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Abstract 

Cerebrospinal fluid (CSF) plays a vital role in the immunological support, structural protection 

and metabolic homeostasis of the central nervous system (CNS). The CSF is a promising route with 

many potentially important roles for CNS therapeutics such as: a) direct delivery of large drug 

molecules to the CNS tissue that is not possible via blood injection due to the blood brain barrier and 

b) CSF filtration, termed Neurapheresis therapy, to remove unwanted solutes in CNS diseases such as 

alzheimer’s disease, meningitis, subarachnoid hemorrhage and leptomeningeal metastasis. While many 

studies have shown increasing importance of the role of CSF in CNS system homeostasis, there is a 

need to understand the impact of realistic geometry on CSF flow patterns.  An anatomically accurate 

and validated CFD model will allow testing and optimization of CNS biomedical technologies such as 

CSF filtration devices. Such a simulator could reduce cost of non-human primate studies and lead to 

more rapid application of these technologies for clinical use. In this dissertation, CSF dynamics in 

monkeys and humans was investigated in four stages as following:    

First, a magnetic resonance imaging (MRI) protocol was developed and applied to quantify 

subject-specific CSF space geometry and flow and define the CFD domain and boundary conditions in 

non-human primates.  An algorithm was implemented to reproduce the axial distribution of unsteady 

CSF flow by non-uniform deformation of the dura surface.  Results showed that maximum difference 

between the MRI measurements and CFD simulation of CSF flow rates was <3.6%.  CSF flow along 

the entire spine was laminar with a peak Reynold’s number of ~150 and average Womersley number 

of ~5.4. Maximum CSF flow rate was present at the C4-C5 vertebral level. Deformation of the dura 

ranged up to a maximum of 134 μm. Geometric analysis indicated that total spinal CSF space volume 

was ~8.7 ml. Average hydraulic diameter, wetted perimeter and SAS area was 2.9 mm, 37.3 mm and 

27.24 mm2, respectively. CSF pulse wave velocity along the spine was quantified to be 1.2 m/s.   

Second, a geometric and hydrodynamic characterization of CSF in eight cynomolgus monkeys 

(Macaca fascicularis) was presented at baseline and two-week follow-up. Results showed that CSF 

flow along the entire spine was laminar with a Reynolds number ranging up to 80 and average 

Womersley number ranging from 4.1-7.7. Maximum CSF flow rate occurred ~25 mm caudal to the 

foramen magnum. Peak CSF flow rate ranged from 0.3-0.6 ml/s at the C3-C4 level. Geometric analysis 

indicated that average intrathecal CSF volume below the foramen magnum was 7.4 ml. The average 

surface area of the spinal cord and dura was 44.7 and 66.7 cm2 respectively. Subarachnoid space cross-

sectional area and hydraulic diameter ranged from 7-75 mm2 and 2-3.7 mm, respectively.  Stroke 

volume had the greatest value of 0.14 ml at an axial location corresponding to C3-C4. 
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The third objective of this dissertation was to investigate the impact of spinal cord nerve roots 

(NR) on CSF dynamics.  A subject-specific computational fluid dynamics (CFD) model of the complete 

spinal subarachnoid space (SSS) with and without anatomically realistic NR and non-uniform moving 

dura wall deformation was constructed. This CFD model allowed detailed investigation of the impact 

of NR on CSF velocities that is not possible in vivo using MRI or other non-invasive imaging methods.  

Results showed that NR altered CSF dynamics in terms of velocity field, steady-streaming and vortical 

structures.  Vortices occurred in the cervical spine around NR during CSF flow reversal.  The magnitude 

of steady-streaming CSF flow increased with NR, in particular within the cervical spine.  This increase 

was located axially upstream and downstream of NR due to the interface of adjacent vortices that 

formed around NR. Average value for steady streaming velocity was 0.11 ± 0.12 and 0.05 ± 0.04 mm/s 

(mean ± stdev) for the model with versus without NR (120% greater with NR).  The region of greatest 

difference in steady streaming velocity values was the cervical spine that had up to 5X larger value of  

steady streaming velocity with NR compared to without.  

In fourth step, we formulated a subject-specific computational fluid dynamics (CFD) model to 

parametrically investigate the impact of a novel dual-lumen catheter-based CSF filtration system, the 

Neurapheresis therapy system (Minnetronix Neuro, Inc., St. Paul, MN), on intrathecal CSF dynamics.  

The operating principle of this system is to remove CSF from one location along the spine (aspiration 

port), externally filter the CSF routing the retentate to a waste bag, and return permeate (uncontaminated 

CSF) to another location along the spine (return port).  The CFD model allowed parametric simulation 

of how the Neurapheresis system impacts intrathecal CSF velocities and steady-steady streaming under 

various Neurapheresis flow settings ranging from 0.5 to 2.0 ml/min and with a constant retentate 

removal rate of 0.2 ml/min. simulation of the Neurapheresis system were compared to a lumbar drain 

simulation with a typical CSF removal rate setting of 0.2 ml/min. Results showed that the Neurapheresis 

system at a maximum flow of 2.0 ml/min increased average steady-streaming CSF velocity 2X in 

comparison to lumbar drain (0.190 ± 0.133 versus 0.093 ± 0.107 mm/s, respectively).  This affect was 

localized to the region within the Neurapheresis flow-loop. The mean velocities introduced by the flow-

loop were relatively small in comparison to normal cardiac-induced CSF velocities.   

Finally, a subject-specific multiphase CFD model was constructed based on high-resolution anatomic 

MRI. The dual-lumen Neurapheresis catheter geometry was added to the model within the posterior 

spinal subarachnoid space (SAS). Neurapheresis flow aspiration and return rate was 2.0 and 1.8 

(mL/min), versus 0.2 (mL/min) drainage for lumbar drain. An in vitro CSF model was constructed with 

an identical fluid domain geometry. A detailed comparison of numerical and in vitro results was 

performed by the Bland-Altman correlation analysis. Neurapheresis therapy was found to have a larger 
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impact on steady streaming in comparison to lumbar drain. Steady-streaming in the cranial SAS was 

~50X smaller than in the spinal SAS for both cases. Results showed that 85% of the spinal SAS was 

cleared within one hour with the Neurapheresis flow loop in comparison to 50% clearance after 24-

hour with lumbar drain.   Clearance was maximized between the aspiration and the return ports with 

the Neurapheresis therapy. However, intracranial clearance for the Neurapheresis therapy was similar 

to lumbar drain (66% clearance). Quantitative comparison of Neurapheresis therapy results showed that 

the speed of clearance match with less than 4% error after 24-hour (50% CFD vs 46% in vitro).  
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Chapter 1: Background 

 

Motivation for Cerebrospinal Fluid Research 

Cerebrospinal fluid (CSF) acts as an immunological support and protecting the structures of 

the central nervous system (CNS). CSF has many potential roles for CNS therapeutics such as: a) direct 

delivery of large drug molecules to the CNS tissue that is not possible via blood injection due to the 

blood brain barrier, b) CSF filtration, termed neuropheresis1 therapy, to remove unwanted toxins in 

diseases such as meningitis. c) CSF cooling, termed CSF hypothermia, to slow down traumatic brain 

and spinal cord (SC) injury following severe accidents.    

CSF-based brain therapeutics are gaining interest because they allow direct pharmaceutical 

targeting of the CNS that can help minimize some side effects associated with conventional oral and 

intravenous based pharmacotherapies and allows delivery of larger molecule sizes to the CNS that may 

not normally be able to cross the blood-brain-barrier. A detailed understanding of CSF dynamics could 

improve treatment of CSF-related CNS diseases and lead to novel CSF-based therapeutics. The 

importance of CSF dynamics has been investigated in several CNS diseases that include Alzheimer’s 

disease [1, 2], syringomyelia [3, 4], Chiari malformation [5, 6], astronaut vision impairment due to 

space flight [7] and hydrocephalus [8].  CSF-based therapeutics are presently under development for 

brain hypothermia [9], CSF filtration [10-13] and control of intracranial CSF pressure oscillations [14].  

The efficacy of many of these treatments depends, in part, on transport within the spinal 

subarachnoid space (SSS). Among the least studied factors is the effect of structures within the SSS on 

flow and transport, yet the structures appear to strongly affect transport. For example, Stockman found 

that simplified nerve roots (NR) increased longitudinal transport by five to ten times compared the same 

channel without structure [15, 16].  Tangen et al. found that simplified microstructure increased 

vorticity and rostral transport of intrathecal drugs [17] and Tangen et al. noted mixing of subarachnoid 

hemorrhage around NR [18, 19].  

While many studies have shown increasing importance of the role of CSF in CNS system 

homeostasis, there is a paucity of information on CSF biofluid mechanics. This section presents a brief 

description of CSF functions in the CNS and the physiological aspects of its pulsation and circulation 

throughout the cranial and spinal SSS. 

                                                      
1 Trademark of Minnetronix, Inc. 
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Biological Function of CSF 

CSF plays significant roles in CNS like functional support for the brain and performs as a 

mechanical damper during high impacts on the head. An average weight for the brain is about 1.5 kg 

for a healthy adult human but it decreases down to ~50 gr when it is floating in the CSF [20]. CSF also 

controls the intracranial pressure (ICP) if venous outflow obstruction happened based on any small 

changes in the brain volume due to hemorrhage. hemorrhage impacts the intracranial CSF volume to 

keep the ICP in the standard range.  

Another significant biological function of the CSF is removing the toxic products from the 

CNS and delivering nutrients to the neural and glial cells because of the oscillatory motion [21].  CSF 

circulation also assists sinking of neurotoxic waste and washing out the brain [22, 23]. The CSF system 

is acting like a pathway to wash out the neurotoxic waste products from the CNS that can cause 

Alzheimer’s disease progression [24]. 

 

CSF Circulation 

The entire CSF space volume is about 250-400 ml in a healthy human [25]. CSF system divided 

in to three connected compartments: 1- the cranial subarachnoid space 2- the spinal subarachnoid space 

and 3- ventricular system (Figure 1). The ventricular system includes two lateral, third and fourth 

ventricles (Figure 2). The CSF production rate in humans is estimated to be approximately 500 cc per 

day (10 ml/hr) [26].  

The main source of CSF production is in ventricles by the choroid plexus. CSF flows along 

ventricles, cisterns and the subarachnoid space, then it will be reabsorbed at the arachnoid granulations 

of the superior sagittal sinus [27-29]. CSF is produced by the epithelial cells of the choroid plexus 

inside the ventricles. It flows from the lateral ventricles through the foramen of Munro, to the third 

ventricle and then to the aqueduct of Sylvius into the fourth ventricle. It flows through the median 

foramen of Magendie and the two lateral apertures of Luschka to exit the ventricles. After that, CSF 

enters the cisterns surrounding the cerebellum in the inferior cranial subarachnoid space and flows 

superiorly and inferiorly to the cranial and spinal SSS. CSF production and absorption can be different 

for other species. For example, sheep are thought to have alternative CSF outflow pathways located at 

the cribuform plate and dural sheaths in the spine.  

An MRI study by Yamada et al. [30] showed that CSF moves from the sites of production to 

sites of absorption as a bidirectional flow between lateral and third ventricles. Milhorat et al. [31-33] 

showed there is no change in CSF formation rate and the chemical composition after choroid 
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plexectomy (removal) in animal. New findings revealed that CSF is constantly produced and absorbed 

throughout the whole CSF system. CSF volume is regulated by the hydrostatic and osmotic forces 

between CSF and these tissues. The CNS capillaries are the main spots for CSF reabsorption, due to 

the large surface area. The arachnoid granulations and paraneural sheaths of the spinal nerves are 

accessory pathways for CSF absorption [34]. 

 

Figure 1.1.  3D representation of the CSF system surrounding the brain and CNS.(Figure from [35]) 
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Figure 1.2.  Intracranial CSF 3D model and distinct compartments (Figure courtesy of Gabryel Conley Natividad) 

 

CSF Pulsation  

The main reason for CSF pulsation is due to the changes in the brain volume and cerebral blood 

with each heartbeat. This is resulting from the phase changes between the inflow of the arterial blood 

and outflow of the venous blood from the cranium [36-38]. These changes in the brain volume is 

identical to the CSF flow quantity that flows between cranial and spinal subarachnoid space (~1-2 

ml/Cardiac cycle). Thus, any small changes in the cranial blood volume will affect the CSF flow 

pulsation. 
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Respiration is the second driving factor for CSF pulsation. This effect on the CSF pulsation 

was first shown by Williams et al. [39] using invasive monometer recordings. The effect of deep 

inhalation/exhalation on the CSF pulsation was found to have a greater effect on the CSF pulsation 

rather than cardiac related pulsations. Recently, respiration effect was measured by real-time phase-

contrast MRI.  

 

CSF Filtration 

CSF Filtration Therapeutics is gaining interest since this method allows direct removal of toxic 

metabolites and waste products produced by the CNS when in various disease states.  These substances 

include blood accumulation after hemorrhage, cancer cells present in the CSF in leptomeningeal cancer, 

tau protein in Alzheimer’s disease and inflammatory cytokines in multiple sclerosis and spinal cord 

injury2.  Researchers have conjectured that removal of these toxins could improve patient prognosis.   

While CSF filtration therapeutics is gaining interest, an experimental or theoretical platform is 

lacking to understand the fluid mechanics involved in catheter systems for CSF filtration. At present, 

CSF filtration procedures are based on empirical observations and lack guidelines for best practice 

based on the physics.  

 

Intrathecal Drug Delivery 

Another focus of this thesis work is intrathecal drug delivery, or delivery of drugs into the CSF 

by a catheter or needle inserted in the spinal SAS.  Herein, a brief review is provided on this therapy.  

CSF-based brain therapeutics are rapidly gaining interest because they allow direct pharmaceutical 

targeting of the CNS that can help minimize some side effects associated with conventional oral and 

intravenous based pharmacotherapies and allows delivery of larger molecule sizes to the CNS that may 

not normally be able to cross the blood-brain-barrier (Figure 3). The delivery of therapeutic agents to 

the CNS tissue by the CSF is dependent on the following four stages: (1) pulsation-dependent mixing 

of the CSF, (2) arterial pulsation assisted transport along the perivascular spaces, (3) absorption from 

the perivascular space to the CNS tissue and (4) extracellular transport and uptake into the neurons and 

along axons [40]. Each of these aspects must be understood to optimize CSF-based therapeutics.  

CSF dynamics plays a critical role by limiting the overall medication spread over the neural 

tissue. If the medication does not spread within the CSF to be in direct contact with the region of the 

                                                      
2 See US Patent Application US 20160051801 A1 
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brain/CNS needing the medication then steps (2) through (4) will have little relevance. In fact, at present 

CSF-based brain therapeutic procedures are likely based on empirical observations [41, 42] and lack 

guidelines for best practice based on the physics of CSF dynamics and geometry. The overarching goal 

of the proposed study is to develop and validate a numerical simulator for brain therapeutic 

development.  

 

Figure 1.3.  Visualization of drug delivery to the brain and CNS in a non-human primate using fused CT and PET 

imaging (Figure from [40]).  

 

Magnetic Resonance Imaging 

Magnetic resonance imaging (MRI) is a medical imaging technique used to form images of the 

anatomical and the physiological processes of the body. MRI scanners use strong magnetic fields and 

radio waves to generate pictures of the organs in the body. MRI is extensively used in hospitals for 

medical diagnosis, staging of disease and follow-up without exposing the body to radiation.  

 

Mechanism 

Certain atomic nuclei are able to absorb and emit radio frequency energy when they are in a 

magnetic field. In research MRI, atoms of hydrogen are most often used to produce a detectable radio-

frequency signal that is received by probes close to the target anatomy. Hydrogen are abundant in 

biological organs, mainly in water and fat. Most MRI scans basically map the site of water and fat in 

the body. Pulses of radio waves stimulate the nuclear spin energy transition. Then magnetic field 

gradients localize the signal in space. Different contrasts are generated between tissues due to the 

relaxation properties of the hydrogen atoms. MRI requires a strong and uniform magnetic field.  
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Anatomical MRI 

Anatomical MRI is used to study the shape, volume and integrity of the CSF system. Some of 

the applications for structural MRI include studying CSF geometry changes in neurological disorder 

disease. MRI of anatomical structures do not require contrast agents as the varying properties of the 

tissues provide natural contrasts. MRI is one of the greatest tool for the anatomy of central nervous 

system. It offers a perfect visualization of the brainstem and the cerebellum. MRI provides a fine 

contrast between grey and white matter. This makes MRI the best choice for anatomical analysis of the 

central nervous system.  

 

MRI Image Segmentation 

The aim of image segmentation is to divide an MRI image into a set of meaningful and 

homogeneous areas. The segmentation result is a STereoLithography (.STL) file that shows different 

regions in the CSF system such as nerve roots, brain, dura and spinal cord. Image segmentation can be 

performed in 2D or 3D. If the data is defined in 3D space, then normally each slice is segmented 

individually in a “slice-by-slice” way. The final segmentation results can contain inconsistencies and 

roughness. Thus, the final 3D segmentation volumes requires a post processing step to smooth the 3D 

volume to have continuous surface. Advanced 3D segmentation algorithms is desired for more accurate 

3D segmentation.  

 

Phase Contrast Magnetic Resonance Imaging 

Phase contrast magnetic resonance imaging (PC-MRI) is a particular type of MRI used mainly 

to determine the flow velocities. PC-MRI can be considered as a method of Magnetic Resonance 

Velocimetry and provides a method of magnetic resonance angiography. As modern PC-MRI is usually 

time-resolved, it provides a means of 4D imaging (three spatial dimensions plus time) [43]. To get 

highly resolved scans in 3D space and time without motion artifacts from the heart or lungs, 

retrospective cardiac gating are used. First,  the patient’s ECG signal is recorded throughout the imaging 

process. Also, the patient’s respiratory patterns will be tracked during the scan. Then, the continuously 

collected data in temporary image space can be assigned accordingly to match-up with the timing of 

the patient heartbeat so the measured blood velocities are an average of multiple cardiac cycles. [44] 
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Computational Fluid Dynamics 

Computational fluid dynamics (CFD) is a subdivision of fluid mechanics that uses numerical 

methods to analyze and solve fluid flow problems. Computers are used to carry out the calculations 

required for the simulation of the flow field and the interaction of the fluid with the boundary 

conditions. High performance computers can be used to solve the large and most complex problems. 

In this study, initial verification of CFD is typically performed using full-scale bench top in vitro model 

experimental apparatus. A final validation is often performed using in vivo data for a particular 

problem. 

