averaged by hour) were significantly greater only in WB-160 animals compared to
Sham-Adults. Pre-event ICP significantly increased in the minutes immediately prior to DIICP event onset (F), as reflected by a significant non-linear
increase in ICP slope in the 15 min leading up to the event (G). DIICP event characteristics, such as ICP over the event duration (H) and event
duration in minutes () are also shown. Data are presented as mean + 95% C.I. in panels b-g, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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FIGURE 4
A characterization of ICP spiking events following collagenase ICH. In ICH animals who experienced ICP events (ICH-DIICP and ICH-RICP animals),
the 60 min of data prior to each DIICP and RICP event was extracted, averaged within animals, and compared to equivalent sham data (e.g.,
“pre-event baseline period”, panels A, C). Prior to DIICP events, the average baseline ICP differed significantly in DIICP-ICH animals vs.
Sham-equivalent values by 1-min prior to the event's initiation (A, p < 0.03). Prior to RICP events, the average baseline ICP differed significantly in
RICP-ICH animals vs. Sham-equivalent values over the entire 60-min period (C, p < 0.001). The rate of ICP change over each 15-min epoch within
the pre-event baseline period was then compared across groups for both DIICP (B) and RICP (D) events, respectively, as a measure of local ICP
variability. The distribution of average and peak ICP over DIICP events are shown in (E), along with the event duration (F). The distribution of average
and peak ICP over RICP events are shown in (G), along with event duration (H). ***p < 0.001.

4.2.2.2. 72 h ICP comparison: Adult animals

The average ICP over the 72h recording period was
significantly higher in C-ICH-Adult animals vs. Sham-Adults (9.09
=+ 2.35 mmHg, p < 0.0001; Figures 3A, B, E). The peak 72 h ICP was
also significantly higher in C-ICH-Adults vs. Sham-Adults (14.75
=+ 2.38 mmHg, p < 0.0001, Figures 3A, B, F). Therefore, average
and peak ICP across the 72 h recording period reached a greater
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magnitude in C-ICH-Adult animals compared to Sham-Adults
across studies.

4.2.2.3. ICP spiking events

The DIICP pre-event baseline ICP varied significantly by time,
experimental group, and a time X experimental group interaction
(all p < 0.008, Figure 4A). Further analyses demonstrated that ICP
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increased at minute 6 pre-DIICP event, and minute 1 pre-DIICP
event in C-ICH-Adult animals that experienced DIICP events (C-
ICH-DIICP) compared to Sham-equivalent data (14.52 £ 9.67
mmHg, p < 0.008). The local slope analysis demonstrated that
slope varied significantly by experimental group, time, and time x
group interaction (all p < 0.0002; Figure 4B), with further analysis
demonstrating that the change in slope was significantly different in
C-ICH-DIICP animals vs. Sham-equivalent data in the last 15 min
leading up to the DIICP event (p < 0.0004, Figure 3B). The slope
over the three preceding epochs (e.g., 60-46-, 45-31-, and 30-16-
min pre-event epochs) in the pre-event baseline period were all
non-significant compared to Sham-equivalent data (all p > 0.87).
Therefore, DIICP events in C-ICH-Adults are characterized by
a sudden non-linear increase in ICP 15min prior to the event
initiation, similar to their aged counterparts (Kalisvaart et al., 2022).

There were 225 DIICP events among 21 C-ICH-Adult animals
throughout the 72h recording period (Figure 4E). In total, six
out of 21 C-ICH-Adult animals experienced DIICP events (29%).
Across studies, all C-ICH-Adult animals who experienced events
had more than one event, with 36 events on average per animal
across those who experienced DIICP events. The mean DIICP
event duration was 6.91 min long in C-ICH-Adults (Figure 4F).
The average ICP over C-ICH-DIICP events was 22.29 mmHg, and
the peak ICP was 27.52 mmHg (Figure 4E). For each adult ICH
animal that experienced DIICP events, 15% of them happened
within 24 h of their stroke, while the other 85% occurred in the
24-72h time frame. Within the 14 Sham-Adult animals included
across experiments, only one animal experienced a brief singular
DIICP event.

4.2.2.4. RICP events

The pre-RICP event baseline ICP varied by experimental group
(p < 0.0001; Figure 4C), but there was no significant effect of time
or interaction (both p > 0.17). The average difference in ICP over
the pre-event baseline period was 16.11 & 0.93 mmHg, greater in C-
ICH-RICP animals. The effect of experimental group on pre-event
ICP slope was significant, but there was no effect of time leading
up to the event initiation (p > 0.062). Similarly, there was no
significant change in ICP slope over time across each four 15-min
pre-event epoch in C-ICH-RICP animals vs. Sham-equivalent data
(all p < 0.25, Figure 4D), despite a significant time by experimental
group interaction (p < 0.05). Therefore, RICP events in C-ICH-
Adults are characterized by a baseline period with persistently
elevated ICP which continues to climb consistently over the RICP
event duration, also as observed in aged animals following ICH
(Kalisvaart et al., 2022).

There were 66 RICP events total detected across all 21 C-ICH-
Adult animals throughout the 72h recording period (Figure 4G).
In total, 7 out of 21 C-ICH-Adult animals experienced RICP events
(33%). None of the Sham-Adult rats experienced RICP events.
All C-ICH-Adult animals who experienced DIICP events also
experienced RICP events. There was only 1 C-ICH-Adult animal
who experienced RICP events in the absence of DIICP events.
Across data sets, C-ICH-RICP animals had an average of 9.57
events over the 72h recording period. The mean ICP over RICP
events in C-ICH-RICP animals was 24.74 mmHg, while the peak
ICP over the event was 31.66 mmHg (Figure 4G); the average event
duration was 50.63 min (Figure 4H). For each C-ICH-RICP animal,
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7% of these events occurred in the first 24 h, with the remaining
93% occurring from 24 to 72 h.

4.3. Brain water content analyses

4.3.1. Autologous whole blood model
4.3.1.1. 72 h brain water content: Adult animals

Brain water content varied by experimental group across brain
regions (all p < 0.0001; Figure 5A). Ipsilaterally, BWC% across all
three WB-ICH severities were significantly different compared to
Sham-Adults, with mean differences of 2.44 4 0.62%, 3.14 + 0.83%,
and 3.86 £ 0.79% across WB-100, WB-130, and WB-160 groups,
respectively, (all p < 0.0001). There was also a significant difference
in ipsilateral BWC% between WB-100 vs. WB-160 groups (1.41 £
0.79%, p < 0.0001), but not between WB-100 vs. WB-130, or WB-
130 vs. WB-160 (0.70 £ 0.84% and 0.72 £ 0.96%, respectively, both
p > 0.14). Contralaterally, there was no significant difference in
BWC% between WB-100 animals vs. Sham-Adults (0.50 =& 0.63%,
p > 0.17) but BWC% was significantly elevated in WB-130 and
WB-160 vs. Sham-Adults (0.99 £ 0.84% and 1.05 & 0.78%, both
p < 0.014). There were no significant differences in contralateral
BWC% between WB-ICH groups (all p > 0.27). Lastly, there
were no significant differences in cerebellar BWC% across groups
(all p > 0.53). Therefore, there are significant elevations in
ipsilateral BWC% following the WB-ICH model at all bleed sizes
assessed compared to controls, while contralateral BWC% is only
statistically detectable following larger bleeds. Cerebellar BWC%
was the same across groups, as expected.

4.3.2. Collagenase model
4.3.2.1. 24 h brain water content: Aged animals

Brain water content varied by experimental group across
regions (all p < 0.001; Figure5B). At 24h post-procedure,
ipsilateral and contralateral average BWC% was significantly
elevated in the C-ICH-Aged group vs. Sham-Aged controls (1.92
+ 1.11%, p < 0.01; and 1.56 £ 1.11%, p < 0.001, respectively).
Cerebellar BWC% did not differ significantly between groups, as
expected (0.36 & 1.11%, p = 0.80). Therefore, there are significant
elevations in both average ipsilateral and contralateral BWC% at
24 h post-ICH in aged male animals.

4.3.2.2. 72 h brain water content: Adult animals

Brain water content varied by experimental group across all
regions (all p < 0.0001, Figure 5C). At 72 h post-procedure, average
ipsilateral BWC% was significantly greater in C-ICH-Adult animals
vs. Sham-Adults (4.59 &= 0.63%, p < 0.0001). Average contralateral
BWC% was also significantly greater in C-ICH-Adult animals
compared to Sham-Adult controls (0.87 £ 0.63%, p < 0.003).
There were no significant differences in average cerebellar BWC%
between groups, as expected (all p > 0.95).

