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INTRODUCTION 
Sheep are popular large animals for modeling human 
diseases and studying physiological processes such as 
cerebrospinal fluid (CSF) dynamics. However, little is 
known about the vascular compensatory mechanisms that 
influence CSF pressure during acute postural changes, as 
well as the pressure dynamics in the craniospinal and 
adjacent compartments and their interaction. 

METHODS 
Six female white Alpine sheep (2-5 years) with an average 
bodyweight of 75.6 ± 12.1 kg were anesthetized to 
investigate the interactions of the vascular and CSF system 
by acquiring measurements of intracranial (ICP), 
intrathecal (ITP), arterial blood (ABP), central (CVP) and 
jugular venous (JVP), and intra-abdominal pressures (IAP) 
during passive postural changes induced by a tilt table ±13° 
[1,2]. The cross-sectional area of the common jugular vein 
(JV) and venous blood flow velocity was recorded by 
ultrasound measurements (Table 1). The same set of 
pressures were measured with telemetric sensors in six 
additional awake Alpine sheep in upright posture [3]. For 
this purpose, sheep were repeatedly placed on a chair for 
2 minutes (Fig. 1 left).  

RESULTS AND DISCUSSION 
Anesthetized sheep showed bi-phasic effects of postural 
changes on ICP and ITP during tilting with an ICP drop and 
ITP increase during head-over-body and opposite during 
body-over-head posture. A marked collapse of the jugular 
vein was observed during head-over-body tilting in 
accordance with findings in humans. Active regulatory 
effects of the arterial system on maintaining cerebral 
perfusion pressure were observed independent of tilting 
direction. These tilt tests with multicompartmental 
recordings help to elucidate craniospinal, arterial, venous, 
and abdominal dynamics. In the awake sheep sitting 
upright in the chair, the ICP decreases far less than the ITP 
increases. This can be partly explained by the hydrostatic 
influence on ITP (distance between ICP and ITP sensors was 
64.2 ± 4.8 cm). The dynamic changes in IAP varied strongly 

depending on the location of the sensor in the abdomen 
(Fig. 1 right).  

Figure 1 Left, sheep sitting in chair with respective 
keypoints marked in color and connected with pink lines for 
automatic posture angle assessment. Right, exemplary 
data for the time before the chair (P0) and during the chair 
at different periods (P1 - P3) with corresponding pressure 
recordings [3].  
ABP, arterial blood pressure; ICP, intracranial pressure; ITP, 
intrathecal pressure; CVP, central venous pressure; IAPds, 
IAPcr, IAPcd, and IAPve, dorsal, cranial, caudal, and ventral 
intra-abdominal pressure, respectively. 

CONCLUSIONS 
Anesthetized sheep show venous dynamics in response to 
postural induced ICP changes that are comparable to those 
in humans. In addition, the different pressures are 
comparable to human pressures and change similarly in 
response to posture. This study underlines the suitability of 
sheep as a transferable model for the study of CSF 
dynamics despite the quadrupedal nature and known 
anatomical differences between humans and sheep. All 
pressures vary depending on posture and the abdominal 
cavity cannot be regarded as a uniform unit, but comprises 
of sub-compartments with individual dynamics. 
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Table 1: Summary of baseline values for parameters assessed in jugular vein (JV), heart rate (HR), corresponding pressure 

recordings and cerebral perfusion pressure (CPP) [1]. 

JV area (cm2) JV width (cm) JV height (cm) JV blood flow velocity (cm/s) JV blood flow (mL/s) HR (bpm) 

0.81 ± 0.34 1.12 ± 0.40 0.87 ± 0.25 7.69 ± 5.32 6.03 ± 5.50 93 ± 14 

ABP (mmHg) CVP (mmHg) JVP (mmHg) ICP (mmHg) ITP (mmHg) CPP (mmHg) 

80.51 ± 15.41 7.39 ± 4.80 7.24 ± 1.44 16.54 ± 10.10 18.12 ± 8.40 63.97 ± 15.33 
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Effect of Breathing, Blood Pressure, and Heart Rate on Spinal Fluid Flow in a Rodent Model of CSF Obstruction 
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INTRODUCTION 
There is mounting evidence that disruption to CSF 
circulation is likely to contribute to a number of spinal 
pathologies including multiple sclerosis and syringomyelia. 
However, the physiological factors that govern CSF flow in 
the subarachnoid space and fluid transport in the spinal 
cord are poorly understand. It is also not known what 
effect these factors have on fluid flow when there is a 
spinal pathology disrupting CSF circulation. The aims of this 
study were to determine the effects of breathing, blood 
pressure, and heart rate on fluid flow in a rodent model of 
spinal CSF obstruction.  