 

CFD in Biomedical Engineering 

Numerical methods have been applied as an engineering approach to help understand the nature 

of CSF dynamics. These techniques have been valuable because they can investigate the flow 

parameters non-invasively. It is difficult to measure all the details of CSF flow using PCMRI or by 

invasive measurements. Therefore, CFD is valuable in detailed analysis of the CSF flow to determine 

the importance of different anatomical features and physiological functions on CSF dynamics. 

 

Methodology 

In all of the CFD simulations the same basic procedure is followed.  

1. The geometry and physical bounds of the problem can be defined using computer aided design. 

After that, it can be post-processed and then fluid domain will be extracted. 

2. The volume occupied by the fluid will be divided into discrete cells called mesh. The mesh 

could be uniform or non-uniform, structured or unstructured, containing different elements 

such as hexahedral, tetrahedral, prismatic, pyramidal or polyhedral elements. 

3. Boundary conditions will be defined to specify the fluid behavior near the bounding surfaces. 

4. For transient problems, we also need to define the initial conditions.  

5. The simulation will be carried out by solving the Navier-stocks equations iteratively as a 

steady-state or transient.  

6. Lastly a postprocessor software will be used for the visualization and analysis of the solution. 
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Obtaining the Model Domain 

The CSF space consist of a number of different connected compartments (Figure 2). MRI is the widely 

used technique for determining the shape and the anatomy of compartments in the CSF. Due to limits 

in resolution, the small anatomical structures such as arachnoid trabeculae cannot be acquired in 

sufficient detail for CFD simulations. Nerve roots and similar structures can be integrated into the 

computational domain artificially. When MR images of the CNS have been acquired, the anatomic 

structures will be extracted by image segmentation software such as ITK-SNAP (Version 3.4.0, 

University of Pennsylvania, U.S.A.). The final output of the segmentation step is 3D model of the 

anatomic structures of the CSF domain. 

 

Mesh Generation 

For spatial discretization, the fluid domain must be divided into sub-volumes, called 

computational mesh. An unstructured grids needs to be used for exact representation of CSF space, 

since structured grids are very difficult to be generated due to the geometric complexity of the CSF 

spaces. Higher grid densities are applied in zones with expected large velocity gradients, such as at the 

tip of the nerve roots. Because the accuracy of the obtained solution depends on the quality of the 

computational grid. Therefore, grid independence or mesh convergence study needs to be performed 

and solutions obtained with different grid densities have to be compared. Grid independence studies 

will give an approximation of the relative error related to the mesh size. 

 

Boundary and Initial Conditions 

Boundary conditions need to be defined near the fluid domain boundaries. Boundary conditions 

for CSF models are typically based on MRI but it is not possible to obtain absolute pressures from MRI. 

This means that velocity and/or flow rate are the only boundary conditions that can be prescribed. The 

pulsatile CSF flow are produced primarily by the expansion and contraction of blood vessels in and 

around the CNS, and also by respiration. This means that the CSF boundaries have to be flexible 

boundaries that can transfer momentum by deformation. Once the boundary conditions are defined, 

then we need to define initial conditions in the form of velocity and pressure. If results from previous 

simulations are available, they can be applied to the new grid as initial conditions. Otherwise, zero 

initial velocity and pressure will be applied. 
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Discretization Methods 

The finite volume method is a common approach used in CFD simulations, as it has a better 

efficiency in memory usage and solution speed, especially for complex problems and multiphase flows. 

In the finite volume method, the Navier-Stokes, the mass and energy conservation, and the turbulence 

equations will change in to a conservative form (Equation 1), and then will be solved over discrete 

control volumes. This method guarantees the conservation of fluxes through a particular control 

volume. The finite volume equation yields governing equations in the following form, 

0QdV F d
t


 

   A        (1) 

Where Q is the vector of conserved variables, F is the vector of fluxes, V is the volume of the 

control volume element, and A is the surface area of the control volume element.  

 

Calculating the Flow 

There are many different CFD software for CSF dynamics modelling, such as FLUENT, CFX 

and free open-source codes OPEM-FOAM, each with their unique powers and weaknesses. CFD 

software choice depends mainly on the complexity of the model, licensing cost and familiarity with the 

software. High complexity in terms of mesh size needs a software that can utilize high performance 

computing resources. While most of CFD software offer parallel processing, the low efficiency of 

traditional finite volume codes is a significant factor.   

CSF flow has an oscillatory component with zero net flow, which makes it impossible to 

perform steady-state simulations. For transient CFD simulations, the proper time step size has to be 

chosen, which highly depends on the CSF flow frequencies and the mesh resolution. Commonly used 

time step sizes for the CSF flow simulations are on the order of 1 ms. Like the grid independence study, 

the time step independence study must be ensured.  

 

Multiphase Flow 

A large number of flows in nature and technology are a mixture of different phases. Physical 

phases are gas, liquid, and solid, but the definition of phase in a multiphase flow system is applied in a 

wider sense. In multiphase flow, a phase can be described as a class of material that has a specific 

inertial response. For example, different-sized solid particles of the same material can be defined as 

different phases because particles with the same size will have a similar dynamical response to the fluid. 
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Developments in CFD have provided the basis for additional insight into the dynamics of 

multiphase flows. At this time, there are two approaches for the numerical simulation of multiphase 

flows: the Euler-Lagrange approach and the Euler-Euler approach. 

Different phases are treated mathematically in the Euler-Euler approach.  The concept of phasic 

volume fraction is introduced because the volume of each phase cannot be occupied by another phases. 

These volume fractions are considered to be constant functions of time and space. Thus, their sum is 

equal to one. In FLUENT, three different Euler-Euler multiphase models are available such as: the 

volume of fluid (VOF) model, the Eulerian model and the mixture model. 

The mixture model can be used for two or more phases such as fluid or particles. The mixture 

model solves for the mixture momentum equation and prescribes relative velocities to define the 

dispersed phases. Applications of the mixture model include miscible fluids. The mixture model can 

also be used without relative velocities for the dispersed phases to model homogeneous multiphase 

flow. 
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Chapter 2: Research Objectives 

There is a need to understand the impact of realistic geometry on CSF flow patterns.  An 

anatomically accurate and validated model will allow testing and optimization of CNS therapeutics that 

could lead to more rapid application for clinical use and reduced cost for non-human primate studies. 

There is a need to develop a CSF hydrodynamic simulator (flow model) with a realistic geometry and 

CSF flow distribution. Such a simulator will allow testing and optimization of CNS therapeutics and 

biomedical technologies. In this dissertation, we studied five main aspects on CSF dynamics as:  

 

Aim 1: CFD Simulation of CSF Dynamics in Non-human Primates 

For the first step of this project, since these therapies often require testing on NHPs, our 

approach was to develop a subject-specific numerical model of CSF hydrodynamics in a cynomolgus 

monkey, a commonly used species for these studies. The focus of this numerical model was accurate 

representation of the spinal SAS CSF flow rate and waveform distribution as intrathecal infusion is 

primarily conducted within the spine. Comparison of CSF dynamics within the numerical model and 

MRI flow measurements were made to understand its hydrodynamic similarity to in vivo.  

 

Aim 2: Characterization of CSF Dynamics and Geometry in Non-human Primates 

 The goal of this step was to develop a non-invasive MR imaging protocol to assess CSF 

dynamics and geometry in NHPs and provide quantitative results based on the measurements. In this 

step we investigated the SSS geometry and flow compliance distribution in eight healthy NHPs using: 

1) 3D, T2 SPACE MRI sequence, optimized to provide very high contrast between CSF and other 

tissues and 2) a thru-plane phase contrast MRI flow scan obtained at various locations along the SSS. 

Segmentation methodologies as well as the descriptions of parameters such as the Total Flow, the Mean 

Velocity, the Reynolds Number and the Volumetric Compensation were introduced in this step to allow 

us to investigate the CSF behavior in the CNS.  

 

Aim 3: CFD Simulation of CSF Dynamics in Human 

In the third step, a subject specific CFD simulator were developed to be used for human. This model 

was used to address more needs in this field. The objectives of this step was to build upon the body of 

CSF modeling work by: 1) MRI measurements of SSS geometry and flow distribution in a patient, and 

2) CFD simulation of unsteady CSF flow in a SSS model with and without anatomically realistic spinal 
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cord NR based on the MRI measurements.  We created a 3D computational model of the complete CSF 

system. The 3D model was based on MR images already collected in an ongoing funded research 

project to quantify CSF flow and geometry in a subject specific human. Following creating the 

numerical model, we characterized the 3D flow field within the model. This is important, as we need 

to prove that the model mimics the in vivo CSF flow field and geometry around the brain and CNS. 

Thus, a series of analysis were carried out to quantify the hydrodynamics and geometric parameters 

compared to the in vivo data that the model was based on [45-47].  

 

Aim 4:  Numerical Investigation of Filtration System Impact on CSF Dynamics 

 The goal of this step was to develop and validate a computational model for analysis and 

optimization of CSF filtration therapeutic devices.  A major advantage of this project is that we will 

leverage use of our anthropomorphic CSF system in a CFD model.  The major task in this step was to 

perform a numerical simulation of the filtration system and then validate the simulation results with the 

experimental data.  After completion, we had a fully advanced numerical model to optimize and test 

multiple CSF filtration protocols and tested in detail a catheter design provided by Minnetronix [48].    

After validation of the model, we parametrically assessed different CSF flow rates applied by the 

filtration pump and determine the impact on local CSF dynamics (e.g. velocity profiles).  Different flow 

rates were examined with respect to CSF pulsation amplitude and frequency.  

 

Aim 5: CFD simulation of Intrathecal Drug Delivery 

 The overarching goal of this step was to develop and validate a numerical simulator for brain 

therapeutic development. Our focus was on the mimicking the macroscale dynamics of CSF motion 

around the brain and spinal cord. We conducted preliminary drug delivery and spreading simulation 

with a catheter system to demonstrate future research project possibilities.  

 

Project Sustainability 

 The aim of this research was to allow a start towards formation of a neural engineering group. 

The proposed CFD model will have potential to allow rapid investigation of many important questions 

to medical companies and basic science researchers. We expect that a model in hand will allow many 

of these questions to be answered and make opportunities for federal grants allowing sustainability of 

the project. In specific, the following important questions will be possible to investigate:  
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1. How can we use CFD model to teach medical doctors about the CSF system physiology and 

therapies?  

2. How does catheter tip location or design impact drug distribution (e.g. ventricular vs. cervical or near 

spinal cord NR) 

3. Can we engineer a catheter shape/geometry for specific applications/diseases?  

4. What impact does drug dose rate and volume have on drug spread (e.g. bolus vs. constant infusion 

protocols)? 

5. How do drug kinetics alter spreading (e.g. viscosity, buoyancy)  

6. What is the optimal delivery method to obtain consistent drug spread results? 

 

Deliverables 

 This project provided preliminary data used for research grant applications in the area of gene 

vector drug delivery and CSF filtration. We also filed one patent and multiple invention disclosures 

based on the proposed simulator. The following full-length peer-reviewed journal papers were 

published based on primarily results from this dissertation:  

 

Publication 1: Anthropomorphic model of intrathecal cerebrospinal fluid dynamics within the 

spinal subarachnoid space: spinal cord nerve roots increase steady-streaming 

M Khani, LR Sass, T Xing, MK Sharp, O Balédent, BA Martin 

Journal of biomechanical engineering 140 (8), 081012, 2018 

 

Publication 2: Nonuniform moving boundary method for computational fluid dynamics 

simulation of Intrathecal cerebrospinal flow distribution in a Cynomolgus monkey 

M Khani, T Xing, C Gibbs, JN Oshinski, GR Stewart, JR Zeller, BA Martin 
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Journal of biomechanical engineering 139 (8), 081005, 2017 

 

Publication 3: Impact of Neurapheresis system on intrathecal cerebrospinal fluid dynamics: a 

computational fluid dynamics study 

M Khani, L Sass, A McCabe, LZ Verbick, SP Lad, MK Sharp, B Martin 

Journal of biomechanical engineering, 2019 

 

Publication 4: Characterization of intrathecal cerebrospinal fluid geometry and dynamics in 

cynomolgus monkeys (macaca fascicularis) by magnetic resonance imaging 

M Khani, BJ Lawrence, LR Sass, CP Gibbs, JJ Pluid, JN Oshinski, ... 

PloS one 14 (2), e0212239  2019 

 

Wider Impact 

The proposed research uniquely aligns with multiple targets of the Grand Challenges for 

Engineering in the 21st Century including: Advancing Personalized Learning, Reverse-Engineering of 

the Brain, Engineering the Tools of Scientific Discovery and Enhancing numerical modeling. 

Completion of this research project will bring faculty at the University of Idaho closer to these targets 

and allow students exciting learning opportunities to get involved in the challenge. 

Future Work 

1-Impact of Catheter Placement on CSF Dynamics in Non-Human Primates 

Therapeutic substances have been administered directly into the CSF by using an intrathecal 

catheter which provides a strategy to bypass the Blood Brain Barrier (BBB). In addition to delivery of 
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next generation treatments, intrathecal catheters are currently being used in humans for chronic pain 

management.  

An animal model is commonly used to identify toxicity effects and test the efficacy of the drug 

absorption into the CNS tissue. Cynomolgus Macaques are one of the gold-standard models for drug 

development trials [49, 50]. While there have been several studies that look into the effect of catheter 

placement of CSF flow in humans [51] and drug distribution in pigs[52], no studies have looked at how 

catheter placement affects CSF flow in Cynomolgus Macaques. Altered CSF dynamics has the potential 

to change dosing requirements, drug distribution and potentially cause harm to patients.  Given the 

complexity of CSF circulation, and the potential benefits from a better understanding of CSF flow 

dynamics, more research into this area is warranted. Our previous study[53] developed a quantitative 

method to characterize CSF dynamics and geometry in non-human primates (NHPs). This method was 

able to reliably measure CSF parameters over a two-week period in a group of 8 NHPs. A new study 

can use the same techniques on additional scans in that dataset to: 1) Quantify CSF parameter changes 

after catheter placement, 2) track these changes over time, and 3) see if catheter placement in the lumbar 

or cervical region has a different effect on CSF dynamics.  

 

2- Parametric Study of Key Factors for Intrathecal Drug Delivery 

 Spinraza is a new medication used to treat spinal muscular atrophy, a rare neuromuscular 

disorder. Nusinersen or Spinraza became the first approved drug used in treating this specific 

neurological disease. Nusinersen costs $750,000 in the first year and $375,000 annually after that in 

the United States as of 2019 [54]. 

A 3D anatomically-detailed model can be used to investigate the possibility and a range of 

effects of injection parameters on intrathecal drug delivery to reduce the cost of drug usage and increase 

drug spread by optimizing the drug injection protocol. Developing the current numerical model by 

adding a drug injection needle and addressing the effect of catheter position, drug injection flow rate 
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and bolus volume on the resulting drug distribution and verify numerical results against in vitro 

measurements can be accomplished using the provided numerical modeling platform for systemwide 

CSF solute transport. 
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Chapter 3: Non-uniform Moving Boundary Method for Computational 

Fluid Dynamics Simulation of Intrathecal Cerebrospinal Flow Distribution 

in a Cynomolgus Monkey 

 

Abstract 

A detailed quantification and understanding of cerebrospinal fluid (CSF) dynamics may 

improve detection and treatment of central nervous system (CNS) diseases and help optimize CSF 

system-based delivery of CNS therapeutics. This study presents a computational fluid dynamics (CFD) 

model that utilizes a non-uniform moving boundary approach to accurately reproduce the non-uniform 

distribution of CSF flow along the spinal subarachnoid space (SAS) of a single cynomolgus monkey.  

A magnetic resonance imaging (MRI) protocol was developed and applied to quantify subject-specific 

CSF space geometry and flow and define the CFD domain and boundary conditions.  An algorithm was 

implemented to reproduce the axial distribution of unsteady CSF flow by non-uniform deformation of 

the dura surface.  Results showed that maximum difference between the MRI measurements and CFD 

simulation of CSF flow rates was <3.6%.  CSF flow along the entire spine was laminar with a peak 

Reynold’s number of ~150 and average Womersley number of ~5.4. Maximum CSF flow rate was 

present at the C4-C5 vertebral level. Deformation of the dura ranged up to a maximum of 134 μm. 

Geometric analysis indicated that total spinal CSF space volume was ~8.7 ml. Average hydraulic 

diameter, wetted perimeter and SAS area was 2.9 mm, 37.3 mm and 27.24 mm2, respectively. CSF 

pulse wave velocity along the spine was quantified to be 1.2 m/s.   

 

Introduction 

Cerebrospinal fluid (CSF) plays a vital role in the immunological support, structural protection 

and metabolic homeostasis of the central nervous system (CNS). A detailed understanding of CSF 

dynamics may improve treatment of several CNS diseases and help to optimize CSF system-based CNS 

therapeutics. The importance of CSF dynamics have been investigated in several CNS diseases that 

include syringomyelia[3], Alzheimer’s disease[1], Chiari malformation[5], and hydrocephalus[8]. 

Recent studies have examined the possible role of CSF as a conduit for distribution of therapeutic 

molecules to neuronal and glial cells of CNS tissues[55, 56]. Intrathecal-based CNS therapeutics for 

treatment of devastating CNS disorders such as Alzheimer’s, amyotrophic lateral sclerosis, Parkinson’s 

and autism are under investigation. Researchers found that brain tissue is rapidly “washed out” with 

CSF during sleep in a mouse model[57]. Tracer studies showed that solutes within the CSF are 
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transported into and out of the brain tissue via a lepomeningeal or perivascular pathway[58].  While 

many studies have shown increasing importance of the role of CSF in CNS system homeostasis, the is 

a paucity of information on CSF biofluid mechanics.    

CSF-based brain therapeutics are gaining interest because they allow direct pharmaceutical 

targeting of the CNS that can help minimize some side effects associated with conventional oral and 

intravenous based pharmacotherapies and allows delivery of larger molecule sizes to the CNS that may 

not normally be able to cross the blood-brain-barrier. The CSF is a promising route with many 

potentially important roles for CNS therapeutics such as: a) direct delivery of large drug molecules to 

the CNS tissue that is not possible via blood injection due to the blood brain barrier, b) CSF filtration, 

termed neuropheresis, to remove unwanted toxins in diseases such as meningitis. c) CSF cooling, 

termed CSF hypothermia, to slow down traumatic brain and spinal cord (SC) injury following severe 

accidents. However, while CNS therapeutics have a great deal of potential, they require expensive and 

restricted non-human primate (NHP) studies to reach clinical use. This expense makes detailed testing 

and optimization of brain therapeutic systems and medications difficult.  