Therefore, there are significant elevations in both average
ipsilateral and contralateral BWC% persisting out to 72h in adult
male animals following the collagenase model of ICH.
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FIGURE 5

The average percentage of brain water content in the ipsilateral hemisphere, contralateral, and cerebellum in WB-ICH animals (A), C-ICH-Aged
animals (B), and C-ICH-Adult animals (C) vs. equivalently aged Sham controls. The WB-ICH-Adult animals had significantly greater ipsilateral BWC%
across bleed severities compared to Sham-Adults, while contralateral BWC% was only elevated in WB-130 and WB-160 animals (A). In aged animals
at 24 h, BWC% differed significantly across the ipsilateral and contralateral hemispheres, but not the cerebellum following C-ICH vs. age-matched
controls at 24 h (B). In adult animals, BWC?% also differed significantly across both the ipsilateral and contralateral hemisphere, but not the cerebellum
following C-ICH vs. age-matched controls at 72 h (C). There were significant correlations between average 72 h ICP, peak 72 ICP, and ipsilateral
BWC%, but only in the WB-ICH models when collapsing across bleed severities (D). There were also no significant correlations between average or
peak 72h ICP and ipsilateral BWC% in adult C-ICH animals (E). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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4.4, Relationship between ICP and brain
water content

When collapsing across WB-ICH groups, there was a moderate
correlation between ipsilateral BWC% and average 72h ICP (r =
0.54, p = 0.006; Figure 5D). There was also a moderate correlation
between ipsilateral BWC% and peak 72h ICP (r = 0.55, p =
0.006; Figure 5D). The total magnitude of elevated ipsilateral and
contralateral BWC% (ipsilateral + contralateral BWC%, corrected
by cerebellar values) correlated moderately with average 72 h ICP (r
= 0.50, p = 0.014). Additionally, there was a moderate correlation
between total elevation in BWC% and peak 72 h ICP (r = 0.48, p <
0.018, Figure 5D). Contralateral BWC% alone did not significantly
predict ICP parameters (data not shown).

In C-ICH-Adult animals, on the other hand, there were no
significant correlation between average ipsilateral BWC% and
average 72h ICP (r = 0.19, p = 0.42, Figure 5E). There was also
no significant correlation between average ipsilateral BWC% and
peak 72h ICP (r = 0.20, p = 0.41, Figure 5E). Contralateral BWC%
alone, along with total BWC%, did not significant predict ICP
parameters both over the duration of the recording period and over
the last 4 h prior to euthanasia (data not shown), which one might
have expected to better reflect edema.

Therefore, in the C-ICH model, there was no appreciable
linear relationships between BWC% and ICP parameters assessed.
Inclusion of C-ICH-Aged animals did not notably change their
association. Inclusion of Sham-Adults in these analyses resulted
in significant linear relationships by broadening the range of data
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(data not shown). In contrast, across WB-ICH bleed severities,
there appeared to be some relationship between BWC% magnitude
and ICP. These significant WB-ICH relationships do not hold
up when correlating the same parameters within each separate
WB-ICH group, indicating that smaller differences in BWC%
within groups are reasonably well-accommodated by intracranial
compliance mechanisms.

5. Discussion

Our pooled data analysis allows us to better characterize the
effect of moderate to severe ICH on ICP dynamics in the rat C-ICH
and WB-ICH models, along with establishing their relationship to
edema (as measured by regional BWC%). In our hands, the C-
ICH model causes more severe and prolonged perturbations in
average and peak ICP over time, whereas ICP perturbations are
shorter and less severe in the WB-ICH model, with exception of
the largest bleed severities (i.e., WB-160 animals). Both ICH models
cause ICP spiking events and greater variability over time, though
these are more pronounced following C-ICH; events primarily
occurred over the 24-72h period. Following C-ICH, age did not
affect peak or average 24 h ICP, but aged controls had higher peak
ICP values compared to their younger counterparts, indicating
the impact of age on dynamic ICP regulation over time. In adult
animals, both ICH models resulted in appreciable elevations in
edema, but especially so in the C-ICH model. Overall, mean and
peak ICP values related poorly to edema following C-ICH, while
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there is a significant relationship between these parameters when
collapsing across WB-ICH bleed sizes, but not within groups.
These data highlight the insensitivity of BWC% as a surrogate
measure of ICP following ICH, especially when assessing across
a relatively narrow range of severity. Inclusion of sham controls
or assessment across a wide range of injury severity (producing
a wide range in ICP perturbation) may produce correlations, but
these often have limited predictive value overall. Ultimately, we
emphasize the role of individual intracranial compliance capacity
in accommodating ICH mass effect, which in our studies likely has
helped keep mortality low despite substantial mass effect (bleed
and edema) which seem proportionally greater (% of brain volume)
than average ICH bleeds in patients (Wilkinson et al., 2021).

Of the two models, the C-ICH model appears to produce
elevations in ICP that, on the surface at least, have better face
validity for modeling humans with concern to post-stroke ICP
dynamics. In patients, ICP elevations begin within a few hours
of ICH-onset, remaining elevated for days to weeks following
severe stroke (Papo et al,, 1979). Similarly, we show here that
both adult and aged animals experience elevated ICP that rapidly
increases in magnitude from control levels over the first 6-12h
following C-ICH, following a more gradual course of hematoma
formation/expansion. These ICP elevations persist out to 72 h post-
ICH. The WB-ICH model, on the other hand, is characterized
by immediately elevated ICP from the beginning of the recording
period as a function of bleed size, and elevations do not persist
out to 72 h, with exception of the worst bleed severity (e.g., WB-
160 animals). The greater severity in edema and inflammation
that are associated with the C-ICH model, as we have previously
documented (MacLellan et al., 2008, 2010), likely contribute to
these differences in ICP profile across models, aggravating and
prolonging ICP perturbations. It appears that edema has a relatively
larger role in driving ICP rises in the C-ICH model, whereas
bleed size largely drives the degree of ICP perturbation in the
WB-ICH model.

The W-ICH bleed severities used in the included studies are
larger than typically used within the literature (usually ranging
from 50 to 100 pwL). Though bleed size could not directly be
determined in the C-ICH or WB-ICH animals included in this
dataset, the experiments included here along with previous studies
suggest that residual 72 h bleed volumes could range from 50 to 120
pL in C-ICH animals, or an estimated ~50 to 100 L in residual
bleed volume when collapsing across WB-ICH dose severities. In
our hands, a single collagenase dose meant to model moderate to
severe ICH may result in bleeds of variable volumes ranging by
much as 50-75 L across animals; though residual bleed volumes
are typically comparatively less variable when stratifying by WB-
ICH severity, there is likely a similar range in residual bleed volume
(~50 nL) when collapsing across WB-ICH group severities. In
general, as a percentage of total brain size, these bleeds in rodents
are larger than what is typically lethal in humans (e.g., bleeds of
50-100 pL take up 3-5% of the total average rodent brain volume,
while 50-100 mL bleeds take up 2.9-5.8% of the average human
brain volume) (Wilkinson et al., 2021). Although mortality was low
compared to human bleeds, our bleed volumes are larger than what
many use in the ICH field. It is likely then, that compliance reserves
are proportionally greater in rodents than humans.
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Accordingly, C-ICH-Adult animals had a comparatively higher
rate of DIICP spiking events over the 72 h recording period vs. WB-
ICH animals at all bleed severities. ICP spiking (DIICP and RICP
events) and variability generally indicate worsening intracranial
compliance (Fan et al., 2010; Williamson et al.,, 2019; Svedung
Wettervik et al., 2020), as mechanisms such as redirection of
venous blood, altered CSF flux, and brain tissue compliance become
insufficient in the face of rising ICP magnitude or impaired due to
injury (Wilson, 2016; Bothwell et al., 2019, 2021; Kalisvaart et al.,
2020). Within each model, DIICP spiking events were proceeded by
anon-linear change in ICP slope in the 15 min prior to event onset,
similar to patients (Fan et al., 2010), and similar to our previous
findings in aged animals following C-ICH (Kalisvaart et al., 2022).
Conversely, RICP events were not proceeded by the same change
in slope, as they are reflective of persistently elevated ICP exceeding
20 mmHg, also similar to our findings in aged animals (Kalisvaart
et al., 2022). Adult animals experienced a greater number of ICP
spiking events on average compared to their older counterparts in
the 24 h following C-ICH, possibly reflecting the impact of age-
related atrophy on intracranial compliance (Kalisvaart et al., 2022).
Interestingly, adult WB-ICH animals did not experience any RICP
events, whereas nearly all C-ICH-Adult animals who experienced
DIICP events also experienced RICP events. The DIICP and RICP
events in C-ICH-Adult animals occurred on average around ~44 h
post-ICH, the timing of which coincides with progression of edema
development in ICH models, with peak edema levels occurring at
~48-72 h post-ICH.