METHODS 
Sprague-Dawley rats underwent either a C7-T1 
laminectomy-only (controls) or a laminectomy with a CSF 
obstruction (experimental). This obstruction was achieved 
by passing a 6-0 monofilament suture around the spinal 
cord (extradural), tightening the suture to obstruct CSF 
flow, and securing it in place with a reef knot (1). 
Physiological parameters were carefully manipulated in 
the Control and CSF Obstruction animals such that the 
effects of breathing (spontaneous respiration vs positive-
pressure ventilation), blood pressure (hypertension vs 
normal blood pressure), and heart rate (tachycardia vs 
normal heart rate) were separately investigated. CSF 
tracers (indocyanine green & fluorescent ovalbumin) were 
intracisternally infused and subarachnoid movement of 
tracer was imaged in vivo using an intraoperative 
microscope equipped with an infrared filter. Microscopic 
analysis of ex vivo spinal cord and brain tissue was used to 
quantify the influx of tracer into the brain and spinal 
interstitium. 

RESULTS AND DISCUSSION 
CSF obstruction had a greater effect on subarachnoid CSF 
tracer flow and tracer influx into the cord than any of the 
physiological variables tested, causing a significant 
decrease in CSF flow. The effect of a CSF obstruction in 
tachycardic animals is shown (Fig. 1).  

In the presence of a spinal CSF obstruction, hypertension 
and tachycardia, but not breathing, reduced spinal CSF 
flow.  

Analysis of brain and spinal cord tissue demonstrated that 
hypertension caused an influx of CSF tracer into the 
interstitium in control animals. No difference was observed 
in animals with a spinal CSF obstruction, or when breathing 
or heart rate were manipulated.   

Figure 1 Intraoperative imaging of CSF tracer flow in 
tachycardic animals with a normal spinal cord 
(laminectomy at C7-T1-only) or CSF obstruction.  

CONCLUSIONS 
The results of this study do not replicate previous findings 
from our group and others that demonstrated that 
spontaneous breathing increases spinal CSF flow when 
compared to positive-pressure ventilation (2), and 
hypertension decreased CSF flow into the brain (3). 
Differences in species and experimental set-up could 
account for this. The factors governing CSF flow are likely 
to be highly complex, and further work needs to be done 
to elucidate the interplay between CSF flow, breathing, 
heart rate, blood pressure, and pathology. 
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INTRODUCTION 
The cholinergic neurons located in the basal forebrain are 
known to degerate early in Alzheimer’s disease. Their 
functional loss underpins aspects of cognitve decline and is 
coincident with amyloid-b plaque deposition. Furthermore, 
the innervation of these cholinergic neurons maps onto 
areas of amyloid plaques e.g. the default mode network. 
Animals studies have demonstrated that cholinergic 
activity in the brain controls atery dilation and, at least 
partially, accounts for neuronal activity-linked Blood 
oxygen level-dependent (BOLD signal that is measured in 
functional MRI studies. In addition studies using 
Alzheimer’s disease mice models of amyloid deposition in 
which the cholinergic basal forebrain neurons are either 
activated or inhibited result in reduced or enhanced 
amyloid plaque deposition indicative of a causual 
relationship. 

We hypothesise that cholinergic basal forebrain neurons 
can control glymphatic flow through perivascular spaces by 
regulation of arterial pulsation, thereby controlling the 
extent of glymphatic clearance of soluble amyloid in the 
CSF; in situations of reduced cholinergic function such as 
aging, the resultant reduced glymphatic flux could 
contribute to amyloid-b accumulation and deposition, 
hastening the development of Alzheimer’s dementia. 

METHODS 
Our primary method to measure glymphatic flux is MRI 
conducted on a 9.4T preclinical scanner (Biospec 9.4/30, 
Bruker BioSpin GmbH, Germany using mice in which 
gadolinium contrast agent was injected via catheter into 
the cisterna magma. 3D T1-weighted fast low angle shot 
(FLASH MRI (TR/TE = 21/2.66ms, flip angle = 20o, matrix = 
192 x 128 x 80, 0.1 mm isotropic resolution, and 3.33 min 
per volume covering the whole brain. After 10 min of 
baseline scan, 8.0 ul Gd-DTPA at 0.56 mmol/kg dosage was 
slowly infused into the cisterna magna at a rate of 0.5 
ul/min for 16 minutes using an infusion pump. 40 volumes 
were continuously acquired for the total of 132 minutes. 
This is combined with magnetic resonance angiography, 
and cerebral blood flow (CBF measured by pseudo-
continuous arterial spin labelling sequence. Arterial 
pulsation was measured by utilizing the flow-related 
enhancement (inflow effect) of gradient-echo MRI, in 
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which the signal change is proportional to the flow velocity 
when the imaging TR is faster than the pulsatile flow across 
the imaging slice. For additional details contact Kai-Hsiang 
Chuang. 