There is a need to develop a CSF hydrodynamic simulator (flow model) with a realistic 

geometry and CSF flow distribution. Such a simulator will allow testing and optimization of CNS 

therapeutics. Since these therapies often require testing on NHPs, our approach was to develop a 

subject-specific numerical model of CSF hydrodynamics in a cynomolgus monkey, a commonly used 

species for these studies. The focus of this numerical model was accurate representation of the spinal 

SAS CSF flow rate and waveform distribution as intrathecal infusion is primarily conducted within the 

spine. Comparison of CSF dynamics within the numerical model and MRI flow measurements were 

made to understand its hydrodynamic similarity to in vivo.  

 

Methods and Materials 

Measured Data 

Ethics Statement 

This study was submitted to and approved by the local governing Institutional Animal Care 

and Use Committee (IACUC). This study did not unnecessarily duplicate previous experiments and 

alternatives to the use of live animals were considered. Procedures used in this study were designed 

with the consideration of the well-being of the animals. 
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Animal Selection 

A healthy four-year-old adult male cynomolgus monkey (Macaca fasicularis, origin Mauritius) 

from Charles River Research Models, Houston TX with a weight of 4.39 kg was selected for the study. 

This animal was purpose-bred and experimentally naïve. 

 

Pre-MRI NHP Preparation 

The NHP was positioned in the scanner in the supine orientation with natural breathing (no 

mechanical ventilation). During each scan, heart rate (HR) and respiration was monitored with ~1 

liter∕minute of oxygen and 1-3% isoflurane anesthetic administered via oral mask for sedation and 

intubation for the duration of the scanning procedures. 

 

MRI Scan Protocols 

MRI measurements were collected at Northern Biomedical Research on a Philips 3T scanner 

(Achieva, software V2.6.3.7, Best, The Netherlands). This NHP did not have prior administration of 

intrathecal drugs and/or catheter systems in the spine. Total scan time to quantify SAS geometry and 

flow, not including pre-MRI NHP preparation, was 1 hour and 21 minutes. 

 

Phase-contrast MRI Protocol for CSF Flow Detection 

Phase-contrast MRI measurements were collected with retrospective ECG gating and 24 heart 

phases were reconstructed over the cardiac cycle.  In-plane resolution was reconstructed at 0.45 x 0.45 

mm and slice thickness was 5.0 mm. Slice location for each scan was oriented perpendicular to the CSF 

flow direction with slice planes intersecting vertebral discs.  These locations included the foramen 

magnum (FM) and vertebral disks located between the C2-C3, T4-T5, T10-T11 and L2-L3 vertebral 

levels (Figure 1a).  Velocity encoding value was 5 cm/s at the FM and L2-L3, and 10 cm/s at all other 

locations. 
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Figure 3.1.  (a) T2-weighted MR image of the entire spine for the cynomolgus monkey analyzed. Axial location 

and slice orientation (lines) of the phase-contrast MRI scans obtained in the study. Slice axial distance from 

foramen magnum indicated by dotted lines (b) The CSF flow rate based on in vivo PCMRI measurement at FM, 

C2-C3, T4-T5, T10-T11, and L2-L3. (c) sagittal view of the SAS segmentation based on T2-weighted MRI. 

 

MRI CSF Space Geometry Protocol 

A stack of 720 axial images were acquired using a volumetric isotropic T2w Acquisition 

(VISTA) for complete coverage of the spinal SAS geometry (Figure 1a).  Scan time was 55 minutes 

with parameters indicated in Table 1. The anatomical region scanned was ∼31 cm in length and 

included the entire spinal SAS extending caudally to the filum terminale. Images had a 0.5 mm slice 

spacing and 0.38 mm isotropic in-plane resolution. 

  



22 

 

Table 3.1.  Anatomic and CSF flow MRI scan protocol parameters. 

Parameter Anatomic (T2-VISTA) CSF Flow (phase-contrast MRI) 

Acquisition contrast T2 Flow encoded 

Acquisition type 3D 2D 

Slice Thickness 1 mm 5 

Slice spacing 0.5 mm N/A 

Pixel bandwidth 481 192 

Pulse Sequence TSE TFE 

Transmit coil 15 ch. Sense Spine Coil 15 ch. Sense Spine Coil 

Duration 55 minutes 4 minutes each (20 minutes total) 

Number of slices 660 N/A 

Image matrix 864x864 224x224 

In-plane resolution 0.375 mm isotropic 0.446 mm isotropic 

TR 2000 11.293 

TE 120 6.774 

Cardiac phases N/A 24 

R-R interval N/A 482 - 644 ms 

Encoding direction N/A Thru-plane 

Plane orientation Axial Axial 

Trigger N/A Retrospective ECG 

Velocity encoding N/A 
5 cm/s at FM and L2-L3 

10 cm/s at C2-C3, T4-T5, T10-T11 

 

CSF Flow Quantification 

CSF flow was quantified for each of the axial locations shown in Figure 1b. As detailed in our 

previous studies [45, 59], the CSF flow waveform, , was computed within Matlab based on 

integration of the pixel velocities with , where  is the area of one MRI 

pixel,  is the velocity for the corresponding pixel, and  is the summation of the flow for each 

pixel of interest as in our previous studies.  

 

MRI Geometry Post Processing 

The high-resolution T2-weighted anatomic MRI images were semi-automatically segmented 

using the free open-source ITK-snap software (Version 3.0.0, University of Pennsylvania, U.S.A.).  

Details on the segmentation procedure are provided in our previous work[60]. SC nerve roots and 

denticulate ligaments were not included in the model as they were not possible to accurately quantify 

at the acquired MRI resolution.  Individual SC nerves were quantified at the filum terminale.  The final 

segmentation (Figure 1c) was exported in STereoLithography format (Figure 2a).  The initial geometry 

of the numerical model was based on the time-averaged geometry measured over the MRI acquisition 

period.   

( )tQ
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Figure 3.2.  (a) Three-dimensional CFD model of the SAS. (b) Zoom of the upper cervical spine mesh showing 

the model inlet (top). (c) Volumetric mesh visualization in the axial and sagittal planes within the cervical SAS. 

 

Flow Model  

Our overall flow model approach was to solve for the CSF flow field within the spinal SAS 

using CFD with a specified moving boundary motion based on the in vivo MRI measurements.  The 

volume flow rate of the incompressible CSF flow along the spine was purely determined by the 

mass/volume conservation. Results were verified based on numerical independence studies, quantified 

in terms of geometry and hydrodynamics and validated based on comparison to the in vivo 

measurements.   
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Non-uniform Mesh Deformation to Reproduce CSF Flow Along Spine 

The phase-contrast MRI measurements showed a complex non-uniform distribution of CSF 

flow along the spine. Thus, to reproduce the non-uniform flow a non-uniform deformation of the 

computational mesh was implemented at each time step by a User Defined Function (UDF) applied 

within ANSYS FLUENT (ANSYS® Academic Research, Release 17.2). A spring-based smoothing 

algorithm was applied to the mesh based on the calculated deformation within each section, as described 

in the following steps (Flow chart with steps 1-7 indicated in Figure 3a): 

Step 1) In vivo CSF flow rates along the spine were measured at five distinct locations (Figure 

1b). To generate a smooth CSF flow distribution along the spine within 1 mm sections, these five 

distinct flow rates were spatial-temporal filtered in MATLAB using the 2D “fit” function with fittype 

= “spline” configuration. Some HR variability was present between the PCMRI scans. Thus, the 

diastolic portion of the CSF flow waveforms with a shortened cardiac cycle was extended using 

methods previously developed by Schmidt-Daners et al.[61]. Maximum waveform extension was 180 

ms at T10-T11. The smooth CSF flow distribution along the spine was then read into the mesh 

deformation algorithm (Figure 3a). 

Step 2) Maximum and minimum geometry height in the caudocranial direction (  and 

) was calculated. Total model length was calculated as the difference of these values 

. 

Step 3) To apply the non-uniform deformation on each spine node, the entire geometry was 

divided in to “n” sections with 1 mm height (315 total sections with 
1h mm 

).  Total model length 

was 315 mm.   

Step 4) The center of each section was defined based on the maximum and minimum location 

along the X- and Y-axis based on equation (2). 

    (2) 

Where subscripts “max”, “min” and “C” denote maximum, minimum and center of each 

section, respectively (see Figure 3b for diagram). 

Step 5) To identify the dura and SC location, each section was divided into 32-parts each 

containing 11.25 degrees (10080 total parts for entire model). Further calculations of mesh deformation 

were repeated for each part. 
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Step 6) Our approach was to move the dura location and maintain the SC in a fixed position 

(SC compressibility is likely small). A limitation value (see Figure 3b) was calculated based on the 

maximum and minimum radius of each part using equation (3). 

    (3) 

Each point with a greater radius than the limit value was allowed to move during the simulation 

and all others remained fixed in location. 

Step 7) The time-course radial displacement for each node within each part was calculated 

based on the difference in CSF flow rate across each section ( ). This variation was assumed equal 

to the volume change of each section at each time-step ( ). Where t   denotes solver 

time-step size. Under the assumption of zero dura and SC axial motion along the Z-axis, deformation 

was only calculated within the XY-plane (Figure 3b). Due to the relatively small angle within each part 

(11.25°), the outer boundary of each part (dura) was assumed as a circular arc. Thus, radial displacement 

of each node on the dura surface for each part, , was computed based on area variation within that 

pseudo-circular part, where , using equation (4). 
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Figure 3.3.  (a) Dynamic mesh motion flow chart used for the CFD simulation. Recursive arrows indicate 

repetition of steps. (b) A 2D axial cross-section with relevant variables and key equation used to compute radial 

deformation of the dura. 

 

Numerical Solver Settings 

The computational domain with non-uniform unstructured grid (Figure 2b) was generated 

within ANSYS ICEM CFD software and consisted of approximately 11.2 million tetrahedral elements 

(Figure 2c). The commercial finite volume CFD solver ANSY FLUENT was used to solve the 

continuity (Equation 5) and Navier-Stokes (Equation 6) equations numerically using the finite volume 

method.  

   (5) 
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Where ρ is the density, μ is the dynamic viscosity, and  and 
p

 describe the velocity and 

pressure fields, respectively.  
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The laminar viscous model was used to simulate laminar incompressible Newtonian flow. CSF 

hydrodynamic characteristics were considered to be equivalent with water at body temperature[62, 63] 

(density of ρ=993.3 kg/m3 and dynamic viscosity of μ=0.6913 mPa⋅s). A no slip boundary condition 

was imposed at the walls. A pressure-outlet boundary condition with zero (pa) gauge pressure was 

defined at the model cranial opening.  Flow at the model cranial opening was produced based on the 

non-uniform deformation of the model wall.  The model terminated at the caudal end and was only 

open at the cranial end (Figure 2).  Thus, it was unnecessary to prescribe an inlet velocity boundary 

condition.  Deformation of the outlet boundary was set as a faceted wall. Second order upwind 

numerical scheme was used for both momentum and pressure gradient solver settings. The utilized 

transient formulation was second order implicit with default values for under relaxation factors. The 

convergence criteria for continuity and velocity was set to 1E-08. CFD simulation for each cycle 

required ~14 hours to complete in parallel mode with 141 GB RAM and 30 processors at a clock speed 

of 2.3 GHz. Total simulation time was 28 hours for the two cycles simulated. Results are presented for 

the 2nd cycle only. 

 

Verification Studies 

To verify our numerical results, independence studies were carried out to determine the effect 

of cycle, mesh size and time-step size on velocity results for a 6 cm model length located within the 

thoracic spine (Figure 4a, Table 2). Our focus was velocity since velocity was the parameter measured 

by the MRI measurements used to define the numerical model.  A baseline simulation was conducted 

for a coarse tetrahedral mesh with wall prism layers containing a total of 0.6 million cells. Subsequent 

“medium” and “fine” simulations were carried out with mesh size and prism layer length halved for 

each case. Results were assessed at three axial slice locations separated by a 2 cm distance. For each 

slice, z-direction velocities, , were quantified using a rake containing n = 1000 points along a straight 

line (Figure 4b). Maximum error between each case was calculated at peak systolic flow using the 

following equation: 

     (7)  
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Table 3.2.  Verification of results by numerical independence studies— values show the maximum relative 

error for velocity in the z-direction for the three axial planes analyzed (Figure 4). 

Independence 

study 
Parameter to study Constant parameters Maximum error (%) 

Grid size 

MS= 0.5 mm, GS= 0.6 M 

PS= 0.05 mm, PN= 3 
TS=CT/66 10.76 

MS= 0.25 mm, GS= 1.2 M 

PS= 0.025 mm PN= 5 
CN=2 4.77 

MS= 0.125 mm, GS= 7.5 M 

PS= 0.0125 mm, PN=8 
  

Time Step Size 

CT/33 GS=1.2 M 10.34 

CT/66 CN=2 2.06 

CT/132   

Period number 

1 GS=1.2 M 40.0 

2 TS=CT/66 1.59 

3   

GS = Grid Size, PS = Prism Size, PN = Prism Number, MS = Mesh Size,  

CN = Cycle Number, M = Million cells, CT = Cycle Time in seconds, TS = Time Step size 

 

Maximum error for the medium versus fine grid was 4.7% and coarse versus medium grid was 

10.76%. Thus, subsequent independence studies were carried out with the medium grid. Three time-

step sizes were investigated through three flow cycles. Unsteady velocity was monitored at three 

different points within each of the slice locations and used to compute error (i.e.  

in equation 4). A time-step size of 0.01 seconds was selected for future studies having a maximum error 

of 2.1%. Similarly, cycle independence results for unsteady velocity showed that velocity variation 

after the first cycle was negligible (~1.5%). Thus, results for the final CFD study were analyzed based 

on the second cycle with a medium grid and time-step size of 0.01 seconds. 

( , ) ( )wfine tsys n wfine tV V
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Figure 3.4.  (a) 3D geometry of the independence study and axial plane positions (b) line location along each 

plane (c) Peak systolic w-velocity component visualized along each line for the three grids (coarse, medium and 

fine).  

 

Geometric Quantification 

Based on the 3D reconstruction and meshing, the following geometric parameters were 

calculated along the spine at 1 mm intervals similar to our previous studies [59]. Cross-sectional area 

of SAS, , was determined based on cross-sectional area of the SC, , and dura, . 

Hydraulic diameter for internal flow within a tube, , was determined based on the cross-

cs d cA A A  cA dA
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sectional area and wetted perimeter, . Wetted perimeter was computed as the sum of the 

SC, , and dura, , perimeter. Each of these parameters was calculated within an UDF compiled in 

ANSYS FLUENT after the computational mesh was formed. The MRI-based time-averaged geometry, 

at baseline or zero deformation, was used to compute the above parameters. 

 

Hydrodynamic Quantification 

The hydrodynamic environment at 1 mm slice intervals along the entire spine was assessed by 

Reynold’s number based on peak flow rate, , and Womersley number based on hydraulic 

diameter. In this equation,  is the temporal maximum of the local flow at each axial location along 

the spine obtained by interpolation from the experimental data and ν is the kinematic viscosity of the 

fluid. CSF was assumed to have a viscosity of water at body temperature. Reynold’s number at peak 

systole, or the ratio of steady inertial forces to viscous forces, was utilized as an indicator of the presence 

of laminar flow  along the spine. It should be noted that this formulation of Reynolds 

number is only an indicator of laminar flow for flow within a straight circular pipe.  We provide this 

number for comparison to many previous studies in the field that have used it as an indicator of the 

flow type [60].  Womersley number, , was computed where ω is the angular velocity 

of the volume flow waveform with ) and ν is the kinematic viscosity of CSF ( ). 

Womersley number was used to quantify the ratio of unsteady inertial forces to viscous forces, which 

was found to be large for SAS CSF flow relative to viscous forces by Loth, et al.[64]. A Womersley 

number greater than 5 indicates transition from parabolic to “m-shaped” peak-systolic velocity profiles 

for oscillatory flows[65]. CSF pulse wave velocity (PWV) was quantified as an indicator of CSF space 

stiffness. PWV was quantified based on the timing of peak systolic CSF flow rate along the spine using 

a method similar to Kalata et al. [66]. A linear fit was computed based on the peak systolic flow rate 

arrival time with the slope being equivalent to the PWV.  

 

Validation of Numerical Simulation flow results 

Simulation results were compared to the in vivo measurements to help understand how well 

the simulation reproduced the in vivo CSF flow in terms of distribution and velocity profiles along the 

spine. Similar to studies previously conducted by our research group for humans [60], simulation results 
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and in vivo measurements were compared at each phase-contrast MRI slice location (FM through L2-

L3) in terms of unsteady CSF flow rate. Maximum percent difference in CSF flow rate, , was 

computed as the instantaneous difference in CSF flow in the CFD simulation and the MRI 

measurements, , divided by the maximum of the absolute value of MRI derived CSF 

flow over the cardiac cycle. 

Peak flow patterns were also assessed visually to understand any differences in flow fields. 

Although the primary objective of this study was to simulate CSF flow rate distribution along the spine, 

we also compared the numerical results to in vivo MRI measurements in terms of the following 

parameters: peak systolic and diastolic velocity values (for any pixel in the plane of interest) and peak 

systolic velocity profiles. 

 

Results 

The relative axial location for each vertebral disc along the cynomolgus monkey spine with 

respect to the numerical model is shown in Table 3. Axial locations along the model are provided with 

respect to the SC center coordinate for a plane positioned parallel to each disk and intersecting the SC 

(orthogonal to CSF flow direction).  

  

%errorQ

( ) ( )CFD MRIQ t Q t



32 

 

 

Table 3.3.  Reference chart for vertebral disk location with respect to axial distance 

from the foramen magnum.  

Vertebral level Distance from foramen magnum (mm) 

FM 0 

C1-C2 4.0 

C2-C3 11.5 

C3-C4 16.1 

C4-C5 30.2 

C5-C6 36.6 

C6-C7 43.9 

C7-T1 50.7 

T1-T2 58.4 

T2-T3 66.0 

T3-T4 74.9 

T4-T5 83.0 

T5-T6 92.1 

T6-T7 101.8 

T7-T8 111.7 

T8-T9 122.3 

T9-T10 134.0 

T10-T11 147.1 

T11-T12 162.6 

T12-L1 178.9 

L1-L2 197.2 

L2-L3 215.8 

L3-L4 236.2 

L4-L5 256.9 

L5-S1 279.7 

S1-Co1 301.0 

Caudal end 312.9 

FM= Foramen Magnum, C= Cervical, T= Thoracic, L= Lumbar, S=Sacrum, Co= 

Coccygeal. 