Edema development in the WB-ICH model can primarily be
attributed to serum extrusion, with limited “true” perihematomal
edema, as mentioned previously (Williamson and Colbourne,
2017), while the C-ICH model has greater disturbances in
BBB integrity after stroke onset, along with worse associated
inflammation (MacLellan et al., 2008; Nadeau et al., 2019). Model
differences, such as BBB injury and edema development, as well
as other factors, such as seizures occurring more so in the C-
ICH model (Klahr et al., 2015), may underlie the disparity in
ICP spiking profile between adult C-ICH and WB-ICH groups
in this analysis. While WB-ICH results in limited DIICP events,
indicating that the associated mass effect presents some challenge
to intracranial compliance, C-ICH results in a higher rate of both
types of ICP spiking events, indicating worse associated mass
effect that presents a comparatively greater ongoing challenge to
intracranial compliance. Across both adult ICH models, spiking
events occurred primarily from 24 to 72h post-ICH. It is
interesting that most DIICP events experienced by WB-ICH
animals still occurred over the 24-72h time frame, given their
more immediate elevated ICP response following autologous blood
injection; this suggests that the large mass of the hematoma itself
is reasonably well-compensated for, and that development of ionic
and vasogenic edema along with associated inflammation may
eventually overwhelm residual compliance mechanisms, leading to
ICP elevations along with spiking behavior (primarily following
C-ICH). Of course, as noted above, other mechanisms may
be at play, such as the greater propensity for C-ICH animals
to experience minor seizure activity (Klahr et al., 2015, 2016;
Wilkinson et al, 2020), or perhaps a greater likelihood for
subarachnoid or intraventricular bleed extension following C-ICH,
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especially compared to the moderate WB-ICH blood infusions
(MacLellan et al.,, 2008); these factors may have additive and
possibly non-linear effects on ICP measures.

Paradoxically, there was no relationship between average ICP,
peak ICP, and any measure of edema when considering the
entire C-ICH-Adult dataset. If including Sham-Adult controls,
these relationships were significant, however. There was a
moderate relationship between these ICP parameters and edema
measures when including all WB-ICH bleed severities. These
relationships were no longer significant when assessing within each
individual WB-ICH group (inclusion of only WB-100 animals
when correlating average ICP with ipsilateral edema, for instance,
results in a non-significant Pearson’s r of 0.22, vs. a significant
r value of 0.54 when including all WB-ICH severity groups in
the correlation). This implies that elevated cerebral BWC% and
ICP only have a positive association across a wide range of injury
severities with distinct and substantial differences in mass effect
magnitude. Here, an r of 0.54 means that even across WB-ICH
bleed severities, only 29% of the variance in average ICP, for
example, is accounted for by edema. This also indicates that smaller
changes in brain edema are reasonably well-accommodated by
intracranial compliance mechanisms at moderate stroke sizes (e.g.,
100 wL in WB-ICH model and ~75 L bleed in C-ICH model).
When considering only animals who experienced ICP spiking
events, the number of ICP spiking events in each ICH animal who
experienced them correlated significantly to BWC% measures (data
not presented), but there was not a large enough sample size to
reliably establish these relationships, as ICP spiking only occurs in
~1/3 of all ICH animals (likely those with a trifecta of insufficient
compliance reserves along with severe bleeds and a greater degree
of cerebral edema). Closer assessment of the relationship between
ICP spiking, intracranial compliance reserves, and edema remains
an important direction to explore in the future.

A major limitation of in vivo studies of intracranial compliance
following stroke and brain injury is that it is difficult to reliably
measure all compliance mechanisms in the same animal. In
a preclinical ICH study, for example, this would necessitate
simultaneous assessment of ICP, hematoma volume, edema
progression, brain volume, cerebral autoregulation, blood pressure,
and CSF flux, all of which are dynamic parameters that change
and evolve both temporally and spatially. Unfortunately, this is
not currently feasible, though computational modeling approaches
have been attempted (Kim et al, 2012; Vinje et al., 2020), and
wider availability and technological capability of high-resolution
small animal imaging devices have improved data throughput
somewhat in this regard (Drichuys et al, 2008), along with
refinement of implantable telemetry devices. Blood pressure does
not seem to markedly rise in these rat models of ICH, nor does
CPP seem to markedly drop (Maclellan et al., 2004; Hiploylee
and Colbourne, 2014; Wilkinson et al., 2020). For the most
part, current approaches still suffer from an incomplete picture
regarding the sequence of how intracranial compliance dynamics
unfold both temporally and spatially, and how key translational
parameters such as age, sex, or co-morbidity shape how these
mechanisms are engaged. Additionally, anesthetic confounds are
a concern within many studies. Across ICH studies more broadly,
there are misconceptions regarding intracranial pressure-volume
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relationships and the variable capacity for intracranial compliance
in rodent models of ICH. Our data here, for example, demonstrate
that the use of BWC% as a surrogate marker for the degree of mass
effect and ICP perturbation without considering a wider range of
injury severity is misguided, and should not be use as a sole primary
endpoint. The corollary here is that statistically significant changes
in edema may have no discernable impact on ICP. Therapies
causing modest reductions in edema, therefore, are unlikely to
notably affect ICP, and so any concomitant improvement in
behavior likely arise from other mechanisms (e.g., attenuation of
ionic dyshomeostasis in perihematomal tissue) (Williamson et al.,
2017; Nadeau et al., 2019).

As discussed, estimates of ICP can vary widely across both
clinical and preclinical studies, highly dependent on the method
used. Our approach, which uses telemetry probes to measure
epidural ICP in awake freely moving animals, has both strengths
and weaknesses. Methodological strengths of this method include
lack of anesthetic confound and ability to continuously measure
ICP, while drawbacks include the invasive nature of the implant
and potential for movement artifacts (Silasi et al., 2009). Having
the implantation procedure and probe placement consistent across
all five studies (spanning over nearly a decade), helps ensure
the validity of pooling these datasets while speaking to the ICP
response following two rodent models of ICH with some degree of
confidence in our conclusions. Our analyses had some limitations,
in addition to the retrospective nature of the present analysis;
namely, these included the lack of data in aged animals following
WB-ICH, and data extending out to 72 h in aged animals following
C-ICH. Additionally, we were unable to evaluate total bleed size
across C-ICH groups, as brain tissue was allocated to BWC%
analyses in each included study; therefore, we could not directly
speak to the relationship between bleed size, ICP, and edema within
the same C-ICH animals. We did not include data across both
sexes or those with co-morbidities, but initial analyses in female
(Kalisvaart et al., unpublished data) and hypertensive rodents
(Wilkinson et al., unpublished data), respectively, have indicated
a similarly perturbed profile of ICP following C-ICH. Establishing
how these clinically relevant demographic differences affect ICP,
edema, and intracranial compliance following ICH remains an
important future direction.

Lastly, it is important to note that the a priori rationale to
include only studies conducted by a single lab group in our analyses
may increase the likelihood of bias, limiting generalizability of
findings. The decision to include studies from only our lab group
was based on a paucity of ICP data collected in preclinical rodent
models of severe ICH from other groups. This also allowed us
to ensure methodological consistency across our dataset, reducing
the need for numerous subgroups, and maximizing statistical
power to detect smaller effects. Although the five studies included
originate from the same lab group, they were conducted by
four different experimenters, including surgical procedures. It is
also important to again note that telemetric ICP recordings are
subject to some limitations. Namely, these include the impact of
body position on ICP, the margin of measurement error, and the
lack of control or monitoring of important clinical physiological
variables, such as respiration rate, pO,, and pCO; (Silasi et al.,
2009). Additionally, ICH patients are often mechanically ventilated
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under the influence of anesthetics, which could be presented as
an argument for using alternative ICP monitoring methods, such
as via ventricular catheter and external pressure transducer. This
warrants comparative study in future preclinical ICH studies to
further improve upon clinical relevance.

In conclusion, while both models of ICH produce appreciable
ICP perturbations, the C-ICH model appears to better model more
clinically relevant perturbations in at-risk patients. To have 80%
statistical power to detect a 25% change in average ICP in adult
animals following C-ICH (two-tailed test, @ = 0.05), our dataset
suggests that one would need 42 animals per group, assuming
consistent standard deviation across groups. This speaks to the
limited practicality of establishing treatment effects using currently
available telemetric ICP sensors. There was no reliable relationship
between ICP parameters assessed and edema as measured by bulk
assessment of regional BWC% unless considering a broad range of
injury severity. Therefore, we recommend that future preclinical
ICH studies should directly assess mass effect and intracranial
compliance via continuous assessment of ICP when relevant, rather
than solely relying on regional BWC% evaluation. Additional
recommendations include assessment of cerebral blood flow and
brain tissue oxygenation, to establish whether ICP elevations have
resulted in local cerebral blood flow impairments (rather than
assuming that worse cerebral edema is equivalent to more severe
mass effect in all individuals). Through leveraging existing methods
and techniques, the interplay of mass effect and intracranial
compliance mechanisms which drive ICP dynamics can be better
and more completely characterized after preclinical ICH. This
ultimately will aid in improving our understanding of mortality
and morbidity in patients with elevated ICP, contributing to the
development of desperately needed therapeutic options for this
diverse clinical population.