The function of cholinergic basal forebrain neurons were 
manipulated by either lesioning by direct injection of the 
toxin p75-saporin in to the medial septum, or by injection 
of AAV virus expressing either neuronal activity-promoting 
or -inhibiting DREADDs. These vectors express modified 
muscarinic receptors that can be activated by the drug CNO 
to trigger second messenger signals to raise or lower the 
resting membrane potential of the neuron. 

We have also undertaken preliminary analyses of human 
MRI scans of people either with a diagnosis of Alzheimer’s 
disease and/or with basal forebrain degeneration as 
measured by either structural MRI or using the cholinergic 
PET tracer FEOVB. 

RESULTS AND DISCUSSION 
It is well known that cholinergic basal forebrain neurons 
can control the dilation of blood vessels, thereby 
potentially providing a mechanism for change (reduction) 
in the size of perivascular space that could promote CSF 
exchange through perivascular endfeet of astrocytes. Our 
preliminary outcomes have demonstrated, as expected, 
that cholinergic basal forebrain neuron activity can 
regulate cerebral blood flow through innervated ateries, 
and we have shown assocaition of cholinergic neuron 
activity with glymphatic flow. Furthermore, an association 
has been found in human subjects. However, as our 
experiments are ongoing and the knowledge of the 
glymphatic system is preliminary, the presentation will 
therefore also describe and discuss the challenges to 
undertaking and interpreting our experiments.  

CONCLUSIONS 
Our preliminary outcomes support the hypothesis that 
cholinergic basal forebrain neurons can control glymphatic 
flow through perivascular spaces by regulation of 
vasodilation and arterial pulsation.  
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The presentation will provide an overview of the 
main findings. ICP was lower in iNPH compared to 
aqueductal stenosis-type hydrocephalus. ICP pulse 
amplitude was elevated in iNPH. Intracranial 
compliance was impaired in iNPH. ICP waveform 
parameters, mainly SLOW, were correlated with the 
radiological imaging findings of iNPH. 

CONCLUSIONS 
ICP waveform analysis might help to better 
understand pathophysiological processes of adult 
communicating hydrocephalus, including iNPH, and 
help in patient selection for treatment.  

RESULTS AND DISCUSSIONINTRODUCTION
The pathophysiology of idiopathic normal pressure 
hydrocephalus (iNPH) is incompletely understood. 
This makes selection of patients for treatment 
challenging because of lack of standardised 
diagnostic tests. Intracranial pressure (ICP) is 
generally not critically elevated in iNPH, but changes 
in the ICP waveform have been of interest in 
understanding disease processes and patient 
selection for treatment. 

METHODS
More than 150 patients have undergone continuous 
computerised overnight ICP monitoring in the 
diagnostic management of chronic adult 
hydrocephalus. Analysis included mean ICP and the 
waveform parameters of ICP pulse amplitude, 
respiratory waves (RESP), slow vasogenic waves 
(SLOW, or b-waves) and index of craniospinal reserve 
capacity (RAP). 
Radiological parameters were recorded from CT and 
MRI brain, including ventricle size, fronto-occipital 
horn ratio, callosal angle and markers of 
disproportionally enlarged subarachnoid space 
hydrocephalus (DESH).  



A Model of Hydrocephalus as a Disorder of Intracranial Thermodynamics 
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INTRODUCTION
The theory that hydrocephalus is caused by CSF 
malabsorp�on is inconsistent with the experimental 
evidence [1]. Flow MRI imaging has shown that 
hydrocephalus is associated with marked 
abnormali�es of CSF pulsa�lity, and abnormal 
pulsa�le dynamics likely play a causal role in the 
disorder.  
How can we understand these pulsa�le dynamics? 
The cranium is a series of pathways through which 
energy flows. Both DC (smooth) and AC (pulsa�le) 
power enter the cranium via arteries and leave via 
veins. However, intracranial DC and AC power are 
split— DC power flows in capillaries, and AC power 
flows in CSF spaces. This intracranial separa�on of 
DC and AC power is the cerebral windkessel by which 
delicate capillary beds are protected from arterial 
pulsa�lity. Recent research shows that the cerebral 
windkessel is a band stop filter for AC power, which 
implies that intracranial dynamics are analogous to 
several well-understood mechanical and electrical 
systems.  