 

Geometric Parameters 

Total CSF volume within the SAS from the FM to spinal canal termination was 8.7 ml for the 

single cynomolgus monkey analyzed (Table 4). For that same region, the SC volume was 4.5 ml. Mean 

values of surface area were 41.5 and 14.2 mm2 for the dura and SC, respectively. Mean values of 

perimeter were 22.7 and 14.5 mm for the dura and SC, respectively. As expected, maximum area and 

perimeter of the dura, SC and SAS was located at the FM (Figure 5a and b). A notable local increase 

in area and perimeter was present at ~30 mm caudal to the FM. Hydraulic diameter, omitting the model 

termination region (caudal), had a minimum value of 1.74 mm occurring at a distance of 28 mm caudal 
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to the FM within the cervical spine (Figure 5c). Hydraulic diameter was larger at both the FM and 

within the intrathecal sac enlargement of the SAS than elsewhere.  

 

Table 3.4.  Summary of hydrodynamic and geometric results from the numerical simulation.  Average, 

maximum and minimum values for each parameter are computed based on the full SAS length. 

Parameter Average Maximum Minimum 

Pc (mm) 14.59 29.41 3.41 

Pd (mm) 22.71 32.69 12.54 

Psas (mm) 37.30 62.10 16.99 

Ac (mm2) 14.29 41.66 1.75 

Ad (mm2) 41.53 103.71 13.18 

Asas (mm2) 27.24 62.06 8.91 

Volumec (ml) 4.51 4.51 4.51 

Volumed (ml) 13.25 13.28 13.22 

Volumesas (ml) 8.74 8.77 8.71 

DH (mm) 2.93 4.56 1.59 

Re 53.51 149.90 2.47 

α 5.42 8.45 2.95 

Vpeak-sys  (cm/s) -3.08 -0.08 -9.30 

Vpeak-dia  (cm/s) 1.85 5.57 0.29 

Vmean-sys (cm/s) -1.47 -0.11 -5.50 

Vmean-dia (cm/s) 0.94 3.02 0.10 

Qpeak-sys (ml/s) -0.36 -0.01 -1.04 

Qpeak-dia (ml/s) 0.23 0.58 0.01 

PWV (m/s) 1.19 N/A N/A 

(μm) 7.79 114.91 -134.03 

Pc = Spinal cord perimeter, Pd = Dura perimeter, Psas = Subarachnoid space perimeter 

Ac = Spinal cord area, Ad = Dura area, Asas = subarachnoid space area 

DH = Hydraulic diameter, Re = Reynold’s number, α = Womersley number 

V = Velocity, Q= CSF Flow rate, Peak-sys= Systolic peak flow, Peak-dia = Diastolic peak flow 

PWV= Pulse wave velocity, = Radial deformation. 

 

Hydrodynamic Parameters 

Womersley number ranged from 8.45 to 2.95 (Table 4, Figure 5d). Local maxima for 

Womersley number were present within the intrathecal sac (α = 8.4), thoracic enlargement (α= 7.1) and 

at the FM (α = 7.4). Womersley number had local minima within the cervical spine and just rostral to 

the intrathecal sac. Maximum Reynold’s number was 149.9 and located in the cervical spine where 

CSF flow was maximum and the SAS had a relatively small hydraulic diameter. 

r

r
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Figure 3.5.  Hydrodynamic parameter distribution for the dura, spinal cord and subarachnoid space computed 

along the spine for a cynomolgus monkey in terms of: (a) perimeter, (b) cross-sectional area, (c) hydraulic 

diameter, (d) Reynold’s number, Re and Womersley number, α. Comparison of CFD simulation (continuous line) 

and PCMRI measurements (dots) in terms of: (e) peak systolic and diastolic CSF velocity and (f) mean CSF 

velocity at peak systolic and diastolic flow.   

CSF Flow 

Maximum peak and mean CSF velocities in the numerical model were present at 28 mm (~C4-

C5, Figure 5f). Minimum value of peak and mean CSF velocities occurred in the lower lumbar spine 

and within the thoracic spine from 108 to 141 mm (~T7-T10).  

CSF flow oscillation had a decreasing magnitude and considerable variation in waveform shape 

along the spine (Figure 6a). Spatial temporal distribution of CSF flow rate along the SAS showed that 
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maximum CSF flow rate occurred caudal to C3-C4 at ~30 mm (Figure 6b). CSF flow rate waveform 

shape and magnitude was similar from ~125 mm to the SAS termination. CSF PWV was quantified to 

be 1.19 m/s (Figure 6b).  

Comparison of mean velocity at peak systolic flow at the five MRI slice locations (Figure 5f) 

showed that MRI measurements were nearly identical to CFD results (error < 2.87%).  Maximum 

percent difference in CFD versus MRI flow rate for all locations over the entire CSF flow cycle was 

3.6% (Figure 6a). Maximum percent difference in CFD versus MRI flow rate at peak systole was ~2.8% 

(Table 5). Comparison of peak systolic and diastolic thru-plane CSF velocities at the five MRI slice 

locations (Figure 5e) indicated that the MRI measurements had from 1.03 – 3.59X greater peak 

velocities compared to CFD. 

 

Table 3.5.  Comparison of hydrodynamic CFD peak values with in vivo PCMRI measurements. 

Parameter Location CFD MRI % error 

Qpeak-sys (ml/s) 

FM -0.61 -0.60 1.10 

C2-C3 -1.02 -1.00 2.20 

T4-T5 -0.35 -0.35 2.10 

T10-T11 -0.19 -0.19 2.87 

L2-L3 -0.29 -0.29 0.60 

Qpeak-dia (ml/s) 

FM 0.25 0.26 1.87 

C2-C3 0.54 0.55 1.63 

T4-T5 0.22 0.22 1.39 

T10-T11 0.14 0.14 0.59 

L2-L3 0.24 0.24 1.29 

V = Velocity, Q= CSF Flow rate, Peak-sys= Systolic peak flow, Peak-dia= Diastolic peak flow. 

 

Dura Radial Displacement 

Radial displacement of the dura over the cardiac cycle is depicted in Figure 6c. Three axial 

locations at 55, 162 and 268 mm had zero radial displacement over the cardiac cycle. Also, different 

segments of the dura, with the exception of the lower lumbar spine, showed general trends in either 

positive or negative displacement. Spatial-temporal distribution of dura radial displacement (Figure 6d) 

was different than CSF flow rate (Figure 6b). 
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Figure 3.6.  (a) CSF flow waveforms measured by PCMRI at five axial locations along the spine. Dots indicate 

experimental data and lines denote CFD results. Note: negative, or peak systolic, CSF flow is in the caudal 

direction. (b) Spatial-temporal distribution of the interpolated CSF flow rate along the spine.  Dotted line indicates 

peak CSF flow rate at each axial level used to compute CSF pulse wave velocity (PWV). (c) Radial displacement 

of the dura surface at 100 ms intervals over the CSF flow cycle. (d) Spatial-temporal distribution of the dura radial 

displacement along the spine.  Dotted line indicates the three locations along the spine with zero radial motion of 

the dura.  
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Comparison of CFD and in Vivo CSF Velocity Profiles 

Visual inspection of the PCMRI and CFD thru-plane velocity profiles at peak systole revealed 

large spatial differences (Figures 7). Greater CSF velocities were observed by PCMRI in the anterior 

in comparison to the posterior space. In contrast, relatively uniform CSF flow profiles were simulated 

by CFD. All of the five sections showed CSF flow jets on PCMRI images. No such flow jets were 

present in the corresponding CFD velocity profiles. Epidural and vertebral artery blood flow was noted 

in the lumbar spine at L2-L3 and FM, respectively as denoted by the black arrows at those locations 

(Figure 7d). This flow was in close proximity to the CSF within the SAS and required omission in the 

MRI-based CSF flow waveform quantification. 
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Figure 3.7.  Peak-systolic thru-plane CSF velocity profiles simulated by CFD and measured by PCMRI for a 

cynomolgus monkey. (a) Overall view of the CFD model and slice locations.  Note: different velocity scales are 

used at each slice location.  (b) CSF velocity profiles at each slice location.  (c)  PCMRI visualization of CSF 

velocity profiles.  (d) PCMRI gray scale images used to compute CSF flow waveforms.  ↑ symbols highlight 

nearby regions with PCMRI signal that are not within the CSF space ROI (epidural venous flow at L2-L3, and 

vertebral artery flow at the FM).   
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Discussion 

The delivery of therapeutic agents to the CNS tissue by the CSF is dependent on the following 

four stages: (1) pulsation-dependent mixing of the CSF, (2) arterial pulsation assisted transport along 

the perivascular spaces, (3) absorption from the perivascular space to the CNS tissue and (4) 

extracellular transport and uptake into the neurons and along axons[56].  Each of these aspects must be 

understood to optimize CSF-based therapeutics.  This study provides a flow model for accurate subject-

specific reproduction of the non-uniform distribution of CSF flow along the entire spine using a non-

uniform moving boundary approach.  Results were verified by numerical independence studies and 

validated based on in vivo PCMRI measurements of CSF flow rates along the SAS.  

 

Non-uniform CSF flow waveform reproduction 

The distribution of CSF flow along the spine is non-uniform and shows local variations in 

waveform shape and magnitude (Figure 1b). For example, CSF flow waveform amplitude was smaller 

at the FM compared to C2-C3 and then decreased at T4-T5 (Figure 1b).  Waveform amplitude was 

greater at L2-L3 compared to T10-T11.   Thus, we implemented a non-uniform moving boundary 

approach to accurately reproduce the subject-specific MRI measurements.  This involved an algorithm 

to compute local radial displacement of the dura (Figure 3) and nearby mesh elements.  The resulting 

CSF flow rate waveforms were compared to the in vivo measurements and shown to be nearly identical 

over the entire CSF flow cycle (Figure 6a).  In addition, comparison of mean velocity at peak systolic 

flow at the five MRI slice locations (Figure 5f) showed that MRI measurements were nearly identical 

to CFD results (error < 2.87% at peak systolic CSF flow).  To our knowledge, this model represents the 

first validation of numerically modeled subject-specific CSF flow rates along the entire spine.  

Increasing the mesh resolution would decrease the degree of error and also increase simulation time.  

Additional simulation time and computing resources should be considered carefully with respect to the 

clinical problem and specific questions.    

A number of previous studies have simulated CSF flow along the spine under varying levels 

of complexity.  Tangen et al. [67] used a dynamic mesh to simulate an axially phase lagged version of 

the C4 CSF flow waveform measured by PCMRI.  Agreement of CFD and MRI measurement of CSF 

flow rates at C4, T4 and L4 varied considerably depending on the axial location [67].  Another model 

by Sweetman et al. simulated CSF flow along the spine using a fluid-structure-interaction approach 

with prescribed material properties of the dura.  This model predicted a decreasing trend in CSF flux 

along the spine. Kuttler et al. [68] completed a semi-idealized model of CSF flow along the entire spine 

using a moving grid approach.  Martin et al. completed a 1-dimensional tube wave propagation model 
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of CSF flow along the spine [3].  Bertram [69], Elliott et al. [70], Cirovic et al. [71] and Lockey et al. 

[72], also completed wave propagation models under varying degrees of geometric complexity.  For all 

of these models, CSF flow or pressure was imposed at the model inlet but not validated based on in 

vivo CSF flow measurements.  

 

Comparison of CFD and in Vivo CSF Velocity Profiles  

While the objective of our numerical modeling approach was to accurately reproduce the 

desired CSF flow rate distribution along the spine (Figure 6a), the numerical model did not result in 

identical CSF velocity profiles as the in vivo PCMRI measurements. PCMRI showed axial CSF 

velocity profiles to be non-uniform with presence of CSF flow jets and decreased CSF flow near nerve 

roots (Figure 6c). Similar findings have been reported by others in the literature [73].  CFD velocity 

profiles at the same locations were relatively uniform. A number of numerical studies of CSF flow in 

the cervical spine in humans also found that CSF velocity profiles did not match in vivo PCMRI 

measurements [73, 74].  In our study, agreement of peak CSF velocities was best at C2-C3 (error ~7%, 

Figure 5e).  Maximum difference in peak CSF velocity at any location was 1.61 cm/s (Figure 5e).  This 

level of difference is likely within the range of noise present in the PCMRI signal that was collected 

with a Velocity Encodingof 10 cm/s.   

The differences in velocity profiles and peak velocities between the PCMRI measurements and 

CFD simulations suggest that the level of anatomical detail in CFD simulations is not adequate to 

accurately model the CSF velocity profiles. A study by Pahlavian et al. showed that the discrepancy in 

CFD and PCMRI velocity profiles is not due to PCMRI measurement noise [75] or neural tissue motion 

over the cardiac cycle [6]. Taken together, these studies indicate that relatively small structures within 

the CSF flow field alter the CSF flow velocity profiles [76].  

Unfortunately, the current 3T MR image resolution does not allow accurate reproduction of 

these relatively small anatomical structures such as spinal cord nerve roots, dorsal and dorsal lateral 

septum, arachnoid trabeculae, denticulate ligaments and tiny blood vessels.  These structures are likely 

the underlying reason for the differences in velocity profiles, in particular in the lower thoracic and 

lumbar spine (Figure 7c).    MR image resolution must improve to define these features in the future, 

for example using 7T MRI [77].  Our geometric model did not include these small structures as they 

are not possible to image on a subject-specific basis.  However, they should be included to accurately 

reproduce in vivo CSF flow profiles.   

It is likely that accurate subject-specific reproduction of CSF flow rate distribution and velocity 

profiles is needed to model subject-specific intrathecal solute transport. Alternatively, one may choose 

to create idealized models with these structures included that can help inform intrathecal device design 
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and protocol development.  In any case, these models should have accurate distribution of non-uniform 

CSF flow along the spine.  Our approach satisfies that need.   

 

CSF Space Geometry Quantification 

To our knowledge, axial variation in spinal SAS geometry in terms of ,  and  in a 

cynomolgus monkey has not been reported in the literature.  This is likely due to the relatively long 

time period (55 minutes total) required to obtain the high-resolution MRI images (375 μm isotopic) 

used to segment the CSF space in this study. Hydraulic diameter ranged from ~1.5-4.5 mm in the NHP 

analyzed. The axial distribution of SAS geometry in the cynomolgus monkey had a similar trend as 

that quantified in humans for ,  and  [59], albeit approximately ~7.4, 2.3 and 2.4X smaller, 

respectively in magnitude compared to a human [64]. Total CSF volume in the spine for the cynomolgus 

monkey in this study was ~8.7 ml. Based on Loth et al., human spinal CSF volume can be estimated to 

be ~125 ml. Detailed MR investigation of the complete spinal CSF space in terms of its geometry is 

lacking in the literature.  

 

Importance of Hydrodynamic Parameters 

The analysis of Reynold’s and Womersley numbers is helpful to compare the present study 

results with the literature and validate the CFD methodology assumptions, such as laminar flow. Using 

the peak CSF flow rate and hydraulic diameter, , did not exceed 150 for any axial location along 

the NHP spine (Figure 5d). for the NHP analyzed in our study was consistent with previous findings 

for humans that quantified  to range from ~150 to 450 [64]. In the present study, was 

significantly lower than the critical value for transition to turbulence for flow in a straight circular pipe 

and thus, we expect the flow to be laminar throughout the SAS. However, a study by Helgeland et al. 

indicated that CSF flow may have instabilities [78].  The phase-contrast MRI measurements used to 

detect the CSF velocity profiles in our study were time-averaged over multiple cardiac cycles.  Thus, 

any unsteadiness in pixel velocities that could be due to flow instability was not possible to detect.   

Our findings indicated that maximum  was present at C4-C5. This location may be best 

suited for intrathecal delivery of solutes [56]. However, intrathecal drug delivery at C4-C5 may have 

increased risk for CNS tissue damage in comparison to the typical delivery location in the lumbar spine. 

It is unclear if this location would be the same for humans, as little information is known about CSF 

flow rates along the entire spine in humans.  
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Womersley number, α, ranged from ~3 to 8, suggesting that transient inertial forces were 

dominant over viscous forces. These findings are in agreement with the range of Womersley numbers 

for CSF flow in humans[60]. They also indicate that viscous effects within the spinal SAS are relatively 

insignificant as documented by Loth et al. [64]. 

 

CSF Pulse Wave Velocity Along the Spine (PWV) 

Spatial-temporal smoothing of the in vivo measured CSF flow rate waveforms showed that the 

CSF flow has a distinguishable wave propagation velocity (PWV) along the SAS of approximately 1.19 

m/s (Figure 6b). This PWV is lower than previously reported in the literature for humans, albeit, the 

number of in vivo studies is limited.  An in vivo study by Kalata et al. used high-speed PCMRI to 

quantify the CSF velocity wave speed in a ~20 cm portion of the cervical spine and found it to be 

4.6±1.7 m/s at systole in healthy subjects [66]. A fluid-structure-interaction study by Sweetman et al. 

predicted spinal CSF PWV to be ~3 m/s [79].  Another simulation by Martin et al. used a numerical 1-

D tube model of the spinal SAS to parametrically alter the dura mechanical properties and analyze the 

effect on spinal CSF flow and pressures[80]. In that study, CSF PWV varied from 2.5 to 13.5 m/s 

depending on dura elasticity. Martin et al. also investigated CSF wave phenomena in the spine using in 

vitro models and found CSF wave reflections to be present [3]. Similar findings have been found 

numerically by a number of investigators using a number of approaches [69, 81]. Our results did not 

show a large degree of CSF wave reflection within the spine (Figure 6b). More detailed investigation 

is needed to understand CSF PWV in the spine and its relevance, if any, to CNS disease 

pathophysiology and intrathecal therapeutics.  

 

Motion of the Dura 

To our knowledge, radial motion of the dura has not been directly measured along the spine 

using MR imaging, likely due to the relatively small degree of motion present in that tissue. Our results 

indicate that a maximum radial dura displacement of ~135 μm (Figure 6c) is sufficient to reproduce the 

measured CSF flow rates along the NHP spine (Figure 6a). Interestingly, there were three axial 

locations along the spine that did not have dura radial displacement (Figure 6d, dotted lines). The 

location of maximum dura displacement was at the T3-T4 and C1-C2 vertebral level (Table 3). These 

locations had a positive and negative displacement from baseline, respectively. Maximum CSF flow 

rate was present between these two locations at approximately C3-C4. CSF flow wave propagation and 

dura displacement did not appear to be coupled in terms of their spatial temporal distribution (compare 

Figure 6c and d). 
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Limitation 

The numerical modeling methods in this study were based on MRI measurements for a single 

cynomolgus monkey.  Geometric and hydrodynamic findings were presented to understand the 

hydrodynamic environment.  These parameters should be investigated in a larger group of NHPs to 

determine their statistical variance with gender, among NHP species and comparison to humans.  