Author contributions

AK and FC were involved in conceptual planning and design
of retrospective analyses. AK and NB were responsible for data
collation across studies, artifact removal from raw data, and
running data through python code. AK and FC were involved in
data analysis, while AK was responsible for making figures, and

References

Aksoy, D., Bammer, R., Mlynash, M., Venkatasubramanian, C., Eyngorn, L, Snider,
R. W, et al. (2013). Magnetic resonance imaging profile of blood-brain barrier injury
in patients with acute intracerebral hemorrhage. J. Am. Heart Assoc. 2, €000161.
doi: 10.1161/JAHA.113.000161

Al-Kawaz, M. N, Li, Y., Thompson, R. E., Avadhani, R., De Havenon, A., Gruber, J.,
etal. (2021). Intracranial pressure and cerebral perfusion pressure in large spontaneous
intracranial hemorrhage and impact of minimally invasive surgery. Front. Neurol. 12,
729831. doi: 10.3389/fneur.2021.729831

Allen, R. (1986). Intracranial pressure: a review of clinical problems, measurement
techniques and monitoring methods. J. Med. Eng. Technol. 10, 299-320.
doi: 10.3109/03091908609022923

Aminmansour, B., Tabesh, H., Rezvani, M., and Poorjafari, H. (2017). Effects of
mannitol 20% on outcomes in nontraumatic intracerebral hemorrhage. Adv. Biomed.
Res. 6, 75. doi: 10.4103/2277-9175.192628

Frontiersin Stroke

10.3389/fstro.2023.1155937

NB was responsible for formulating tables. AK and FC drafted the
manuscript, which all authors edited and approved. All authors
contributed to the article and approved the submitted version.

Funding

AK was funded by a Canadian Graduate Studies Doctoral
Award (CGS-D) from the Canadian Institutes of Health. A
Canadian Institute of Health Research Project grant awarded to
FC and AK also supported this research. The CIHR project grant
number listed is grant #451168.

Acknowledgments

We acknowledge Michael Williamson and Roseleen John who
promptly provided their raw data from our past studies.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fstro.2023.
1155937/full#supplementary-material

Armstead, W. M. (2016). Cerebral blood flow autoregulation and
dysautoregulation. Anesthesiol. Clin. 34, 465. doi: 10.1016/j.anclin.2016.04.002

Barth, K. N. M., Onesti, S. T., Krauss, W. E., and Solomon, R. A. A.
(1992). Simple and reliable technique to monitor intracranial pressure in the
rat: technical note. Neurosurgery 30, 138-140. doi: 10.1227/00006123-199201000-
00028

Benson, J. C., Madhavan, A. A., Cutsforth-Gregory, J. K., Johnson, D. R,, and
Carr, C. M. (2023). The Monro-kellie doctrine: a review and call for revision. Am. J.
Neuroradiol. 44, 2-6. doi: 10.3174/ajnr.A7721

Bothwell, S. W., Janigro, D., and Patabendige, A. (2019). Cerebrospinal fluid
dynamics and intracranial pressure elevation in neurological diseases. Fluids Barr. CNS
16, 9. doi: 10.1186/s12987-019-0129-6

Bothwell, S. W., Omileke, D., Hood, R. J., Pepperall, D.-,, G., Azarpeykan, S.,
et al. (2021). Altered cerebrospinal fluid clearance and increased intracranial pressure

frontiersin.org


https://doi.org/10.3389/fstro.2023.1155937
https://www.frontiersin.org/articles/10.3389/fstro.2023.1155937/full#supplementary-material
https://doi.org/10.1161/JAHA.113.000161
https://doi.org/10.3389/fneur.2021.729831
https://doi.org/10.3109/03091908609022923
https://doi.org/10.4103/2277-9175.192628
https://doi.org/10.1016/j.anclin.2016.04.002
https://doi.org/10.1227/00006123-199201000-00028
https://doi.org/10.3174/ajnr.A7721
https://doi.org/10.1186/s12987-019-0129-6
https://www.frontiersin.org/journals/stroke
https://www.frontiersin.org

Kalisvaart et al.

in rats 18h after experimental cortical ischaemia. Front. Mol. Neurosci. 14, 159.
doi: 10.3389/fnmol.2021.712779

Brasil, S., Solla, D. J. F., Nogueira, R. D. C,, Jacobsen Teixeira, M., Malbouisson,
L. M. S, et al. (2021). Intracranial compliance assessed by intracranial pressure pulse
waveform. Brain Sci. 11, 971. doi: 10.20944/preprints202106.0716.v1

Brock, M., Furuse, M., Weber, R., Hasuo, M., and Dietz, H. (1975). Brain Tissue
Pressure Gradients. Berlin, Heidelberg: Springer Berlin Heidelberg, 215-220.

Canac, N., Jalaleddini, K., Thorpe, S. G., Thibeault, C. M., and Hamilton,
R. B. (2020). Review: pathophysiology of intracranial hypertension and
noninvasive intracranial pressure monitoring. Fluids Barr. CNS 17, 1-21.
doi: 10.1186/512987-020-00201-8

Chambers, I. R., Banister, K., and Mendelow, A. D. (2001). Intracranial pressure
within a developing intracerebral haemorrhage. Br. J. Neurosurg. 15, 140-141.
doi: 10.1080/02688690120036847

Chen, Q., Tang, J, Tan, L, Guo, J, Tao, Y, Li, L, et al. (2015).
Intracerebral hematoma contributes to hydrocephalus after intraventricular
hemorrhage via aggravating iron accumulation. Stroke 46, 2902-2908.
doi: 10.1161/STROKEAHA.115.009713

Chen, S., Shao, L., and Ma, L. (2021). Cerebral edema formation after stroke:
empbhasis on blood-brain barrier and the lymphatic drainage system of the brain. Front.
Cell. Neurosci. 15, 716825. doi: 10.3389/fncel.2021.716825

Chowdhury, U. R., Holman, B. H., and Fautsch, M. P. A. (2013). Novel rat model to
study the role of intracranial pressure modulation on optic neuropathies. PLoS ONE 8,
€82151. doi: 10.1371/journal.pone.0082151

Cipolla, M. J. (2009). Control of Cerebral Blood Flow. Available online at: https://
www.ncbi.nlm.nih.gov/books/NBK53082/ (accessed February 21, 2023).

Claassen, J. A. H. R,, Thijssen, D. H. J., Panerai, R. B., and Faraci, F. M. (2021).
Regulation of cerebral blood flow in humans: physiology and clinical implications of
autoregulation. Physiol. Rev. 101, 1487-1559. doi: 10.1152/physrev.00022.2020

Czosnyka, M. (2004). Monitoring and interpretation of intracranial pressure. J.
Neurol. Neurosurg. Psychiatr. 75, 813-821. doi: 10.1136/jnnp.2003.033126

Czosnyka, M., Balestreri, M., Steiner, L., Smielewski, P., Hutchinson, P. J., Matta,
B., et al. (2005). Age, intracranial pressure, autoregulation, and outcome after brain
trauma. J. Neurosurg. 102, 450-454. doi: 10.3171/jns.2005.102.3.0450

Dallagiacoma, S., Robba, C., Graziano, F., Rebora, P., Hemphill, J. C., Galimberti,
S., et al. (2022). Intracranial pressure monitoring in patients with spontaneous
intracerebral hemorrhage: insights from the SYNAPSE-ICU study. Neurology. 99,
€98-€108. doi: 10.1212/WNL.0000000000200568

Danziger, J., and Zeidel, M. L. (2015). Osmotic homeostasis. Clin. . Am. Soc.
Nephrol. 10, 852-862. doi: 10.2215/CJN.10741013

de-Lima-Oliveira, M., Salinet, A. S. M., Nogueira, R. C., de Azevedo, D. S.,
Paiva, W. S., Teixeira, M. J., et al. (2018). Intracranial hypertension and cerebral
autoregulation: a systematic review and meta-analysis. World Neurosurg. 113, 110-124.
doi: 10.1016/j.wneu.2018.01.194

Dorrance, A. M., and Fink, G. (2015). Effects of Stroke on the Autonomic Nervous
System. Hoboken, NJ: John Wiley & Sons, Inc., 1241-1263.