METHODS
We have compared windkessel dynamics in a canine 
model to a simple electrical tank circuit using 
autoregressive with exogenous inputs (ARX) 
modeling [2]. When the windkessel is physiologically 
tuned, the windkessel effec�veness W is given by:  

𝑊𝑊 =
𝐼𝐼𝐼𝐼
𝑅𝑅

where I is the CSF path inertance (i.e., pulse 
magnitude), K is CSF path elastance, and R is 
resistance in the CSF path and the damping in the 
brain parenchyma.  

RESULTS AND DISCUSSION
From the thermodynamic perspec�ve, 
hydrocephalus is a spectrum of disorders 
characterized by windkessel impairment due to high 
impedance to AC power (i.e., CSF pulsa�lity) in the 
CSF path [2]. This suggests a thermodynamic 
taxonomy of hydrocephalus. Obstruc�ve 
hydrocephalus is windkessel impairment caused by 
high resistance to AC power in the CSF path. Normal 
pressure hydrocephalus is windkessel impairment 
caused by low inertance (arteriosclerosis) and low 
elastance (brain atrophy) in the CSF path. Low 
pressure hydrocephalus (LPH) is windkessel 
impairment due to high resistance (preexis�ng 
obstruc�ve hydrocephalus) and low elastance (low 
brain turgor) in the CSF path. Ventricular dila�on is 
an ac�ve physiological adapta�on to windkessel 
impairment—ventriculomegaly increases the volume 
of the CSF and lowers CSF path impedance to AC 
power. DC power in the CSF is negligible and CSF 
forma�on and absorp�on play no causal role in the 
pathophysiology of hydrocephalus.  
Shun�ng diverts DC and AC energy and acts as an 
accessory windkessel.  

CONCLUSION
The thermodynamic model of intracranial dynamics 
offers new insight into the pathophysiology and 
treatment of hydrocephalus. 
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INTRODUCTION 
Infusion testing is well established for selecting patients 
diagnosed with idiopathic normal pressure hydrocephalus 
(iNPH) for shunt surgery. In this procedure, artificial 
cerebrospinal fluid (CSF) is injected to elevate intracranial 
pressure (ICP) in the patient and assess the CSF outflow 
resistance. Individuals with (iNPH) reach a higher ICP 
during infusion than healthy adults, but the reason for this 
strengthened response is poorly understood, in particular 
in the context of the glymphatic system. To this end we 
have in this article investigated the importance of 1) brain 
geometry, 2) intracranial pressure and 3) physiological 
parameters on the outcome of and response to an infusion 
test.  

METHODS 
We implemented a seven-compartment multiple network 
porous medium model [1] with subject specific geometries 
from MR images [2]. To model the fluid flow in response to 
increased pressure in the subarachnoid space (SAS), we 
considered the case of an infusion test on a three 
dimensional subject specific domain. The model consist of 
the arterial, capillary and venous blood vessels, their 
corresponding perivascular spaces, and the extracellular 
space (ECS). Both subject specific brain geometries and 
subject specific infusion tests were used in the modeling of 
both healthy adults and iNPH patients. Furthermore, we 
performed a systematic study of the effect of variations in 
model parameters such as permeability and transfer 
parameters between compartments.  

RESULTS AND DISCUSSION 
Both the iNPH group and the control group reached a 
similar steady state solution when subject specific 
geometries under identical boundary conditions was used 
in simulation. The difference in terms of average fluid 
pressure and velocity between the iNPH and control 
groups, was found to be less than 6 % during all stages of 
infusion in all compartments. When infusion based subject 
specific boundary conditions were implemented, the 
largest computed difference was a 75 % greater fluid speed 
in the arterial perivascular space (PVS) in the iNPH group 
compared to the control group. Changes to material 
parameters changed fluid speeds by several orders of 

magnitude in some scenarios. A considerable amount of 
the CSF pass through the glymphatic pathway in our 
models during infusion, i.e., 28% and 38% in the healthy 
and iNPH patients, respectively.  

Figure 1 Flowchart showing the total inter-compartmental 
fluid flow at the end of infusion (t = 50 min (3000 s)). The 
average fluid transfer rate in ml/min is shown in each 
connecting circle, with the upper black number being the 
average in the control group and the lower grey being the 
iNPH group. These numbers were computed using subject 
specific geometries and boundary conditions. 

CONCLUSIONS 
Using computational models, we have found the relative 
importance of subject specific geometries to be less 
important than individual differences in terms of fluid 
pressure and flow rate during infusion. Model parameters 
such as permeabilities and inter-compartment transfer 
parameters are uncertain but important and have large 
impact on the simulation results. The computations 
predicts that a considerable amount of the infused volume 
pass through the glymphatic system. 
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