A single operator accomplished geometric segmentation of the MRI images used in this study. 

A study by Martin et al. indicated a high-degree of reliability in CFD results for geometries produced 

by different operators [60]. We therefore expect the trends in CSF dynamics and geometry to be similar 

given a different operator. Non-uniform motion of the numerical mesh was defined by the measured 

CSF flow rate using a manual ROI selection. Careful attention was given to omit regions outside of the 

SAS by referencing the high-resolution T2-weighted image sets (e.g. for omission of epidural venous 

flow around the dura). Pixels with net flow in one direction were omitted (blood flow), pixels with 

oscillatory flow were included (CSF).  Nevertheless, in some cases it was difficult to distinguish CSF 

flow from nearby epidural flow that may pulsate.  

Our modeling approach did not include CSF within the SAS of the brain or ventricles because 

we did not have MR images of flow or geometry obtained within those regions for validation of the 

numerical model.  These images were not possible to collect in the already relatively long 1 hour and 

21 minute MRI measurement timeframe.   Additionally, the presented model used a moving boundary 

method in which boundary motion was prescribed at the model wall.  This model did not account for 

fluid structure interaction of the wall (tissues) and fluid.  Prescribed motion of the dura allowed 

reproduction of the in vivo measured CSF flow rate. 

 

Conclusion 

This study presents a flow model based on a non-uniform moving boundary method to 

accurately reproduce in vivo CSF flow rate distribution and waveform along the spinal SAS of a 

cynomolgus monkey. Maximum error measured at peak CSF flow rate in the numerical model was 

<3.6%. Deformation of the dura ranged up to a maximum of 135 μm. MRI measurements of CSF space 

geometry and flow were successfully acquired to define the numerical domain and boundary conditions. 

For the single cynomolgus monkey analyzed, results showed that CSF flow was laminar with a peak 

Reynold’s number of ~150 and average Womersley number of ~5.4. Geometric analysis indicated that 

total spinal CSF space volume was ~8.7 ml. Average hydraulic diameter, wetted perimeter and SAS 

area was 2.9 mm, 37.3 mm and 27.2 mm2, respectively. CSF PWV along the spine was quantified to 

be 1.2 m/s and did not appear to have a significant degree of wave reflection at the spine termination. 
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Maximum CSF flow movement was present at the C4-C5 vertebral level. In combination, these results 

represent the first CFD simulation of spinal CSF hydrodynamics in a monkey.  
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Chapter 4: Characterization of intrathecal cerebrospinal fluid geometry 

and dynamics in cynomolgus monkeys (macaca fascicularis) by magnetic 

resonance imaging 

 

Abstract 

Recent advancements have been made toward understanding the diagnostic and therapeutic 

potential of cerebrospinal fluid (CSF) and related hydrodynamics. Increased understanding of CSF 

dynamics may lead to improved detection of central nervous system (CNS) diseases and optimized 

delivery of CSF based CNS therapeutics, with many proposed therapeutics hoping to successfully treat 

or cure debilitating neurological conditions. Before significant strides can be made toward the research 

and development of interventions designed for human use, additional research must be carried out with 

representative subjects such as non-human primates (NHP). This study presents a geometric and 

hydrodynamic characterization of CSF in eight cynomolgus monkeys (Macaca fascicularis) at baseline 

and two-week follow-up.  

Results showed that CSF flow along the entire spine was laminar with a Reynolds number 

ranging up to 80 and average Womersley number ranging from 4.1-7.7. Maximum CSF flow rate 

occurred ~25 mm caudal to the foramen magnum. Peak CSF flow rate ranged from 0.3-0.6 ml/s at the 

C3-C4 level. Geometric analysis indicated that average intrathecal CSF volume below the foramen 

magnum was 7.4 ml. The average surface area of the spinal cord and dura was 44.7 and 66.7 cm2 

respectively. Subarachnoid space cross-sectional area and hydraulic diameter ranged from 7-75 mm2 

and 2-3.7 mm, respectively.  Stroke volume had the greatest value of 0.14 ml at an axial location 

corresponding to C3-C4. 

 

Introduction 

Cerebrospinal fluid (CSF) is a clear, colorless fluid with water-like mechanical properties that 

bathes the entire brain and spinal cord. CSF plays a role in the protection of neural structures, metabolic 

homeostasis of the central nervous system (CNS), autoregulation of cerebral blood flow, and 

immunological support for neural tissue. CSF moves freely in an oscillatory manner with approximately 

zero net flow, and in synchrony with cardiac-related intracranial pulsations and respiration [82-86]. 

Recent advances have been made toward understanding the diagnostic and therapeutic potential of CSF 

and related hydrodynamics. Increased understanding of CSF dynamics may lead to improved detection 
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of CNS diseases, development of CSF system-based intrathecal drug delivery, and improved treatment 

of debilitating neurological conditions.  

The importance of CSF dynamics has been investigated in several CNS conditions including 

syringomyelia [47] Alzheimer’s disease [87], Chiari malformation [88], and hydrocephalus [89]. 

Researchers have also applied computational fluid dynamics modeling approaches to understand how 

CSF dynamics related parameters could relate to CNS disease states and intrathecal drug delivery [18, 

90-93].  Before significant strides can be made toward the research and development of interventions 

designed for human consumption, additional research must be carried out with representative subjects 

such as non-human primates (NHP). However, relatively little information is known regarding CSF 

geometry and hydrodynamics in NHPs.   

Studies have examined the possible role of CSF as a conduit for distribution of radiolabeled 

tracers [94] and therapeutic molecules to neuronal and glial cells of CNS tissues [40, 95]. Intrathecal 

delivery of these molecules directly to the CNS tissue [83] is, in part, dependent on pulsation-dependent 

mixing of the spinal CSF dynamics. A solute injected into the CSF mixes [40], spreads throughout the 

CSF system, and is then taken up into the brain parenchyma via the perivascular (Virchow-Robbin) 

spaces [57, 96]. Molecule injection to the CSF bypasses the blood-brain-barrier and allows delivery of 

many molecules that may not be possible through the systemic system [97, 98]. The direct contact of 

CSF with neural tissue can enable delivery of small molecules to biologics including protein, cell-

based, viral-mediated gene transfer, and gene therapies involving trophic factors to stimulate dying 

neurons [99, 100]. These therapies have shown promise in animal studies [101, 102] and safety in 

human clinical trials [103]. In addition, delivery in the CSF is a minimally invasive surgical intervention 

with a lower risk to the patient than other surgical interventions such as convection enhanced drug 

delivery and deep brain stimulation [102, 104, 105].  

While intrathecal delivery of drugs or biologics to the CNS offers a promising treatment option, 

the dearth of knowledge has slowed therapeutic development and potentially confounded the analysis 

of therapeutic effectiveness. A common animal model used to test intrathecal therapeutics is the NHP, 

with one of the most common species being the cynomolgus monkey (Macaca fascicularis). 

Cynomolgus monkeys are a useful model for such studies since they are relatively compact compared 

to other NHP species, and share physiologic and cognitive similarities to humans. Despite being a 

frequently studied species, CSF hydrodynamic properties have not been studied or reported. At present, 

we do not know how NHP CSF hydrodynamics compare to humans or if they are consistent across 

animals and/or over time.  The aim of the present study was to a) develop an MRI-based method to 

quantify intrathecal CSF dynamics in cynomolgus NHPs, b) use this method to quantify intrathecal 
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CSF dynamics and geometry in a series of NHPs (N=8), and c) measure the reliability of MRI-derived 

measures over a 2-week time interval.  

 

Methods and Materials 

Ethics Statement 

This study was submitted to and approved by the local governing Institutional Animal Care 

and Use Committee at Northern Biomedical Research (IACUC approval #084-014A, Spring Lake, MI). 

This study did not unnecessarily duplicate previous experiments and alternatives to the use of live 

animals were considered. Procedures used in this study were designed with the consideration of the 

well-being of the animals. 

 

Animals 

MRI measurements were obtained for eight (NHP 01-08) healthy five-year-old adult 

cynomolgus monkeys (Macaca fascicularis, origin Mauritius) from Charles River Research Models, 

Houston TX with a weight of 4.4 ± 1.2 kg (mean ± standard deviation). NHP 01 was male. All other 

NHPs were female (02-08). These animals were purpose-bred and experimentally naïve. Each NHP 

was scanned with an identical protocol at baseline and at follow-up after a 2-week time interval. 

 

MRI scan Protocols 

All MRI measurements were acquired at Northern Biomedical Research (Muskegon, 

Michigan, U.S.A.) on a Philips 3T scanner (Achieva, software V2.6.3.7, Best, The Netherlands). Prior 

to MRI scanning each NHP was prepared using standard procedures and precautions. NHPs were 

positioned in the scanner in the supine position without assistance from artificial respiration. During 

each scan, heart rate and respiration was monitored continuously with ~ 1 liter/minute of oxygen and 

1-3% isoflurane anesthetic administered via endotracheal tube for sedation.  

  

Anatomic MRI Scan Protocol for CSF Space Geometry Quantification 

Total scan time to quantify CSF space geometry and flow (including NHP MRI preparation) 

for each NHP was ~1 hour after the protocols were in place. A stack of high-resolution axial T2-

weighted MR images of the complete spinal subarachnoid space (SAS) geometry was acquired for each 

NHP using a VISTA (31 minutes) protocol (Table 1). The anatomical region scanned was ~30 cm in 

length, which included the intrathecal SAS below the lower brain stem extending caudally to the filum 



48 

 

terminale. This comprised a total of ~720 images with 0.5 mm slice spacing, 1.0 mm slice thickness, 

and 0.375 mm isotropic in-plane resolution. 

 

Table 4.1.  Anatomic (T2-VISTA) and CSF flow (phase-contrast MRI) scan protocol parameters used for imaging 

cynomolgus monkeys. 

Parameter Anatomic (T2-VISTA) CSF Flow (PC-MRI) 

File size 941 MB 7 MB 

Acquisition contrast T2 Flow encoded 

Acquisition type 3D 2D 

Slice Thickness 1 mm 5 mm 

Slice spacing 0.5 mm N/A 

Pixel bandwidth 481 192 

Pulse Sequence TSE TFE 

Transmit coil Body Body 

Duration 31 minutes  200 – 240 seconds 

Number of slices 660 N/A 

Image matrix 864 x 864 224 x 224 

In-plane resolution 0.375 mm 0.446 mm 

Repetition time 2000 (ms) 11.226 – 12.704 (ms) 

Echo Time 120 (ms) 6.749 – 8.226 (ms) 

Cardiac phases N/A 24 

R-R interval N/A 454 - 653 ms 

Encoding direction N/A Thru-plane 

Plane orientation Sagittal Axial 

Trigger N/A Retrospective ECG 

Velocity encoding N/A 5 at FM and L4; 10 elsewhere 

 

 

Phase-contrast MRI Scan Protocol for CSF Flow Quantification 

Thru-plane (head-foot, z-direction) CSF flow was measured by phase-contrast MRI (PC-MRI) 

images collected at six axial locations along the spine for each NHP. Axial locations were located at 

the foramen magnum (FM), C2-C3, C5-C6, T4-T5, T10-T11, and L3-L4 and required ~3 minutes scan 

time per location. Flow images were acquired with a retrospective ECG triggered sequence with 24 

heart phases, 0.45 mm isotropic in plane resolution, and 5 mm slice thickness (Table 1). Slice location 

for each scan was oriented approximately perpendicular to the CSF flow direction with slice planes 

intersecting vertebral discs. More details on the PC-MRI protocol are given in Martin et al. [59]. 
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3D Image Segmentation 

The high-resolution T2-weighted anatomic MRI images were semi-automatically segmented 

using the free open-source ITK-snap software (Version 3.0.0, University of Pennsylvania, U.S.A.) 

[106], which provided semi-automatic segmentation using active contour methods, as well as manual 

delineation and image navigation (Fig 1). The manual segmentation tool was used most frequently with 

view of the three orthogonal planes. Detailed information on the segmentation procedure is provided 

by Martin et al. [107]. Once the segmentation was complete, the 3D model was exported in a .STL 

(Stereo Lithography) format for subsequent analysis as outlined below.   

 

Figure 4.1.  Manual segmentation of the spinal subarachnoid space using a T2-weighted MR image for a 

cynomolgus monkey analyzed in this study. (A) Visualization of SAS area manually selected around the spinal 

cord at multiple axial levels.  (B) Mid-sagittal high-resolution T2-weighted MRI.  (C) Sagittal visualization of 

segmented SAS around the spinal cord.  (D) 3D visualization of entire SAS geometry. The same methods were 

applied to all MR images obtained for all NHPs. 
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CSF Flow Waveform and Profile Analysis 

CSF flow was quantified at six axial locations along the spine (Fig 2) using GTFLOW software 

(64-bit, Version 2.2.10, Gyrotools, Zurich, Switzerland) by the following procedure previously 

described in [107]. PC-MRI and corresponding magnitude images were loaded into GTFLOW. A 

region of interest (ROI) was created within the area of CSF flow between the dura and spinal cord (Fig 

2A). Individual pixel velocities within each ROI were exported to a .CSV (Comma-Separated Values) 

file for further analysis using MATLAB software (Ver. R2016a Mathworks Corp., Natick, MA). CSF 

flow waveform within the ROI, 
( )Q t

, was computed with 
( ) ( )pixel pixelQ t A V t , where pixelA

 is 

the area of one MRI pixel, 
( )pixelV t

 is the velocity for the corresponding pixel at any time, and 
( )Q t

 

is the summation of the flow for each pixel within the ROI. The CSF flow waveform was offset to 

ensure zero net flow over the flow cycle since CSF flow in the spine has approximately zero net flow 

(oscillatory).  
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Figure 4.2.  Axial PC-MRI and CSF velocity profiles at corresponding vertebral levels for a cynomolgus monkey 

in this study. (A) PC-MRI axial cross-sections for a given case at each respective vertebral level. (B) T2-weighted 

MR image of a cynomolgus monkey in the study with corresponding PC-MRI axial locations and slice orientation 

(solid green lines) at FM, C2-C3, C5-C6, T4-T5, T11-T12, and L3-L4. (C) 3D visualization of peak systolic CSF 

velocity profiles based on in vivo PC-MRI measurements at each vertebral level. 

 

The following method was applied to generate a smooth spatial-temporal CSF flow 

distribution, 
( , )Q z t

, along the spine.  The axial phase-contrast slice locations were not identical for 

each NHP due to differences of the exact vertebral levels across cases. Thus, the z-location of each slice 

was manually measured based on the distance of that slice caudal to the FM (Table 2).  The six distinct 
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flow rates were smoothed in a spatial-temporal fashion using MATLAB and a 2D “fit” function with 

the fit-type designated as “smoothing-spline”. Since heart rate variability was present between the PC-

MRI scans, the CSF flow waveform timing was normalized to the average heart rate for all NHPs. An 

average spatial-temporal CSF waveform was determined.  CSF pulse wave velocity, PWV , was 

computed based on the slope of the arrival time of peak CSF flow along the spine [66]. 

 

Table 4.2.  Reference chart for vertebral disk location with respect to 

axial distance from the foramen magnum in cynomolgus monkeys. 

Vertebral level  Mean ± std (mm) 

'FM'  0.0 ± 0.0 

'C1'  5.7 ±2 .4 

'C2'  10.3 ± 2.6 

'C3'  22.3 ± 3.9 

'C4'  29.0 ± 3.6 

'C5'  35.2 ± 3.8 

'C6'  42.2 ± 3.4 

'C7'  48.7 ± 3.8 

'T1'  56.1 ± 4.2 

'T2'  63.4 ± 4.4 

'T3'  72.0 ± 4.2 

'T4'  79.8 ± 4.2 

'T5'  88.5 ± 4.5 

'T6'  97.9 ± 4.9 

'T7'  107.4 ± 4.5 

'T8'  117.6 ± 4.8 

'T9'  128.8 ± 4.5 

'T10'  141.4 ± 5.4 

'T11'  156.3 ± 5.0 

'T12'  172.0 ± 5.1 

'L1'  189.6 ± 5.4 

'L2'  207.5 ± 5.8 

'L3'  227.1 ± 6.8 

'L4'  247.0 ± 7.0 

'L5'  268.9 ± 6.2 

'Sacrum'  289.4 ± 6.7 

'coccyx'  301.0 ± 6.8 

FM = Foramen magnum, C= Cervical, T= Thoracic, L= Lumbar 
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Geometric and Hydrodynamic Parameter Quantification 

Several geometric and hydrodynamic parameters were calculated based on the 3D segmentation 

and flow analysis using our previously published methods [91]. Using the exported 3D .STL file 

(above), each of these parameters was calculated by a user-defined function (UDF) compiled in ANSYS 

FLUENT (ANSYS® Academic Research, Release 19.1, Canonsburg, PA, USA) based on a 

computational mesh generated from ANSYS ICEM (ANSYS® Academic Research, Release 19.1, 

Canonsburg, PA, USA).  Details on the methods used to generate each parameter are as follows.   

The following parameters were computed based on overall spine geometry: Total SAS surface area, 

sasSA
, was calculated as the sum of surface area of spinal cord, cSA

, and dura, dSA
.  Spinal cord nerve 

roots were not included in the surface area calculation of the cord since these small features were not 

possible to accurately visualize by MR imaging.  Total volume of the SAS, sasV
, was computed by 

subtracting the volume of the spinal cord, cV
 from the volume of the dura, dV

.  An overall average, 

maximum, and minimum value was then computed across all NHPs.  Total SAS length, sasL
, from the 

FM to the SAS termination was quantified.   