Driehuys, B., Nouls, J., Badea, A., Bucholz, E., Ghaghada, K., Petiet, A., et al.
(2008). Small animal imaging with magnetic resonance microscopy. ILAR J. 49, 35-53.
doi: 10.1093/ilar.49.1.35

Eftekhari, S., Westgate, C. S. J., Johansen, K. P., Bruun, S. R, and Jensen, R. H.
(2020). Long-term monitoring of intracranial pressure in freely-moving rats; impact of
different physiological states. Fluids Barr. CNS 17, 39. doi: 10.1186/512987-020-00199-z

Evensen, K. B., and Eide, P. K. (2020). Measuring intracranial pressure by invasive,
less invasive or non-invasive means: limitations and avenues for improvement. Fluids
Barr. CNS 17, 34. doi: 10.1186/s12987-020-00195-3

Fan, J. Y., Kirkness, C., Vicini, P., Burr, R., and Mitchell, P. (2008). Intracranial
pressure waveform morphology and intracranial adaptive capacity. Am. J. Crit. Care
17, 545-554. doi: 10.4037/ajcc2008.17.6.545

Fan, J. Y., Kirkness, C., Vicini, P., Burr, R., and Mitchell, P. (2010). An approach
to determining intracranial pressure variability capable of predicting decreased
intracranial adaptive capacity in patient with traumatic brain injury. Biol. Res. Nurs.
11, 317. doi: 10.1177/1099800409349164

Faragé, N., Kocsis, A. K., Brask,6, C., Lovas, S., Rozsa, M., Baka, J., et al. (2016).
Human neuronal changes in brain edema and increased intracranial pressure. Acta
Neuropathol. Commun. 4, 78. doi: 10.1186/s40478-016-0356-x

Frigieri, G., Yukie Hayashi, C., Nunes Rabelo, N., and Brasil, S. (2021). Intracranial
pressure waveform: history, fundamentals and applications in brain injuries. Adv. New
Understand. Brain Injury. 1-14. doi: 10.5772/intechopen.94077

Gabor, A. ], Brooks, A. G., Scobey, R. P., and Parsons, G. H. (1984). Intracranial
pressure during epileptic seizures. Electroencephalogr. Clin. Neurophysiol. 57, 497-506.
doi: 10.1016/0013-4694(84)90085-3

Gebel, J. M., Jauch, E. C, Brott, T. G., Khoury, J., Sauerbeck, L., Salisbury,
S., et al. (2002). Natural history of perihematomal edema in patients with

Frontiersin Stroke

10.3389/fstro.2023.1155937

hyperacute spontaneous intracerebral Stroke 33, 2631-2635.

doi: 10.1161/01.STR.0000035284.12699.84

Godoy, D. A., Nufiez-Patifio, R. A., Zorrilla-Vaca, A., Ziai, W. C., and Hemphill,
J. C. (2019). Intracranial hypertension after spontaneous intracerebral hemorrhage: a
systematic review and meta-analysis of prevalence and mortality rate. Neurocrit. Care
31, 176-187. doi: 10.1007/512028-018-0658-x

Gogniat, M. A,, Won, J., Callow, D. D., and Smith, J. C. (2022). Mean arterial
pressure, fitness, and executive function in middle age and older adults. Cereb. Circ.
Cogn. Behav. 3, 100135. doi: 10.1016/j.cccb.2022.100135

Goren, S., Kahveci, N., Alkan, T., Goren, B., and Korfali, E. (2001). The
effects of sevoflurane and isoflurane on intracranial pressure and cerebral perfusion
pressure after diffuse brain injury in rats. J. Neurosurg. Anesthesiol. 13, 113-119.
doi: 10.1097/00008506-200104000-00008

hemorrhage.

Grinde, P.-O., and Romner, B. (2012). Osmotherapy in brain edema. J. Neurosurg.
Anesthesiol. 24, 407-412. doi: 10.1097/01.ana.0000419730.29492.8b

Greenberg, S. M., Ziai, W. C, Cordonnier, C., Dowlatshahi, D., Francis,
B., Goldstein, J. N., et al. (2022). Guideline for the management of patients
with spontaneous intracerebral hemorrhage: a guideline from the American
Heart Association/American Stroke Association. Stroke (2022) 53, e282-e361.
doi: 10.1161/STR.0000000000000407

Guild, S. J., McBryde, F. D, and Malpas, S. C. (2015). Recording of
intracranial pressure in conscious rats via telemetry. J. Appl. Physiol. 119, 576-581.
doi: 10.1152/japplphysiol.00165.2015

Guo, T., Ren, P, Li, X, Luo, T., Gong, Y., Hao, S., et al. (2018). Neural
injuries induced by hydrostatic pressure associated with mass effect after intracerebral
hemorrhage. Sci. Rep. 8, 9195. doi: 10.1038/s41598-018-27275-7

Han, C,, Yang, F., Guo, S., and Zhang, J. (2022). Hypertonic saline compared to
mannitol for the management of elevated intracranial pressure in traumatic brain
injury: a meta-analysis. Front. Surg. 8, 707. doi: 10.3389/fsurg.2021.765784

Harary, M., Dolmans, R. G. F, and Gormley, W. B. (2018). Intracranial
pressure monitoring—review and avenues for development. Sensors 18, 465.
doi: 10.3390/518020465

Heuts, S. G, Bruce, S. S., Zacharia, B. E., Hickman, Z. L., Kellner, C. P., Sussman,
E. S, et al. (2013). Decompressive hemicraniectomy without clot evacuation in
dominant-sided intracerebral hemorrhage with ICP crisis. Neurosurg. Focus 34, E4.
doi: 10.3171/2013.2.FOCUS1326

Hiploylee, C., and Colbourne, F. (2014). Intracranial pressure measured in freely
moving rats for days after intracerebral hemorrhage. Exp. Neurol. 255, 49-55.
doi: 10.1016/j.expneurol.2014.02.017

Hladky, S. B., and Barrand, M. A. (2016). Fluid and ion transfer across the blood-
brain and blood-cerebrospinal fluid barriers; a comparative account of mechanisms
and roles. Fluids Barr. CNS 13, 1-69. doi: 10.1186/s12987-016-0040-3

Hoft, J. T., and Xi, G. (2003). Brain Edema From Intracerebral Hemorrhage. Vienna:
Springer Vienna, 11-15. Available online at: http://link.springer.com/10.1007/978-3-
7091-0651-8_3 (accessed May 31, 2020).

Ironside, N., Chen, C. -J., Ding, D., Mayer, S. A., and Connolly, E. S. (2019).
Perihematomal Edema After Spontaneous Intracerebral Hemorrhage. Stroke 50,
1626-1633. doi: 10.1161/STROKEAHA.119.024965

Jiang, C., Guo, H., Zhang, Z., Wang, Y., Liu, S., Lai, J., et al. (2022). Review article
molecular, pathological, clinical, and therapeutic aspects of perihematomal edema
in different stages of intracerebral hemorrhage. Oxid. Med. Cell. Long. 2022, 1-38.
doi: 10.1155/2022/3948921

Jiang, J., and Tyssebotn, I. (1997). Measurement of cerebrospinal fluid pressure in
conscious rats. Undersea Hyperb. Med. 24, 39-43.

John, R. F.,, and Colbourne, F. (2016). Delayed localized hypothermia reduces
intracranial pressure following collagenase-induced intracerebral hemorrhage in rat.
Brain Res. 1633, 27-36. doi: 1().1016/j.brainres.2015.12.033

John, R. F., Williamson, M. R., Dietrich, K., and Colbourne, F. (2015).
Localized hypothermia aggravates bleeding in the collagenase model of intracerebral
hemorrhage. Ther. Hypothermia Temp. Manag. 5, 19-25. doi: 10.1089/ther.2014.0020

Kalisvaart, A. C. J., Abrahart, A. H.,, Coney, A. T., Gu, S., and Colbourne,
F. (2022). Intracranial pressure dysfunction following severe intracerebral
hemorrhage in middle-aged rats. Transl. Stroke Res. 1, 1-17. doi: 10.1007/s12975-022-
01102-8

Kalisvaart, A. C. J., Wilkinson, C. M., Gu, S., Kung, T. F. C, Yager, J. Y.,
Winship, I. R., et al. (2020). An update to the Monro-Kellie doctrine to reflect
tissue compliance after severe ischemic and hemorrhagic stroke. Sci. Rep. 10, 22013.
doi: 10.1038/s41598-020-78880-4

Kalita, J., Misra, U. K., Vajpeyee, A., Phadke, R. V., Handique, A., Salwani, V.,
et al. (2009). Brain herniations in patients with intracerebral hemorrhage. Acta Neurol.
Scand. 119, 254-260. doi: 10.1111/j.1600-0404.2008.01095.x

Kalmar, A. F., van Aken, J., Caemaert, J., Mortier, E. P., and Struys, M. M.
R. F. (2005). Value of Cushing reflex as warning sign for brain ischaemia during
neuroendoscopy. Br. J. Anaesth. 94, 791-799. doi: 10.1093/bja/aeil21