The following parameters were determined for each 1 mm interval along the spine (z-location):  

Axial distribution of the SAS cross-sectional area, 
( )sasA z

, was based on cross-sectional area of the 

spinal cord at that location, 
( )cA z

, and dura, 
( )dA z

. Similarly, hydraulic diameter,

( ) ( ) ( )4 /h sas sasD Az z P z
, was determined based on the wetted perimeter, 

( )sasP z
, with the perimeter 

computed as the sum of the spinal cord, 
( )cP z

, and dura, 
( )dP z

, perimeters at each z-location. Axial 

distribution of CSF stroke volume was computed as 
( ) ( , )SV z Q z t dt  , where 

( , )Q z t
 is the 

absolute value [73].  Peak systolic (toward feet) and diastolic (toward head) CSF flow rate was 

quantified as  and 
( )diaQ z

, and the CSF flow rate amplitude was given by 

( ) ( ) ( )a dia sysQ z Q z Q z 
. Spatial mean thru-plane velocity at peak systole was computed as 

( ) ( ) / ( )sys sys sasU z Q z A z
 and at diastole as 

( ) ( ) / ( )dia dia sasU z Q z A z
.  Reynolds number was 

computed as 
 ( ) ( ) ( ) /sys hRe z U z D vz 

, were  v  is the kinematic viscosity of CSF at body 

  
Q

sys
(z)
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temperature, 0.693 mPa∙s [59]. Womersley number was computed as 

( )
( ) /

2

hD
z v

z
 

, where   

is the angular velocity ( 2 / T  ) of the volume flow waveform with T  equal to the heart rate.  

To allow parameter comparison across NHPs, each parameter’s axial distribution for each NHP 

was normalized to the average sasL
 measured for all NHPs.  After normalization, the mean axial 

distribution for each parameter was computed across all NHPs.  The mean axial distribution was then 

used to obtain an average, maximum, and minimum parameter value along the spine based on all NHPs.   

 

Parameter Reliability 

Reliability was assessed by obtaining MRI measurements for each NHP at baseline and 2-week 

follow-up while ensuring identical methods during both collection intervals. To quantify measurement 

reliability, we performed a regression of baseline versus follow-up parameters computed at each axial 

location along the spine. All computations and plots were generated using MATLAB software (Ver. 

R2016a Mathworks Corp., Natick, MA). 

 

Results 

Results were obtained for a total of eight NHPs at baseline and a 2-week follow-up time point 

(Table 3).  Overall, the MRI protocol allowed quantification of all proposed geometric and 

hydrodynamic parameters. These parameters had a relatively similar axial distribution across all NHPs 

analyzed and were similar at follow-up for each NHP. CSF flow was laminar in all NHPs with the 

greatest degree of CSF motion observed in the cervical spine. Average results showed that maximum 

Re  and   was 80 and 7.7, respectively. sasA
 and hD

 ranged from 7-75 mm2 and 2 - 3.7 mm, 

respectively. Maximum sysU
 and diaU

 was -2.7 to 1.6 cm/s and located in the cervical spine. SV

ranged from 0.14 ml in the cervical spine to roughly 0 ml in the lower lumbar spine for all NHPs.  
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Table 4.3.  Summary of geometric and hydrodynamic results. Mean values correspond to the average along the 

entire spine for all 16 NHPs (except for total surface area, volume, and PWV ). Local maximum and minimum 

values are computed based the average for all 16 NHPs (solid lines in Fig 6). 

Parameter Symbol Unit Average Maximum Minimum 

Parameters computed at 1 mm intervals along the spine 

Perimeter of spinal cord Pc mm 14.77 62.02 0.73 

Perimeter of dura Pd mm 22.06 38.63 9.54 

Perimeter of subarachnoid 

space 
Psas mm 36.82 99.56 10.50 

Area of spinal cord Ac mm2 15.05 81.50 0.50 

Area of dura Ad mm2 39.59 137.45 7.61 

Area subarachnoid space Asas mm2 24.54 75.10 6.98 

Hydraulic diameter Dh mm 2.68 3.73 2.02 

Reynolds number Re NA 29.30 79.27 0.66 

Womersley number α NA 5.50 7.67 4.15 

Mean velocity at peak systole sysU  cm/s -0.83 -0.02 -2.69 

Mean velocity at peak diastole diaU  cm/s 0.58 1.59 0.02 

Flow rate at peak systole Qsys ml/s -0.20 0.00 -0.60 

Flow rate at peak diastole Qdia ml/s 0.14 0.35 0.00 

Flow rate amplitude Qa ml/s 0.33 0.94 0.00 

Stroke volume SV ml 0.05 0.14 0.00 

Parameters computed based on the entire spine 

Surface area of spinal cord SAc cm2 44.74 49.63 37.76 

Surface area of dura SAd cm2 66.66 70.49 60.53 

Surface area of subarachnoid 

space 
SAsas cm2 111.39 120.12 98.31 

Volume of spinal cord Vc ml 4.57 5.40 3.98 

Volume of Dura Vd ml 11.99 13.45 10.25 

Volume of subarachnoid space Vsas ml 7.41 8.47 6.24 

Length of subarachnoid space Lsas mm 301 306.98 295.80 

Pulse wave velocity PWV m/s 1.13 3.45 0.73 
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Geometric Parameters 

Average sasV
 for all NHPs was 7.41 ml. Average cSA

 and dSA
 was 44.74 ± 3.52 and 66.66 ± 

3.11 cm2 respectively. sasA
 and hD

 decreased moving caudally down the spinal cord from the FM (Fig 

3). The minimum value for sasA
 and hD

 was 7 mm2 and 2 mm, respectively (Table 3). These values 

occurred at ~70 mm caudal to the FM, a location approximately corresponding to T2-T3 (Table 2). 

Maximum difference in sasA
 and hD

 between NHPs at any axial location (omitting the FM) was ~30 

mm2 and 4 mm, respectively.  

 

Figure 4.3.  Geometric parameters distribution computed along the spine for cynomolgus monkeys. (A) Area of 

dura, (B) Area of spinal cord, (C) Area of subarachnoid space, (D) Perimeter of dura, (B) Perimeter of spinal 

cord, (C) Perimeter of subarachnoid space. Mean value for all 16 NHPs corresponds to the solid line. Dotted lines 

correspond to  1 standard deviation for all 16 NHPs analyzed. 
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CSF Flow Waveforms 

( )Q t  of each NHP quantified along the spine had a similar waveform shape, magnitude and 

axial distribution (Fig 4). ( )Q t  shape showed a well-defined systolic peak at 100 to 300 ms (negative 

flow) followed by a diastolic peak that varied based on the heart rate (similar to cardiac blood flow). 

sysQ  ranged from 0.35 - 0.87 (ml/s) at the C3-C4 level for all NHPs. ( )Q t  at the FM was markedly 

smaller than at C3-C4. Caudal to C3-C4, ( )Q t  had a decreasing trend in magnitude moving down the 

spine. The CSF flow was found to be nearly zero in all PC-MRI scans before eddy current offset 

correction.  Maximum average CSF flow offset was 13% relative to the arithmetic mean of the absolute 

CSF flow.  
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Figure 4.4.  CSF flow waveforms for all 16 cases measured by 

PC-MRI at six axial locations along the spine. Error bars 

correspond to  1 standard deviation of flow rates obtained for 

all 16 NHPs. Note: negative, or peak systolic, CSF flow is in the 

caudal direction. 

 

 Average spatial-temporal 
( )Q t

 distribution across all NHPs showed a relatively smooth 

decrease in amplitude along the spine and had relatively small, if any, wave reflections from the SAS 

termination (Fig 5B).  Spatial temporal 
( )Q t

 distribution showed that maximum CSF flow rate 

occurred ~25 mm caudal to the FM (Fig 5B). 
( )Q t

 shape and magnitude were similar from ~125 mm 

to the SAS termination.  
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Figure 4.5.  Mean CSF flow waveforms and Spatial-temporal distribution of CSF flow rate (A) Mean CSF flow 

waveforms for all 16 cases measured by PC-MRI at six axial locations along the spine. Note: negative, or peak 

systolic, CSF flow is in the caudal direction. (B) Spatial-temporal distribution of the interpolated CSF flow rate 

along the spine. Dotted line indicates peak CSF flow rate at each axial level used to compute CSF pulse wave 

velocity ( PWV ). 

 

Hydrodynamic Parameters 

SV  ranged from ~0 to 0.14 ml along the spine and had the greatest value at the axial location 

corresponding to C3-C4 (Fig 6). Difference in SV  between NHPs was a maximum of ~ 0.1 ml at the 

upper cervical spine (C3-C4).  
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Figure 4.6.  Hydrodynamic parameter distribution computed along the spine for cynomolgus monkeys. (A) 

Reynolds number, Re , (B) Flow rate amplitude, aQ
, (C) Stroke Volume, SV , (D) left axis,  Hydraulic 

diameter, hD
, right axis, Womersley number,  ,  (E) mean peak systolic, sysU

, and diastolic , diaU
, CSF 

velocity. Mean value for all 16 NHPs corresponds to the solid line. Dotted lines correspond to  1 standard 

deviation for all 16 NHPs analyzed. 

A noticeable phase shift was observed in the 
( )Q t

 along the spine (Fig 4). This phase shift is 

thought to be representative of intrathecal space stiffness or compliance and can be quantified in terms 

of PWV . Based on the time of sysQ
 at the FM versus the lumbar spine, PWV was estimated to be 

vary from 0.73 to 3.45 m/s among NHPs with an average value of 1.13 m/s (Table 3). 

Re  had a decreasing trend moving caudally along the spine (Fig 6A). Re  varied from 80 in the 

cervical spine to 0 at the most caudal region, with the maximum value located at C3-C4 level. Local 
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difference in Re  among the NHPs was a maximum of ~75 and located within the cervical spine.    

ranged from 4 to 7.7, with a maximum value located near the FM (Fig 6D, right axis).  

The peak value of the diaU
 and sysU

 ranged from +1.6 to -2.7 cm/s and occurred at the C3-C4 

level (Fig 6E). U  was smaller at the FM compared to C3-C4 for all NHPs. As expected, these 

alterations in U  were inversely related to sasA
; axial locations with largest sasA

 (FM, see Table 3 and 

Fig 3) demonstrated reduced velocities compared to areas with smaller sasA
 and their respective 

increased velocities.  

 

Parameter Reliability  

There was relatively good agreement between the baseline and follow-up MRI scans across all 

parameters confirming the reproducibility of the method.  Differences between geometrics and 

hydrodynamic parameters obtained from the baseline to the follow-up MRI scan were quantified using 

regression analysis as shown in Figs 7 and 8. The results correspond to all eight NHPs and are plotted 

for the entire spine model between baseline and follow-up (from FM to the SAS termination).  
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Figure 4.7.  Scatter plots of geometric parameters. (A) Area of dura, (B) Area of spinal cord, (C) Area of 

subarachnoid space, (D) Perimeter of dura, (E) Perimeter of spinal cord, (F) Perimeter of subarachnoid space.  

Dot color represents distance from the FM (blue is near the FM and red is near the SAS termination).   



63 

 

 

Figure 4.8.  Scatter plots of hydrodynamic parameter distribution computed along the spine. (A) Reynolds 

number, Re , (B) flow rate amplitude, aQ
, (C) stroke volume, SV , (D) hydraulic diameter, hD

, (E) 

Womersley number,  , and, (F) mean peak systolic, sysU
, and diastolic, diaU

, CSF velocity.  Dot color 

represents distance from the FM (blue is near the FM and red is near the SAS termination).   

Strong correlation was observed from the linear regression analysis for dP  (
2R =0.84, slope  

=0.98), cP  (
2R =0.80, slope =0.93), and sasP  (

2R =0.85, slope =0.97). Correlation was stronger for 

the dA  (
2R =0.88, slope =0.95) and cA  (

2R =0.88, slope  =0.94), but was slightly weaker in sasA  (

2R =0.77, slope =0.90). 

The second set of regression plots (Fig 8) showed that the value of discrepancy between 

baseline and follow-up results could be higher for hydrodynamic parameters. There was a relatively 

weak correlation for   and hD
 (

2R =0.41, 
slope

=0.72). Relative to geometric results, there was 



64 

 

additional discrepancy for flow parameters related to U  (
2R =0.72, 

slope
=0.93), aQ

 (
2R =0.63, 

slope
=0.88), and SV  (

2R =0.75, 
slope

=0.90), though not to the degree as the   and hD
. 

 

Discussion 

This study presents a method and results for detailed characterization of intrathecal CSF 

geometry and hydrodynamics in cynomolgus monkeys (Macaca fascicularis). Results show that CSF 

geometry and dynamics can be reliably detected using non-invasive MRI measurements and that results 

are consistent for cynomolgus monkeys of a similar size and age.  

 

Nature of CSF Dynamics in Cynomolgus Monkeys 

Our results show that CSF moves in a smooth oscillatory manner along the entire spinal axis 

of cynomolgus NHPs.  Chaotic velocity or pressure fluctuations are not expected and transverse CSF 

velocities (non-streamwise) are likely small compared to axial velocities. CSF dynamics were found to 

be most active in the cervical spine near the C3-C4 vertebral level with a maximum Re  of 80 (Table 

3 and Fig 6). Re  was computed to represent the ratio of steady inertial forces to viscous forces and 

help indicate whether laminar flow ( Re <2300) was present at each phase contrast slice location (Fig 

6 and Table 3). A laminar CSF flow indicates that the flow is smooth with relatively little lateral 

mixing.  This is different from a turbulent flow, where chaotic changes in pressure and velocity occur 

and can lead to a large increase in lateral mixing.  Thus, CSF flow is expected to remain laminar 

throughout the CSF flow cycle as the Re  remained sub-critical ( criticalRe
=2100) for all NHPs analyzed. 

However, it is possible that disease states that result in strongly elevated CSF flow velocities (jets) 

could result in turbulence [108].     

Inertial effects are expected to dominate the SAS CSF flow field for normal physiological flow 

rates, frequencies and CSF fluid properties.   varied in the same fashion as hD
 with a minimum and 

maximum value of 4.1 and 7.7 (Table 3 and Fig 6).  , was computed to quantify the ratio of unsteady 

inertial forces to viscous forces that impact the CSF velocity profile shape [64]. For  <1 , the CSF 

velocity profiles will be parabolic in shape.  >10 will result in relatively flat or plug-like velocity 

profiles [109].  This means that the CSF velocity profiles will have a plug-like shape throughout the 

spine.  Albeit, flows in an annulus may be less inertial compared to pipe flows of the same   [64].  
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Our previous computational fluid dynamics NHP model indicated a relatively blunt CSF velocity 

profile in the cervical spine [91].  It is difficult to confirm if the in vivo velocity profiles measured in 

the current study were in fact blunt shaped (Fig 2C) as the MRI resolution was not fine enough to 

accurately capture the relatively thin boundary layer expected in a blunt flow profile.   

 

CSF Pulse Wave Velocity along the Spine ( PWV )  

With each heartbeat, a cardiac-induced CSF pulse wave was found to travel in the cranial-

caudal direction (downwards) at a rate of PWV ~ 1.13 m/s (Fig 5B).  This wave appeared to be damped 

along the spinal axis and had relatively little reflection due to the SAS termination.  This PWV  is 

similar to the study previously reported by our group [91] for one cynomolgus monkey.  CSF PWV  

studies have been conducted for humans. Williams obtained simultaneous invasive recordings of 

ventricular and lumbar CSF pressure in humans during various maneuvers such as coughing and 

valsalva [39].  From these recordings, a CSF PWV  can be estimated to range from 8-4 m/s, after 

coughing.  Kalata et al. used high-speed PC-MRI to quantify the CSF velocity wave speed in a small 

portion of the cervical spine (~20 cm) and found it to be 4.6 ± 1.7 m/s [66]. Another study by Sweetman 

et al. predicted spinal CSF PWV to be ~3 m/s [79]. Martin et al. used a numerical 1-D tube model of 

the spinal SAS to analyze the effect of dura mechanical properties on spinal CSF flow and pressures 

and they found CSF PWV  varied from 2.5 to 13.5 m/s depending on dura elasticity [80]. They also 

investigated spinal CSF wave phenomena using in vitro models and found CSF wave reflections to be 

present [3]. Similar conclusions have been reported by other groups with different approaches and 

numerical simulations [69, 71, 81, 110]. Results in this study did not show a large degree of CSF wave 

reflection within the spine (Fig 5B).  

Arterial PWV  has been found to have important implications in several vascular diseases 

[111, 112].  Spinal CSF PWV  could also have implications on perivascular transport in context of 

syringomyelia [113-115].  Further study is necessary to understand CSF PWV in the spine and its 

relevance CNS physiology in health and disease.  
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Geometric and Hydrodynamic Characterization 

To the best of our knowledge, axial variation in spinal SAS geometry in terms of cA
, 

  cP
, and 

hD
 in a cynomolgus monkey has not been reported in the literature. This may be due, in part, to the 

relatively long time period (55 minutes total) required to obtain the high-resolution MRI images (375 

μm isotopic) used to segment the CSF space in this study. Geometric parameters such as dA
, cA

, sasA

, dP
, cP

, and sasP
 were shown to vary significantly along the spine. Hydrodynamic parameters such as 

hD
, Re ,  , U , aQ

 and SV  also varied significantly along the spinal canal due to the changes in 

geometry. CSF flow measurements in the cervical spine by MRI were used to estimate flow values of 

hydrodynamic parameters. The variation in sasA
 is significant ~7 to 75 mm2 (see Fig 3B), which 

indicates fluid acceleration may be significant in the spinal cavity near the skull and base of the spine. 

hD
 ranged from ~1.5-4.5 mm in all NHPs analyzed. The axial distribution of SAS geometry in the 

cynomolgus monkey had a similar trend as that quantified in humans for cA
, 

  cP
, and hD

 [59], albeit 

approximately ~7.4, 2.3, and 2.4 times smaller, respectively, in magnitude compared to a human [64].  

Average sasV
 for all NHPs in this study was ~7.41 ml.  To our knowledge, sasV

 has not been 

measured in NHPs.  However, total NHP CSF volume is typically considered to range from 12-15 mL 

in CSF dosing studies [116].  Our results indicate that the total NHP CSF volume in these studies is 

likely to be underestimated by approximately a factor of 2.  Similarly, recent studies in humans show 

that total CSF volume is not 150 mL as reported in the traditional literature [117].  Recent researchers 

using high-resolution non-invasive MRI-based methods have reported the total CSF volume to be 

approximately two times larger, ranging from 250-400 mL [118, 119].  Geometric differences across 

people will impact results and there may be greater differences in geometry across people than in 

monkeys. Detailed MRI investigation of the complete CSF space in terms of its geometry is lacking in 

the literature.  