frontiersin.org


https://doi.org/10.3389/fstro.2023.1155937
https://doi.org/10.3389/fnmol.2021.712779
https://doi.org/10.20944/preprints202106.0716.v1
https://doi.org/10.1186/s12987-020-00201-8
https://doi.org/10.1080/02688690120036847
https://doi.org/10.1161/STROKEAHA.115.009713
https://doi.org/10.3389/fncel.2021.716825
https://doi.org/10.1371/journal.pone.0082151
https://www.ncbi.nlm.nih.gov/books/NBK53082/
https://www.ncbi.nlm.nih.gov/books/NBK53082/
https://doi.org/10.1152/physrev.00022.2020
https://doi.org/10.1136/jnnp.2003.033126
https://doi.org/10.3171/jns.2005.102.3.0450
https://doi.org/10.1212/WNL.0000000000200568
https://doi.org/10.2215/CJN.10741013
https://doi.org/10.1016/j.wneu.2018.01.194
https://doi.org/10.1093/ilar.49.1.35
https://doi.org/10.1186/s12987-020-00199-z
https://doi.org/10.1186/s12987-020-00195-3
https://doi.org/10.4037/ajcc2008.17.6.545
https://doi.org/10.1177/1099800409349164
https://doi.org/10.1186/s40478-016-0356-x
https://doi.org/10.5772/intechopen.94077
https://doi.org/10.1016/0013-4694(84)90085-3
https://doi.org/10.1161/01.STR.0000035284.12699.84
https://doi.org/10.1007/s12028-018-0658-x
https://doi.org/10.1016/j.cccb.2022.100135
https://doi.org/10.1097/00008506-200104000-00008
https://doi.org/10.1097/01.ana.0000419730.29492.8b
https://doi.org/10.1161/STR.0000000000000407
https://doi.org/10.1152/japplphysiol.00165.2015
https://doi.org/10.1038/s41598-018-27275-7
https://doi.org/10.3389/fsurg.2021.765784
https://doi.org/10.3390/s18020465
https://doi.org/10.3171/2013.2.FOCUS1326
https://doi.org/10.1016/j.expneurol.2014.02.017
https://doi.org/10.1186/s12987-016-0040-3
http://link.springer.com/10.1007/978-3-7091-0651-8_3
http://link.springer.com/10.1007/978-3-7091-0651-8_3
https://doi.org/10.1161/STROKEAHA.119.024965
https://doi.org/10.1155/2022/3948921
https://doi.org/10.1016/j.brainres.2015.12.033
https://doi.org/10.1089/ther.2014.0020
https://doi.org/10.1007/s12975-022-01102-8
https://doi.org/10.1038/s41598-020-78880-4
https://doi.org/10.1111/j.1600-0404.2008.01095.x
https://doi.org/10.1093/bja/aei121
https://www.frontiersin.org/journals/stroke
https://www.frontiersin.org

Kalisvaart et al.

Kaya, M. and Ahishali, B. (2020). Basic physiology of the blood-
brain barrier in health and disease: a brief overview. Tissue Barr. 9, 1-20.
doi: 10.1080/21688370.2020.1840913

Kim, D. J., Czosnyka, Z., Kasprowicz, M., Smieleweski, P., Baledent, O.,
Guerguerian, A. M., et al. (2012). Continuous monitoring of the monro-kellie doctrine:
is it possible? J. Neurotrauma 29, 1354-1363. doi: 10.1089/neu.2011.2018

Klahr, A. C., Dickson, C. T., and Colbourne, F. (2015). Seizure activity occurs in
the collagenase but not the blood infusion model of striatal hemorrhagic stroke in rats.
Transl. Stroke Res. 6, 29-38. doi: 10.1007/512975-014-0361-y

Klahr, A. C., Dietrich, K, Dickson, C. T., and Colbourne, F. (2016).
Prolonged localized mild hypothermia does not affect seizure activity after
intracerebral hemorrhage in rats. Ther. Hypothermia Temp. Manag. 6, 40-47.
doi: 10.1089/ther.2015.0028

Koh, L., Nagra, G., and Johnston, M. (2007). Properties of the lymphatic
cerebrospinal fluid transport system in the rat: impact of elevated intracranial pressure.
J. Vasc. Res. 44, 423-432. doi: 10.1159/000104255

Kohn, J. C, Lampi, M. C, and Reinhart-King, C. A. (2015). Age-
related vascular stiffening: causes and consequences. Front. Genet. 6, 112.
doi: 10.3389/fgene.2015.00112

Lafrenaye, A. D., McGinn, M. J., and Povlishock, J. T. (2012). Increased
intracranial pressure after diffuse traumatic brain injury exacerbates neuronal
somatic membrane poration but not axonal injury: evidence for primary intracranial
pressure-induced neuronal perturbation. J. Cerebr. Blood Flow Metab. 32, 1919-1932.
doi: 10.1038/jcbfm.2012.95

Lee, K. R, Kawai, N., Kim, S., Sagher, O., and Hoff, J. T. (1997). Mechanisms of
edema formation after intracerebral hemorrhage: effects of thrombin on cerebral blood
flow, blood-brain barrier permeability, and cell survival in a rat model. J. Neurosurg.
86, 272-278. doi: 10.3171/jns.1997.86.2.0272

Leinonen, V., Vanninen, R, and Rauramaa, T.
intracranial pressure and brain edema. Handb. Clin. Neurol.
doi: 10.1016/B978-0-12-802395-2.00004-3

Li, C. X,, Patel, S., Wang, D. J. J,, and Zhang, X. (2014). Effect of high dose
isoflurane on cerebral blood flow in macaque monkeys. Magn. Reson. Imaging 32, 956.
doi: 10.1016/j.mri.2014.04.019

Liang, D., Bhatta, S., Gerzanich, V., and Simard, J. M. (2007). Cytotoxic
edema: mechanisms of pathological cell swelling. Neurosurg. Focus 22, E2.
doi: 10.3171/foc.2007.22.5.3

Liddle, L. J., Ralhan, S., Ward, D. L., and Colbourne, F. (2020). Translational
intracerebral hemorrhage research: has current neuroprotection research ARRIVEd
at a standard for experimental design and reporting? Transl Stroke Res. 11, 1203.
doi: 10.1007/s12975-020-00824-x

(2018).  Raised
145, 25-37.

Lindesay, G., Ragonnet, C., Chimenti, S., Villeneuve, N., and Vayssettes-Courchay,
C. (2016). Age and hypertension strongly induce aortic stiffening in rats at basal and
matched blood pressure levels. Physiol. Rep. 4, €12805. doi: 10.14814/phy2.12805

Lodhia, K. R, Shakui, P., and Keep, R. F. (2006). Hydrocephalus in a
rat model of intraventricular hemorrhage. Acta Neurochir. Suppl. 96, 207-211.
doi: 10.1007/3-211-30714-1_45

Ma, H.,, Guo, Z.N,, Liu, J., Xing, Y., Zhao, R., Yang, Y., et al. (2016). Temporal course
of dynamic cerebral autoregulation in patients with intracerebral hemorrhage. Stroke
47,674-681. doi: 10.1161/STROKEAHA.115.011453

MacAulay, N. (2021). Molecular mechanisms of brain water transport. Nat. Rev.
Neurosci. 22, 326-344. doi: 10.1038/s41583-021-00454-8

MacLellan, C. L., Davies, L. M., Fingas, M. S., and Colbourne, F. (2006). The
influence of hypothermia on outcome after intracerebral hemorrhage in rats. Stroke
37, 1266-1270. doi: 10.1161/01.STR.0000217268.81963.78

Maclellan, C. L., and Girgis, J., Colbourne, F. (2004). Delayed onset of prolonged
hypothermia improves outcome after intracerebral hemorrhage in rats. J. Cerebr. Flow
Metab. 24, 432-40. doi: 10.1097/00004647-200404000-00008

MacLellan, C. L., Silasi, G., Auriat, A. M,
(2010). Rodent models of intracerebral hemorrhage.
doi: 10.1161/STROKEAHA.110.594457

MacLellan, C. L., Silasi, G., Poon, C. C., Edmundson, C. L., Buist, R., Peeling,
J., et al. (2008). Intracerebral hemorrhage models in rat: comparing collagenase
to blood infusion. J. Cereb. Blood Flow Metab. 28, 516-525. doi: 10.1038/sj.jcbfm.
9600548

Malkinson, T. J., Cooper, K. E., and Veale, W. L. (1985a). Induced changes in
intracranial pressure in the anesthetized rat and rabbit. Brain Res. Bull. 15, 321-328.
doi: 10.1016/0361-9230(85)90158-3

Malkinson, T. J., Veale, W. L., and Cooper, K. E. (1985b). Fever and intracranial
pressures. Brain Res. Bull. 15, 315-319. doi: 10.1016/0361-9230(85)90157-1

and Colbourne, F.
Stroke 41, S95-S98.

Marshman, L. A. G. (1997). Cushing’s ‘variant’ response (acute hypotension) after
subarachnoid hemorrhage. Stroke 28, 1445-1450. doi: 10.1161/01.STR.28.7.1445

McBryde, F. D., Malpas, S. C., and Paton, J. F. R. (2017). Intracranial mechanisms
for preserving brain blood flow in health and disease. Acta Physiol. 219, 274-287.
doi: 10.1111/apha.12706

Frontiersin Stroke

10.3389/fstro.2023.1155937

McKeown, M. E,, Prasad, A., Kobsa, J., Top, L, Snider, S. B., Kidwell, C., et al. (2022).
Midline shift greater than 3 mm independently predicts outcome after ischemic stroke.
Neurocrit. Care 36, 46-51. doi: 10.1007/s12028-021-01341-x

Mokri, B. (2001). The Monro-Kellie hypothesis: applications in CSF volume
depletion. Neurology 56, 1746-1748. doi: 10.1212/WNL.56.12.1746

Munakomi, S. M., and Das, J. (2022). Intracranial Pressure Monitoring.
StatPearls Publishing. Available online at: http://www.ncbi.nlm.nih.gov/pubmed/
31194438 (accessed May 4, 2022).