 

Measurement Reliability 

To help understand parameter reliability, we collected MRI images for 8 NHPs at two time 

points separated by a two-week time interval.  Results showed a relatively strong degree of parameter 

reliability for all geometric-based parameters ( dA
, cA

, sasA
, dP

, cP
, and sasP

 in Fig 7) and to a lesser 
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degree for hydrodynamics based parameters ( hD
, Re ,  , U , aQ

 and SV  in Fig 8).  The reason for 

lower degree of reliability for hydrodynamic parameters is likely because these parameters incorporate 

input from both flow and geometry, both of which will have associated error and/or natural physiologic 

variation in NHPs.  It should also be noted that we do not expect all parameters to remain identical at 

the 2-week follow-up time point as CSF flow can be altered due to posture, sedation, and other factors 

that were not specifically controlled to be identical across MRI scans in the present study.  Nevertheless, 

the degree of reliability is presented to give a benchmark for how much these parameters can change 

under normal conditions. A previous study by Martin et al. showed a high degree of inter- and intra-

operator reliability for MR-based geometric and hydrodynamic parameters derived from the SAS for a 

single patient with Chiari malformation and a healthy control subject [60].  2-week follow-up reliability 

of these parameters was not considered in that study.   

Limitations and Future Directions 

This study provides quantitative measures and reliability assessment for intrathecal CSF 

dynamics and geometry in eight NHPs. Further studies should quantify potential variance of these 

parameters in a larger study size across NHP species, age, sex, weight, and in disease states.  Geometric 

characterization did not take into account spinal cord nerve root surface area or volume, which may 

account for ~231 cm2 and ~6 ml, respectively within the SAS in humans [118]. It is expected that these 

structures will alter the SAS surface area results presented in the current study to a large degree.  Albeit, 

the surface area in contact with the spinal cord and dura is likely similar since the junction of spinal 

cord nerve roots with these structures is relatively small. Also, we do not expect these structures to alter 

spinal cord and dura surface area to a great degree or total SAS volume.   

There are also a few unknowns in relation CSF flow dynamics. First, CSF flow coupling with 

the cardiovascular cycle is accounted for in the present study.  However, CSF flow is also affected by 

respiration [120], which was not considered in this study using cardiac-gated PC-MRI measurements. 

Future studies could investigate the relatively contribution of respiration and cardiovascular pulsations 

to CSF flow dynamics along the spinal axis.  Finally, CSF flow was measured at six axial locations and 

interpolated to generate a smooth distribution along the spine.  The ideal study would minimize or 

eliminate interpolation as much as possible by adding more axial slice locations. Also, CSF dynamics 

should be quantified within the intracranial space.   However, in the present study, MRI time limitation 

for each NHP did not allow additional slice measurement locations.  The focus of the present study was 

on the intrathecal space, as this region is most nearby intrathecal therapeutic injection location that can 

be accessed by lumbar puncture or other relatively minimally invasive procedures.  Injection of 
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medications within the ventricular space of the brain or cortical subarachnoid space would also be 

impacted by nearby CSF dynamics within the ventricles and cisterns of the brain.   

 

Conclusion 

This study presents a detailed geometric and hydrodynamic characterization of intrathecal CSF 

for eight cynomolgus monkey (Macaca fascicularis) with reliability assessed between baseline and a 

two-week follow-up time point. Results showed laminar CSF flow along the entire spine with 

maximum CSF flow rate at the C3-C4 vertebral level and peak systolic CSF flow rate and stroke volume 

at C3-C4. The methods presented demonstrate a reliable method for CSF quantification in NHPs, which 

may extend in future studies to Homo sapiens. 

 



69 

 

Chapter 5: Anthropomorphic Model of Intrathecal Cerebrospinal Fluid 

Dynamics within the Spinal Subarachnoid Space: Spinal Cord Nerve Roots 

Increase Steady-Streaming 

 

Abstract 

Cerebrospinal fluid (CSF) dynamics are thought to play a vital role in central nervous system 

(CNS) physiology. The objective of the present study was to investigate the impact of spinal cord nerve 

roots (NR) on CSF dynamics.  A subject-specific computational fluid dynamics (CFD) model of the 

complete spinal subarachnoid space (SSS) with and without anatomically realistic NR and non-uniform 

moving dura wall deformation was constructed. This CFD model allowed detailed investigation of the 

impact of NR on CSF velocities that is not possible in vivo using MRI or other non-invasive imaging 

methods.  Results showed that NR altered CSF dynamics in terms of velocity field, steady-streaming 

and vortical structures.  Vortices occurred in the cervical spine around NR during CSF flow reversal.  

The magnitude of steady-streaming CSF flow increased with NR, in particular within the cervical spine.  

This increase was located axially upstream and downstream of NR due to the interface of adjacent 

vortices that formed around NR.  

 

Introduction 

Cerebrospinal Fluid Importance and Therapeutic Applications 

Dynamic motion of cerebrospinal fluid (CSF) plays an important role in central nervous system 

(CNS) physiology.  CSF is a water-like fluid that surrounds the brain and spinal cord (SC) and pulsates 

in an oscillatory manner with each cardiac and respiratory cycle [120-122].  A detailed understanding 

of CSF dynamics could improve treatment of CSF-related CNS diseases and lead to novel CSF-based 

therapeutics. The importance of CSF dynamics has been investigated in several CNS diseases that 

include Alzheimer’s disease[123, 124], syringomyelia[47, 125], Chiari malformation[5, 6], astronaut 

vision impairment due to space flight[126] and hydrocephalus[8].  CSF can also serve as a conduit for 

drug delivery to the brain, as solutes delivered to the CSF bypass the blood brain barrier thereby 

providing relatively direct access to neuronal and glial cells[40, 55].   CSF-based therapeutics are 

presently under development for brain hypothermia[9], CSF filtration[10-13] and control of intracranial 

CSF pressure oscillations[14].  
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The efficacy of many of these treatments depends, in part, on transport within the spinal 

subarachnoid space (SSS). Among the least studied factors is the effect of structures within the SSS on 

flow and transport, yet the structures appear to strongly affect transport. For example, Stockman found 

that simplified nerve roots (NR) increased longitudinal transport by five to ten times compared the same 

channel without NR [15, 16].  Tangen et al. found that simplified microstructures increased vorticity 

and rostral transport of intrathecal drugs[67] and Tangen et al. noted mixing of subarachnoid 

hemorrhage around NR[19, 127]. Accordingly, this study focuses on the effects of more highly-

resolved NR. 

 

Previous Numerical Models of SSS CSF Dynamics  

CFD has an advantage in that it is capable of achieving CSF pressure and flow field resolution 

that may be difficult in vivo with magnetic resonance imaging (MRI) or other invasive techniques.  In 

addition, parameters can be varied that may not be possible to vary in vivo.   One challenge has been 

accurately representing the complex CSF space geometry that includes feature sizes that range over 

five orders of magnitude from microns to tens of centimeters.  In addition, these features are attached 

to deforming dural and pial boundaries. Numerical studies of CSF dynamics in the spine (Table 1) can 

be roughly stratified in terms of: 
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Table 5.1.  Summary of previous spinal CSF dynamics numerical studies with key information on the numerical 

method, anatomic / physiologic feature investigated and the feature impact on CSF dynamics.  

Study 
Numerical 

method 
3D 

subject-

specific 

Full 

spine 
TM NR AT 

Anatomic / physiologic 

feature investigated 

Feature Impact on CSF dynamics 

Khani et al. 

(present study) 

Finite 

volume 
x x x x x  

NR and non-uniform CSF 

flow  

Steady-streaming flow and CSF vortices 

created during flow reversal 

Tangen et al.[67] 
Finite 
volume 

x x x x x x 
Impact of AT on CSF 
pressure and solute spread 

AT increase pressure drop but have little 

impact on drug spread to cervical spine 

Khani et al.[128] 
Finite 

volume 
x x x x   

Non-uniform CSF flow in a 

nonhuman primate  

Laminar, inertial dominated CSF flow found 

throughout nonhuman primate spine 

Hsu et al.[129, 130] 
Finite 

volume 
x x x x   

Impact of CSF pulse freq. 

and mag. on drug spread 

Increased CSF pulse frequency and magnitude 

increase drug spread 

Cheng et al.[131] 
Finite 

volume 
x x x x   

FSI between CSF and spinal 

cord 

Caused up to 2 mm of spinal cord displacement 

Tangen et al.[132] 
Finite 

volume 
x  x x x  

Infusion settings, drug 

chemistry and anatomy 

Drug dispersion is impacted by infusion, 

chemistry and anatomy 

Tangen et al.[127] 
Finite 

volume 
x  x x x  

Lumbar CSF drainage after 

subarachnoid hemorrhage 

Body position and CSF drainage rate impact 
blood removal from CSF 

Kuttler et al.[133] 
Finite 

volume 
x  x x   

Impact of slow or fast bolus 

dose 

Pulsation and breathing dominated long-term 

bolus spread (not bolus speed) 

Pizzichelli et al.[134] 
Finite 

element  
x x   x  

Catheter position & angle 

and tissue permeability 

Injection perpendicular to cord increased 

penetration to the cord tissue 

Haga et al. [135] 
Finite 

element 
x x   x  

Catheter position, angle and 

injection flow rates 

Catheter position, angle and injection flow 

rates impact solute distribution 

Pahlavian et al. [43, 

74] 

Finite 

volume 
x x   x  

Comparison of in vivo & in 

vitro MRI with CFD results 

In vitro MRI compared well with CFD results, 

in vivo compared poorly with CFD 

Pahlavian et al. [76] 
Finite 

volume 
x x   x  Presence of NR and DL 

Increased peak CSF velocities, mixing and  bi-

directional flow 

Stockman [15] 
Lattice 

Boltzmann 
x    x x NR, DL and AT 

Increased non-streamwise components of CSF 

velocity 

Pahlavian et al. [6] 
Finite 
volume 

x x  x   
Pulsatile motion of cerebellar 
tonsils 

Increased peak CSF velocities, mixing and  bi-

directional flow 

Bertram et al.[136]  
Finite 

element 
  x x   

Spinal cord and dura 

compliance 

Pressure wave propagation impacted by the 

elastic properties of tissue 

Bertram et al.[137] 
Finite 

element 
  x x   

Spinal cord tethering due to 

arachnoiditis 

Increased tensile radial stress and decreased 

pressure in the spinal cord material 

Elliott[138] 
Finite 

difference 
  x x   Posttraumatic syringomyelia 

Stress induced by syrinx fluid sloshing 

diminishes as syrinx expands 

Elliott[70] Analytic   x x   
Syrinx filling due to CSF 

wave mechanics 

Syrinx filling impacted by CSF flow 

obstruction and tissue properties 

Jain et al.[139] 
Lattice 

Boltzmann 
x x     

Highly resolved direct 

numerical simulation 

Onset of transitional CSF flow in Chiari 

patients 

Cheng et al. [140] 
Finite 

volume 
x x     Arachnoiditis permeability 

Increased bi-directional flow, peak CSF 
pressure timing shifted 

Rutkowska[141] 
Finite 

volume 
x x     

Presence of tonsillar 

herniation 

Increased peak CSF velocities, gradient and bi-

directional flow 

Yiallourou et al.[73] 
Finite 

volume 
x x     

Presence of tonsillar 

herniation 

Increased peak systolic CSF velocities, flow 

jets near foramen magnum 

Clarke et al.[142] 
Finite 

volume 
x x     

Presence of tonsillar 

herniation 

Increased magnitude of peak pressure 

Shaffer et al.[143] 
Finite 

volume 
x x     Tonsillar descent 

Increased longitudinal impedance to CSF flow 

and correlated with tonsillar descent 

Martin et al.[59] 
Finite 
volume 

x x     Tonsillar descent 
Increased peak CSF velocities, pressure 

gradient and longitudinal impedance 

Roldan et al.[144] 
Boundary 
element 

x x     Tonsillar descent  
Increased peak CSF velocities near the CVJ and 

peak pressure gradient along SSS 

Linge  et al.[145] 
Finite 

volume 
x      

Tonsillar descent & surgery 

impact 

Increase peak CSF velocities, velocity 

heterogeneity and CSF pressure gradient 

Linge et al.[146] 
Finite 

volume 
x      

Presence of tonsillar 

herniation 

Increased peak CSF velocities and pressure 

gradient near the tonsils 

Linge et al.[147] 
Finite 

volume 
x      Increase in cardiac rate 

Increased pressure gradient, increased 

magnitude of bi-directional flow 

Bilston et al.[148] 
Finite 

volume 
      

Decreased arachnoiditis 

permeability 

Increased pressure gradient along the SSS 

Loth et al. [64] 
Finite 

volume 
 x x    

Cross sectional geometry and 

spinal cord motion 

Pressure gradient waveform dependent on CSF 
flow waveform and cross-sectional area  
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Key: 3D - model constructed in three dimensions, TM - tissue motion included in model, AT - arachnoid 

trabeculae included in model, NR - nerve roots included in model.   

 

a) Numerical method applied: finite volume, finite element, finite difference, analytic and lattice 

Boltzmann methods.   

b) Anatomic domain and physiological accuracy: partial/entire SSS length, simplified 2D/3D, 

subject-specific based on MR imaging.    

c) Microstructure and tissue motion: spinal cord nerve roots (NR) and/or arachnoid trabeculae (AT), 

prescribed boundary motion, fluid-structure interaction.  

d) Focus of the investigations: impact of NR and AT on CSF mixing[76], fluid structure interaction 

of dynamically deforming spinal cord tissue[140], intrathecal drug solute[133-135] and blood[132] 

transport, and anatomic alterations within disease states such as Chiari malformation and 

syringomyelia[59]. Several studies have included anatomically idealized NR.  Only three studies 

included arachnoid trabeculae [15, 67, 149] (note: study by Gupta et al. focused on intracranial 

SAS and not included in Table 1).  

 

Objectives 

There is a need to understand the impact of realistic geometry on CSF flow patterns.  An 

anatomically accurate and validated model will allow testing and optimization of CNS therapeutics that 

could lead to more rapid application for clinical use and reduced cost for non-human primate studies. 

To address these needs, the objectives of this study were to build upon the body of CSF modeling work 

(Table 1) by: 1) MRI measurements of SSS geometry and flow distribution in a patient, and 2) CFD 

simulation of unsteady CSF flow in a SSS model with and without anatomically realistic spinal cord 

NR based on the MRI measurements.  We hypothesized that the presence of NR increases non-

uniformity of axial flow velocities and promotes steady-streaming within the SSS.    

 

Methods and Materials 

Ethics Statement 

 In this study, all the MRI data collection development was approved by the local institutional 

review board in Amiens, France and satisfied all local and international regulations for human subject 

research.  All data was de-identified before transferring to the University of Idaho for further analysis. 
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Subject Selection 

A 23-year female was chosen for this study as a representative healthy subject to define the 

CSF space geometry and flow for the numerical model.  The subject did not have any history of spinal 

deformity or CSF-related disorders.   

 

MRI CSF Flow Measurement and Quantification 

A General Electric 3T scanner was used to obtain all MRI measurements (Signa HDxt, software 

15.0_M4_0910.a, Boston MA, USA) using our previously published methodology[128].  CSF flow 

rate was measured at three vertebral levels, C2-C3, C7-T1 and T10-T11 (Figure 1a and b), using 

phase-contrast MRI with retrospective electrocardiogram gating with 32 cardiac phases [59].  Each 

slice had a thickness of 5.0 mm and an in-plane resolution of 0.54 x 0.54 mm.  The slice orientation 

was approximately perpendicular to the spine and placed vertically by intersection with a vertebral disk 

(Figure 1a). CSF flow waveforms were interpolated between the measurement locations to obtain a 

smooth distribution of CSF flow rate along the entire spine[128].  Zero flow was assumed at the spine 

termination.  Flow at the foramen magnum was assumed to have identical shape as C2-C3 but with 

40% reduction in amplitude based on our previous publications with quantification of axial distribution 

of CSF flow in humans[73, 74] and nonhuman primates[128]. 
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Figure 5.1.  Summary of numerical modeling approach based on subject specific MRI measurements.  (a) T2-

weighted MR image of the entire spine for the human analyzed (open-source 3D geometry from Sass et al.[150]). 

Axial location and slice orientation (lines) of the phase-contrast MRI scans obtained in the study. Slice axial 

distance indicated by dotted lines (b) The CSF flow rate based on in vivo PCMRI measurement at C2-C3, C7-T1, 

T10-T11. (c)  Three-dimensional CFD model of the SSS. (d) Volumetric and surface mesh visualization with 

zoom of the upper cervical spine (top). 

 

MRI CSF Space Geometry Protocol and Segmentation 

The freely downloadable open-source 3D spine geometry with spinal cord NR given previously 

by Sass et al. was used for this study[150].  In brief, high-resolution MR images were collected within 

three regions to define the complete intrathecal CSF space geometry (Figure 1a).  3D fast imaging 

employing steady state acquisition (3D FIESTA) was used to collect geometric measurements with 

improved CSF signal.  In-plane voxel spacing was 0.547 x 0.547 mm and slice thickness was 1 mm 

with slice spacing set at 0.499 mm.  Echo times (TE) were 1.944, 2.112, 2.100 and repetition times 

(TR) were 5.348, 5.762, 5.708 for the craniocervical, thoracic, and lumbosacral volumes, respectively.  

Total imaging time for the three levels was ~45 minutes.   
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The open-source program, ITK-SNAP (Version 3.4.0, University of Pennsylvania, U.S.A.) 

[106], was used to segment the MRI data.  A single operator segmented the complete spine.  The final 

model includes the 31 pairs of dorsal and ventral NRs, the spinal cord and dural wall (Figure 1c).  Axial 

position of NR was placed based on the MR imaging.  However, the structure and orientation of each 

NR was idealized based on cadaveric measurements as described by Sass et al. 2017[150].  

 

Computational Model 

The computational domain with non-uniform unstructured grid was generated within ANSYS 

ICEM CFD software (ANSYS® Academic Research, Release 17.2, University of Idaho, Moscow ID, 

USA) and consisted of approximately 13.7 million tetrahedral elements (Figure 1d). The commercial 

finite volume CFD solver ANSY FLUENT (ANSYS® Academic Research, Release 17.2, University 

of Idaho, Moscow ID, USA) was used to solve the continuity (Equation 8) and Navier-Stokes (Equation 

9) equations  

  0U 
    (8) 

2U
U U P U

t
 

 
      

    (9) 

where ρ is the density, μ is the dynamic viscosity, and U  and  describe the velocity and 

pressure fields, respectively. CSF was considered to be an incompressible Newtonian fluid with 

viscosity and density equivalent to water at body temperature[62, 149] (ρ=993.3 kg/m3 and μ=0.6913 

mPa⋅s). The laminar viscous model was used.  