Murtha, L. A.,, McLeod, D. D., Pepperall, D., McCann, S. K., Beard, D. ],
Tomkins, A. J., et al. (2015). Intracranial pressure elevation after ischemic stroke
in rats: cerebral edema is not the only cause, and short-duration mild hypothermia
is a highly effective preventive therapy. J. Cerebr. Blood Flow Metab. 35, 592-600.
doi: 10.1038/jcbfm.2014.230

Nadeau, C. A., Dietrich, K., Wilkinson, C. M., Crawford, A. M., George, G.
N., Nichol, H. K,, et al. (2019). Prolonged blood-brain barrier injury occurs after
experimental intracerebral hemorrhage and is not acutely associated with additional
bleeding. Transl. Stroke Res. 10, 287-297. doi: 10.1007/s12975-018-0636-9

Nau, R. (2000). Osmotherapy for elevated intracranial pressure: a critical
reappraisal. Clin. Pharmacokinet. 38, 23-40. doi: 10.2165/00003088-200038010-00002

Ocamoto, G. N, Russo, T. L., Mendes Zambetta, R., Frigieri, G., Hayashi, C. Y.,
Brasil, S., et al. (2021). Intracranial compliance concepts and assessment: a scoping
review. Front. Neurol. 12, 1873. doi: 10.3389/fneur.2021.756112

Oddo, M., Crippa, I. A.,, Mehta, S., Menon, D., Payen, J.-, F., et al. (2016).
Optimizing sedation in patients with acute brain injury. Crit. Care 20, 128.
doi: 10.1186/s13054-016-1294-5

Papo, I, Janny, P., Caruselli, G., Colnet, G., and Luongo, A. (1979). Intracranial
pressure time course in primary intracerebral hemorrhage. Neurosurgery 4, 504-511.
doi: 10.1227/00006123-197906000-00002

Riha, H. M., Erdman, M. J., Vandigo, J. E., Kimmons, L. A., Goyal, N., Davidson,
K. E, et al. (2017). Impact of moderate hyperchloremia on clinical outcomes in
intracerebral hemorrhage patients treated with continuous infusion hypertonic saline.
Crit. Care Med. 45, €947-€953. doi: 10.1097/CCM.0000000000002522

Roberts, I, and Sydenham, E. (2012). Barbiturates for acute traumatic brain injury.
Cochr. Database Syst. Rev. 2012, 1-29. doi: 10.1002/14651858.CD000033.pub2

Ropper, A. H., and King, R. B. (1984). Intracranial pressure monitoring
in comatose patients with cerebral hemorrhage. Arch. Neurol. 41, 725-728.
doi: 10.1001/archneur.1984.04050180047016

Ropper, A. H., O’Rourke, D., and Kennedy, S. K. (1982). Head position, intracranial
pressure, and compliance. Neurology 32, 1288-1288. doi: 10.1212/WNL.32.11.1288

Santos, C. R. A, Duarte, A. C, Quintela, T., Tomas, J., Albuquerque, T., Marques,
F., et al. (2017). The choroid plexus as a sex hormone target: functional implications.
Front. Neuroendocrinol. 44, 103-121. doi: 10.1016/j.yfrne.2016.12.002

Sasaki, M., Okudera, H., Nakase, T., and Suzuki, A. (2017). Clinical features of
patients who died within 24 h after admission to a stroke care center. J. Int. Med. Res.
45, 1848. doi: 10.1177/0300060516666754

Schmidt, E. A., Despas, F., Pavy-Le Traon, A., Czosnyka, Z., Pickard, J. D,
Rahmouni, K., et al. (2018). Intracranial pressure is a determinant of sympathetic
activity. Front. Physiol. 9, 11. doi: 10.3389/fphys.2018.00011

Shah, M., Birnbaum, L., Rasmussen, J., Sekar, P., Moomaw, C. J., Osborne,
J., et al. (2018). Effect of hyperosmolar therapy on outcome following
spontaneous intracerebral hemorrhage: ethnic/racial variations of intracerebral
hemorrhage (ERICH) study. J. Stroke Cerebrovasc. Dis. 27, 1061-1067.
doi: 10.1016/j.jstrokecerebrovasdis.2017.11.013

Silasi, G., MacLellan, C., and Colbourne, F. (2009). Use of telemetry blood pressure
transmitters to measure intracranial pressure (ICP) in freely moving rats. Curr.
Neurovasc. Res. 6, 62-69. doi: 10.2174/156720209787466046

Stokum, J. A., Gerzanich, V., and Simard, J. M. (2016). Molecular
pathophysiology of cerebral edema. J. Cereb. Blood Flow Metab. 36, 513-538.
doi: 10.1177/0271678X15617172

Svedung Wettervik, T., Howells, T., Enblad, P., and Lewén, A. (2020). Intracranial
pressure variability: relation to clinical outcome, intracranial pressure-volume index,
cerebrovascular reactivity and blood pressure variability. J. Clin. Monit. Comput. 34,
733-741. doi: 10.1007/s10877-019-00387-9

Sykora, M., Steinmacher, S., Steiner, T., Poli, S., and Diedler, J. (2014). Association
of intracranial pressure with outcome in comatose patients with intracerebral
hemorrhage. J. Neurol. Sci. 342, 141-145. doi: 10.1016/j.jns.2014.05.012

Takeuchi, S., Wada, K., Nagatani, K., Otani, N., and Mori, K. (2013). Decompressive
hemicraniectomy for spontaneous intracerebral hemorrhage. Neurosurg. Focus 34, E5.
doi: 10.3171/2013.2. FOCUS12424

Tian, Y., Wang, Z., Jia, Y., Li, S., Wang, B., Wang, S., et al. (2013). Intracranial
pressure variability predicts short-term outcome after intracerebral hemorrhage: a
retrospective study. J. Neurol. Sci. 330, 38-44. doi: 10.1016/.jns.2013.04.001

Valensi, P. (2021). Autonomic nervous system activity changes in patients with
hypertension and overweight: role and therapeutic implications. Cardiovasc. Diabetol.
20, 1-12. doi: 10.1186/s12933-021-01356-w

frontiersin.org


https://doi.org/10.3389/fstro.2023.1155937
https://doi.org/10.1080/21688370.2020.1840913
https://doi.org/10.1089/neu.2011.2018
https://doi.org/10.1007/s12975-014-0361-y
https://doi.org/10.1089/ther.2015.0028
https://doi.org/10.1159/000104255
https://doi.org/10.3389/fgene.2015.00112
https://doi.org/10.1038/jcbfm.2012.95
https://doi.org/10.3171/jns.1997.86.2.0272
https://doi.org/10.1016/B978-0-12-802395-2.00004-3
https://doi.org/10.1016/j.mri.2014.04.019
https://doi.org/10.3171/foc.2007.22.5.3
https://doi.org/10.1007/s12975-020-00824-x
https://doi.org/10.14814/phy2.12805
https://doi.org/10.1007/3-211-30714-1_45
https://doi.org/10.1161/STROKEAHA.115.011453
https://doi.org/10.1038/s41583-021-00454-8
https://doi.org/10.1161/01.STR.0000217268.81963.78
https://doi.org/10.1097/00004647-200404000-00008
https://doi.org/10.1161/STROKEAHA.110.594457
https://doi.org/10.1038/sj.jcbfm.9600548
https://doi.org/10.1016/0361-9230(85)90158-3
https://doi.org/10.1016/0361-9230(85)90157-1
https://doi.org/10.1161/01.STR.28.7.1445
https://doi.org/10.1111/apha.12706
https://doi.org/10.1007/s12028-021-01341-x
https://doi.org/10.1212/WNL.56.12.1746
http://www.ncbi.nlm.nih.gov/pubmed/31194438
http://www.ncbi.nlm.nih.gov/pubmed/31194438
https://doi.org/10.1038/jcbfm.2014.230
https://doi.org/10.1007/s12975-018-0636-9
https://doi.org/10.2165/00003088-200038010-00002
https://doi.org/10.3389/fneur.2021.756112
https://doi.org/10.1186/s13054-016-1294-5
https://doi.org/10.1227/00006123-197906000-00002
https://doi.org/10.1097/CCM.0000000000002522
https://doi.org/10.1002/14651858.CD000033.pub2
https://doi.org/10.1001/archneur.1984.04050180047016
https://doi.org/10.1212/WNL.32.11.1288
https://doi.org/10.1016/j.yfrne.2016.12.002
https://doi.org/10.1177/0300060516666754
https://doi.org/10.3389/fphys.2018.00011
https://doi.org/10.1016/j.jstrokecerebrovasdis.2017.11.013
https://doi.org/10.2174/156720209787466046
https://doi.org/10.1177/0271678X15617172
https://doi.org/10.1007/s10877-019-00387-9
https://doi.org/10.1016/j.jns.2014.05.012
https://doi.org/10.3171/2013.2.FOCUS12424
https://doi.org/10.1016/j.jns.2013.04.001
https://doi.org/10.1186/s12933-021-01356-w
https://www.frontiersin.org/journals/stroke
https://www.frontiersin.org

Kalisvaart et al.

van Asch, C. J., Luitse, M. J., Rinkel, G. J., van der Tweel, I, Algra, A., Klijn,
C. ], et al. (2010). Incidence, case fatality, and functional outcome of intracerebral
haemorrhage over time, according to age, sex, and ethnic origin: a systematic review
and meta-analysis. Lancet Neurol. 9, 167-176. doi: 10.1016/S1474-4422(09)70340-0

Venkatasubramanian, C., Mlynash, M., Finley-Caulfield, A., Eyngorn, I,
Kalimuthu, R., Snider, R. W., et al. (2011). Natural history of perihematomal
edema after intracerebral hemorrhage measured by serial magnetic resonance imaging.
Stroke 42, 73-80. doi: 10.1161/STROKEAHA.110.590646

Vespa, P. M., Miller, C., McArthur, D., Eliseo, M., Etchepare, M., Hirt, D., et al.
(2007). Nonconvulsive electrographic seizures after traumatic brain injury result in a
delayed, prolonged increase in intracranial pressure and metabolic crisis. Crit. Care
Med. 35, 2830. doi: 10.1097/01.CCM.0000295667.66853.BC

Vinje, V., Eklund, A., Mardal, K. A., Rognes, M. E.,, and Steverud, K. H. (2020).
Intracranial pressure elevation alters CSF clearance pathways. Fluids Barr. CNS 17,
1-19. doi: 10.1186/s12987-020-00189-1

Wan, Y., Holste, K. G., Hua, Y., Keep, R. F,, and Xi, G. (2023). Brain edema
formation and therapy after intracerebral hemorrhage. Neurobiol. Dis. 176, 105948.
doi: 10.1016/j.nbd.2022.105948

Wang, X., Arima, H., Yang, J., Zhang, S, Wu, G., Woodward, M., et al.
(2015). Mannitol and outcome in intracerebral hemorrhage: propensity score and
multivariable intensive blood pressure reduction in acute cerebral hemorrhage trial 2
results. Stroke 46, 2762-2767. doi: 10.1161/STROKEAHA.115.009357

Wilkinson, C. M., Kalisvaart, A. C. J., Kung, T. F. C., Maisey, D. R,, Klahr, A.
C., Dickson, C. T., et al. (2020). The collagenase model of intracerebral hemorrhage
in awake, freely moving animals: the effects of isoflurane. Brain Res. 1728, 146593.
doi: 10.1016/j.brainres.2019.146593

Wilkinson, C. M., Kung, T. F. C, Jickling, G. C., and Colbourne, F. A.
(2021). Translational perspective on intracranial pressure responses following
intracerebral hemorrhage in animal models. Brain Hemorrhages 2, 34-48.
doi: 10.1016/j.hest.2020.10.002

Williamson, M. R., and Colbourne, F. (2017). Evidence for decreased
brain parenchymal volume after large intracerebral hemorrhages: a potential
mechanism limiting intracranial pressure rises. Transl. Stroke Res. 8, 386-396.
doi: 10.1007/s12975-017-0530-x

Williamson, M. R., Dietrich, K., Hackett, M. J., Caine, S., Nadeau, C. A., Aziz,
J. R, et al. (2017). Rehabilitation augments hematoma clearance and attenuates
oxidative injury and ion dyshomeostasis after brain hemorrhage. Stroke 48, 195-203.
doi: 10.1161/STROKEAHA.116.015404

Frontiersin Stroke

20

10.3389/fstro.2023.1155937

Williamson, M. R., John, R. F., and Colbourne, F. (2018). Measurement of
Intracranial Pressure in Freely Moving Rats. New York, NY: Humana Press, 17-25.

Williamson, M. R., Wilkinson, C. M., Dietrich, K., and Colbourne, F. (2019).
Acetazolamide mitigates intracranial pressure spikes without affecting functional
outcome after experimental hemorrhagic stroke. Transl. Stroke Res. 10, 428-439.
doi: 10.1007/s12975-018-0663-6

Wilson, M. H. (2016). Monro-Kellie 2.0: the dynamic vascular and venous
pathophysiological components of intracranial pressure. J. Cerebr. Blood Flow Metab.
36, 1338-1350. doi: 10.1177/0271678X16648711

Wintzer, S., Heckmann, J. G., Huttner, H. B., and Schwab, S. (2020).
Dexamethasone in patients with spontaneous intracerebral hemorrhage:
an updated meta-analysis. Cerebrovasc. Dis. 49, 495-502. doi: 10.1159/000
510040

Xu, X., Wang, B, Ren, C, Hu, J., Greenberg, D. A., Chen, T., et al. (2017).
Age-related impairment of vascular structure and functions. Aging Dis. 8, 590.
doi: 10.14336/AD.2017.0430

Yang, G. Y., Betz, A. L, Chenevert, T. L., Brunberg, J. A, and Hoff, J. T.
(1994). Experimental intracerebral hemorrhage: relationship between brain edema,
blood flow, and blood-brain barrier permeability in rats. J. Neurosurg. 81, 93-102.
doi: 10.3171/jns.1994.81.1.0093

Zanello, S. B., Tadigotla, V., Hurley, J., Skog, J., Stevens, B., Calvillo, E., et al. (2018).
Inflammatory gene expression signatures in idiopathic intracranial hypertension:
possible implications in microgravity-induced ICP elevation. npj Microgravity 4, 1.
doi: 10.1038/s41526-017-0036-6

Zhang, X., Huang, P., and Zhang, R. (2022). Evaluation and prediction of
post-stroke cerebral edema based on neuroimaging. Front. Neurol. 12, 2431.
doi: 10.3389/fneur.2021.763018

Zhao, D., Nguyen, C. T. O., He, Z, Wong, V. H. Y., van Koeverden, A.
K., Vingrys, A. J, et al. (2018). Age-related changes in the response of retinal
structure, function and blood flow to pressure modification in rats. Sci. Rep. 8, 2947.
doi: 10.1038/s41598-018-21203-5

Zheng, H., Chen, C., Zhang, J., and Hu, Z. (2016). Mechanism and therapy
of brain edema after intracerebral hemorrhage. Cerebrovasc. Dis. 42, 155-169.
doi: 10.1159/000445170

Zwienenberg, M., Gong, Q. Z., Lee, L. L., Berman, R. F., and Lyeth, B. G. (1999).
Monitoring in the rat: comparison of monitoring in the ventricle, brain parenchyma,
and cisterna magna. J. Neurotrauma 16, 1095-1102. doi: 10.1089/neu.1999.
16.1095

frontiersin.org


https://doi.org/10.3389/fstro.2023.1155937
https://doi.org/10.1016/S1474-4422(09)70340-0
https://doi.org/10.1161/STROKEAHA.110.590646
https://doi.org/10.1097/01.CCM.0000295667.66853.BC
https://doi.org/10.1186/s12987-020-00189-1
https://doi.org/10.1016/j.nbd.2022.105948
https://doi.org/10.1161/STROKEAHA.115.009357
https://doi.org/10.1016/j.brainres.2019.146593
https://doi.org/10.1016/j.hest.2020.10.002
https://doi.org/10.1007/s12975-017-0530-x
https://doi.org/10.1161/STROKEAHA.116.015404
https://doi.org/10.1007/s12975-018-0663-6
https://doi.org/10.1177/0271678X16648711
https://doi.org/10.1159/000510040
https://doi.org/10.14336/AD.2017.0430
https://doi.org/10.3171/jns.1994.81.1.0093
https://doi.org/10.1038/s41526-017-0036-6
https://doi.org/10.3389/fneur.2021.763018
https://doi.org/10.1038/s41598-018-21203-5
https://doi.org/10.1159/000445170
https://doi.org/10.1089/neu.1999.16.1095
https://www.frontiersin.org/journals/stroke
https://www.frontiersin.org

	Relationship between edema and intracranial pressure following intracerebral hemorrhage in rat
	1. Introduction
	2. Background literature
	2.1. Normal ICP and intracranial compliance regulation
	2.2. Pathological ICP, edema, and intracranial compliance

	3. Methods
	3.1. Retrospective analysis design
	3.2. Intracranial pressure analyses
	3.3. Brain water content
	3.4. Statistical comparisons

	4. Results
	4.1. Exclusions
	4.2. Intracranial pressure characterization
	4.2.1. Autologous whole blood model
	4.2.1.1. 72h ICP comparison: Adult animals
	4.2.1.2. ICP spiking events

	4.2.2. Collagenase model
	4.2.2.1. 24h ICP comparison: Adult and aged animals
	4.2.2.2. 72h ICP comparison: Adult animals
	4.2.2.3. ICP spiking events
	4.2.2.4. RICP events


	4.3. Brain water content analyses
	4.3.1. Autologous whole blood model
	4.3.1.1. 72h brain water content: Adult animals

	4.3.2. Collagenase model
	4.3.2.1. 24h brain water content: Aged animals
	4.3.2.2. 72h brain water content: Adult animals


	4.4. Relationship between ICP and brain water content

	5. Discussion
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	Supplementary material
	References