A zero pressure-outlet boundary condition was defined at the foramen magnum. No-slip 

boundary conditions were imposed at the dural and pial walls. The pial boundary was stationary. Dural 

boundary motion was modeled based on the in vivo MRI flow measurements. The non-uniform 

deformation of the computational mesh was implemented at each time step, as described by Khani et 

al. 2017, by a User Defined Function[128].  In summary, this method split the dura into 1 mm segments 

(606 Segments total) and dural spatial-temporal displacement was modeled to reproduce the 

interpolated CSF flow rates at each axial level.  This resulted in a non-uniform circumferential 

displacement in the radial direction. In brief, the method involved 1) interpolation of MRI CSF flow 

measurements onto 1 mm slice intervals of size, h , along the spine 2) determination of the centroid 

of each slice, 3) dividing the slice into N pie-shaped radial sections depending on the number of nodes 

p
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present at the dura wall, 4) movement of each node on the dura surface by a value, r , for each radial 

section based on its radial distance, noder
, from the centroid of the slice: 

2

node node

Q t
r r r

h

 
   

  

where 
Q

 is the difference in CSF flow rate across each slice section and t  is the time-step (see 

Khani et al. 2017[128]). 

Second-order momentum and pressure gradient solvers were used with default values for under 

relaxation factors. The convergence criteria for velocity, continuity and momentum were set to 1E-06. 

Total simulation time was 30 hours for two cycles (results are presented for the 2nd cycle only) in 

parallel mode with 141 GB RAM and 30 processors at a clock speed of 2.3 GHz.  

 

Numerical Sensitivity Studies 

CFD results were verified by numerical sensitivity studies for time-step size, cycle and mesh 

resolution (Table 2) with respect to velocity and cyclic mean velocity (Figure 2) using an improved 

methodology from that of Khani et al.[128].  For these studies, we quantified sensitivity of z-velocity 

and cyclic mean z-velocity (steady-streaming) at three locations within the model for a “coarse”, 

“medium”, “fine” and “X-fine” mesh with wall prism layers (Figure 2a and b). Based on these results, 

a single “fine” mesh was carried forward for completion of subsequent cycle and time-step sensitivity 

studies.  Time-step sensitivity was then checked with time-step resolution given by fractions of the 

cardiac cycle, T = 0.84 s, for T/168, T/84, T/42.  Cycle sensitivity was checked over three complete 

cardiac cycles.   
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Figure 5.2.  Numerical sensitivity study for  velocity and cyclic mean velocity results.  (a) 3D geometry of the 

sensitivity study and axial plane positions, (b) line location along each plane, (c) simulated peak systolic z-velocity 

component along each line for the four grids (coarse, medium, fine and X-fine), and (d) simulated cross-sectional 

mean velocity, Uz-mean, along each line for the four grids.  

 

CFD Model Comparison with In Vivo MRI CSF Flow Measurements 

Dural wall motion was set to reproduce the local CSF flow rate waveform measured by MRI 

along the spine. The simulated flow rates were compared to the MRI flow rates at three axial locations 

(Figure 1b). Percent error was defined as the maximum difference between the unsteady flow rate 

produced by the CFD model, 
( )CFDQ t

,  and the corresponding flow rate measured by MRI, 
( )MRIQ t

,  

divided by the mean of the absolute value of CSF flow rate over the cardiac cycle,  

 CFD MRI

MRI

max Q (t)-Q (t)
%error =

mean Q
. 
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Quantitative Solution Verification Using Factor of Safety Method 

To further verify the numerical results, the following factor of safety method was applied as 

developed by Xing and Stern [151, 152].  The accuracy of this method has been evaluated for 

uncertainty estimates [153].  The use of the L2 norm and factor of safety method has an advantage over 

methods based on local error estimates, as applied above and in a number of previous CSF simulations 

[6, 76, 154, 155], as the former accounts for the errors across the whole solution domain and 

convergence of errors on three not two grids. As such, we present the methodology to assist researchers 

in verification of numerical results.  

 Let S1, S2, S3 represent the X-fine, fine and medium grid solutions for velocity, respectively. 

The relative difference between the fine grid solution and correlation value, A, is calculated as, 

  (10) 

The solution verification study requires the use of the following equations, 

  (11) 

  (12) 

  (13) 

  (14) 

The grid refinement ratio Gr  is 2.  This value was specified in ANSYS by dividing the 

maximum mesh size by two for each simulation (See Table 2, mesh size values).  Evaluation of the 

convergence ratio GR
, order of accuracy pG for point variables on the velocity profiles can be 

problematic when the solution changes 21
  and 32

  both go to zero so that their ratio is ill-defined.  

This was overcome by using the following Separate L2 norms of  21
 and 32

  for GR
 and GP

 [156],  

i.e.,  

                                               (15) 

1
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                                 (16) 

Where < > is used to denote a profile-averaged quantity (with ratio of solution changes based 

on L2 norms) and 2  is used to denote the L2 norm defined below, 

                                              (17) 

                                              (18) 

In Equations (17) and (18), n is the number of points on the velocity profiles, which is the same 

for the three meshes.  Monotonic convergence is achieved when 0 < < 1.  The ratio of the estimated 

order of accuracy to the theoretical order of accuracy is defined as, 

               (19) 

where, thP
 is the nominal order of accuracy of the numerical schemes applied, which is set to 

be 2. 

The estimated numerical error, RE
, and grid uncertainty, GU

, are defined as, 

                 (20) 

  (21) 

Using RE
 , the exact solution can be estimated as 1exact RES S  

. Grid uncertainty GU
  is 

an estimate of an error such that the interval UG contains the true value of numerical error RE
 at least 
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95 times out of 100, i.e., at the 95% confidence level.  An uncertainty interval thus indicates the range 

of likely magnitudes of RE.  A lower UG value indicates a more accurate solution. 

Table 5.2.  Numerical sensitivity studies — values show the maximum relative error for velocity in the z-

direction for the three axial planes analyzed (Figure 2). 

Sensitivity study Parameter to study Constant parameters Maximum error (%) 

Grid size 

MS= 2 mm, GS= 0.06 M 

PS= 0.1 mm, PN= 3 
TS=CT/84 68 

MS= 1 mm, GS= 0.6 M 

PS= 0.1 mm PN= 3 
CN=2 15.7 

MS= 0.5 mm, GS= 3.7 M 

PS= 0.05 mm PN= 4 
 4.4 

MS= 0.25 mm, GS= 29.5 M 

PS= 0.025 mm, PN=6 
  

Time Step Size 

CT/42 GS=3.7 M 51 

CT/84 CN=2 18 

CT/168  2.7 

CT/336   

Cycle number 

1 GS=3.7 M 16.1 

2 TS=CT/84 3.7 

3  3.06 

4   

GS = Grid Size, PS = Prism Size, PN = Prism Number, MS = Mesh Size,  

CN = Cycle Number, M = Million cells, CT = Cycle Time in seconds, TS = Time Step size 

 

Factor of Safety Method Results 

The factor of safety method gives additional confidence in the velocity results (Table 3).  For 

the mean velocity profiles, grid uncertainties decreased with grid refinement for all three profiles 

(Figure 2c and d), although the magnitudes for Group 1 (X-fine, fine, medium) were the same order-

of-magnitude as for Group 2 (fine, medium, coarse).  A similar trend was observed for z-velocity, but 

the difference between grid uncertainties for Groups 1 and 2 were much greater. Grid uncertainties for 

Group 1 were one order-of-magnitude smaller than that for Group 2, which suggests that the z-velocity 

is much more sensitive to grid refinement than the mean velocity profile. 
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Table 5.3.  Verification of results by factor of safety method — values show the global error for velocity in 

the z-direction for the three axial planes analyzed (Figure 2). 

Parameter  Study group  Grid uncertainty (%S1) 

Mean velocity, 

Uz-mean 

Group 1  

(X-fine, Fine, Medium) 
 

0.72 

1.06 

0.34 

Group 2  

(Fine, Medium, Coarse) 
 

1.09 

1.02 

0.59 

Z-Velocity 

Group 1  

(X-fine, Fine, Medium) 
 

1.13 

2.69 

0.728 

Group 2  

(Fine, Medium, Coarse) 
 

10.64 

36.94 

1.5 

 

Geometric and Hydrodynamic Quantification 

Based on the 3D reconstruction and meshing, the following geometric and hydrodynamic 

parameters were calculated along the spine at 1 mm intervals using our previously described 

methods[128].  Reynolds number based on hydraulic diameter was calculated as 



max H

cs

Q D
Re

A
, where 

maxQ
 is the absolute value of the peak flow rate from the flow rate waveform at each cross section,

 is hydraulic diameter,  is the cross-sectional area and  is kinematic viscosity. Reynolds 

number for external flow around NR was quantified as: 
 NR

NR

U D
Re

 where NR cylinder diameter, 

NRD
, was given by the axial distribution of NR diameters along the spine provided by Sass et al. 

2017[150] (ranging from 0.5 to 1.5 mm) and free-stream velocity, 
U

, was approximated based on the 

maximum value of the peak CSF velocity quantified for each axial slice. Stokes-Reynolds number 

(Reynolds number based on the Stokes layer thickness ) was calculated as 






max

cs

Q
Re =

A
. 

To assess possibility of instabilities in an oscillatory flow around cylinders, Keulegan-Carpenter 

number was computed as: 



NR

U  T
K = 

D
 and the value of beta is given by, 




2
NR NRRe D

= =
K T . Flow 

HD csA 







2
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instabilities occur for values of K>2 under a given 


 as shown experimentally by Honji (1981)[157] 

and theoretically by Hall (1984)[158].  Womersley number was quantified as 
   /

2
HD

   where 

2 / T   is angular velocity.  The following indicators of the possible presence of turbulent flow 

were quantified, 1) Maximum Reynolds number Re  > 2300 at each location along the spine, and 2) 

Stokes-Reynolds number Re > 550 for conditional turbulence in oscillatory flow or for a given 

Womersley number and Re  < 550 for weak turbulence[159].  Mean cross sectional CSF velocity at 

peak systolic and diastolic flow, peakU
, was computed at 1 mm slice intervals along the spine where 


peak

peak

cs

Q
U

A
, with  defined as the maximum flow rate at peak systole and diastole at each slice.  

 

Quantification of steady-streaming CSF flow 

Oscillatory flow (zero mean flow) can result in steady-streaming due to nonlinear cumulative 

effects of convective acceleration[160].  To help quantify steady-streaming of CSF, the cyclic mean 

velocity in the z-direction, z-meanU
, was computed for each node in the computational mesh. A positive 

value for z-meanU
 indicates steady-streaming in the rostral direction.  z-meanU

 was visualized at multiple 

axial slices and for a mid-sagittal slice.   

The axial distribution of steady-streaming, ssU (z)
, was estimated by computing the cross-sectional 

average of z-meanU
 magnitude:  





z-mean
cell

ss

cell

U (z) V(z)

U (z) =
V(z)

    (22) 

Where V  is cell volume and the summations were conducted over every cell in the cross 

section. ssU (z)
 was calculated for z-slices at 1 mm intervals along the spine. To understand the affect 

of NR on steady-streaming, ssU (z)
 and z-meanU

 were compared for cases with and without NR.  To 

further quantify the magnitude of steady-streaming flow, a non-dimensional fraction of the specified 

flow rate amplitude was defined as: 

peakQ
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( )

 ( )

2

cs
ss z

peak

ss Az

Q

U
Q 

     (23) 

where ssQ
 was divided by two to obtain a unidirectional steady-streaming flow rate because 

the positive flow is always equal the negative flow for a closed SSS. 

 

Results 

Numerical Sensitivity Studies 

Numerical sensitivity study was confirmed based on an assumed error threshold of <5% under 

increasing degrees of resolution.  Maximum z-velocity error for the fine versus X-fine grid was 4.4% 

and medium versus fine grid was 15.7% (Table 2 and Figure 2).  z-meanU  error was similar (<5% 

between the fine versus X-fine grid).  Thus, subsequent sensitivity studies were carried out with the 

fine grid.  A time-step size of 0.01 seconds (T/84) produced a maximum error of 2.7% for z-velocity 

and was selected for future studies.  Similarly, cycle sensitivity results for unsteady z-velocity showed 

that z-velocity variation after the first cycle was negligible (~3.6%). Thus, results for the final CFD 

study were analyzed based on the second cycle with a fine grid and time-step size of 0.01 seconds 

(T/84).  

  

Reproduction of MRI-derived In Vivo CSF Flow Measurements 

 Results showed a maximum flow rate error of 2.3% (Figure 3).  This degree of error is similar 

to previous CSF flow studies [161]. The flow rate waveforms applied to the model had a similar 

amplitude to previous in vivo MRI studies [64, 162-164].  For those studies, mean velocity at peak 

systole near C2 vertebral level was ~2.5 cm/s.  In the present model, the mean velocity at C2 was ~2.4 

cm/s with NR and stroke volume at that location was 0.77 cm3.   
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Figure 5.3.  Comparison of numerical model axial flow rate distribution with subject specific PCMRI 

measurements.  (a) CSF flow waveforms measured by PCMRI at three axial locations along the spine. Dots 

indicate experimental data and lines denote CFD results. Note: negative, or peak systolic, CSF flow is in the 

caudal direction. (b) Spatial-temporal distribution of the average dura radial displacement along the spine. 

 

Hydrodynamic Parameters 

Hydrodynamic results are reported in detail for the 3D model with NR only. CSF volume within 

the SSS from the FM to spinal sac was 97.3 ml at the beginning of cardiac systole (t=0). Spinal cord 

and NR volumes were constant at 19.9 and 5.8 ml, respectively. Peak CSF velocity showed maximum 

values in the cervical spine of 3.9 and 2.9 cm/s for the cases with and without NR, respectively (Figure 

4a).  Cross-sectional area was reduced with NR by up to 13.8% (Figure 4b).  Maximum of the cross-

sectional mean velocities, peakU
,  from MRI data (interpolated flow) were present at the cervical spine 

near the C4-C5 level (Figure 3a). Minimum peakU
occurred in the lower thoracic spine about 40 cm 

below the FM (~T11-T12). Hydraulic diameter, omitting the filum terminale, had a minimum value of 

3.4 mm occurring at a distance of 95 mm caudal to the FM within the cervical spine (Figure 4c – y-

axis left). Hydraulic diameter was larger at both the FM and within the thoracic spine than elsewhere. 

Womersley number ranged from 22.96 to 1.64 (Figure 4c – y-axis right). Local maxima for Womersley 

number were present within the FM level (α = 23.0) and at the thoracic spine (α = 16.1). Womersley 
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number had local minima within the cervical spine and just rostral to the intrathecal sac. Maximum Re  

with NR was 184 (Figure 4d) and located in the cervical spine where the SSS had a relatively small 

hydraulic diameter and peak flow rate was maximum. Maximum
ReNR , Re

 and Keulegan–Carpenter 

number was 78.2, 14.2 and 30.8 (
3.8 

), respectively (Figure 4e and f).  

 

Figure 5.4.  Hydrodynamic parameter distribution computed along the spine in terms of: (a) peak CSF velocity, 

(b) cross-sectional area (c) hydraulic diameter and Womersley number, α, (d) Reynolds number, for internal flow 

within a tube, Re , (e) Stokes-Reynolds number based on Stokes-layer thickness, Re , (f) Reynolds number for 

external flow over a NR, NRRe .    

 

CSF flow, Velocities and Flow Features 

Comparison of flow rates at the three MRI slice locations (Figure 3a) showed that CFD results 

were nearly identical to MRI measurements (error < 2.3%), verifying the dural motion inputs. Peak 

flow rates at C2-C3, C7-C8 and T10-T11 were 3.44, 1.95 and 0.53 ml/s, respectively. Stroke volumes 

at these locations were 0.77, 0.69 and 0.25 ml, respectively.  Spatial-temporal distribution of dura radial 
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displacement over the cardiac cycle showed that maximum dural displacement was 122.52 μm and 

located at 595 mm below the FM (Figure 3b). Average dural displacement along the entire spine was 

16.41 μm.  Note, interpolated values of dural displacement should not be used for model validation 

purposes.  The empirical data is only derived from MRI measurements at the three axial levels 

investigated. 

Velocity profiles at T = 90 ms (peak systole, Figure 5) in the coronal, sagittal and axial planes 

exhibited peaks in the cervical spine. Note: peak systolic timing was obtained for CSF flow at C2-C3.  

Depending on the timing, the velocity profile changes due to non-uniform deformation of the dura.  The 

axial distribution of peak CSF velocities over the entire cardiac cycle is shown in Figure 4a. As 

expected, spinal cord NR decreased nearby velocities and resulted in “jets” between dorsal and ventral 

NR pairs in the cervical spine (Figure 5c, C5-C6 level).  Note, to better visualize results along the 

entire spine, Figure 5 and similar figures are contracted at ½ scale in the z-direction (maximum spine 

curvature with respect to the z-axis is <15 degrees).  At peak flow (Figure 6a), the CSF velocity profile 

on the posterior side of the spinal cord and between NR showed a characteristic “m-shaped” profile 

(Figure 6b).   

Recirculation and vortices occurred upstream, downstream, within and around dorsal and 

ventral NR bundles within the cervical spine depending on the location and phase of the cycle (Figure 

6c). Vortices were not present in the thoracic and lumbar spine where the NRs are oriented in a 

streamwise direction. These vortices formed at time points corresponding to flow reversal (Figure 6a 

at T1, T3 and T4). Vortices did not form at peak flow rate (T2) when flow streamlines were more 

uniformly axial.  
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Figure 5.5.  Thru-plane CSF velocity profiles simulated by CFD at T=90 ms for three different views: (a) coronal, 

(b) sagittal and (c) axial at six slice locations. Note: peak systolic timing was obtained for CSF flow at C2-C3.  

The axial distribution of peak CSF velocities over the entire cardiac cycle is shown in Figure 4a. Also, to help 

visualize the entire spine, z-scaling of the geometry is set at 0.5 with respect to x and y-dimensions.  Thus, spine 

curvature appears greater than without scaling.   
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Figure 5.6.  Vortices form around spinal cord NR in the cervical spine at time-points corresponding to CSF flow 

reversal. (a) CSF flow rate at C2-C3 section, (b) velocity contour for C2-C3 section and (c) streamlines showing 

vortices that form around NR pairs (FM-C1, C1-C2, C2-C3 and C3-C4) at four different time steps.  The interfaces 

of these vortices are located upstream and downstream of NR pairs.   Note: velocity scales are different for each 

time point. 

 

Steady-streaming CSF Velocity Quantification 

The presence of spinal cord NR was found to have a large impact on z meanU
 and 

( )ssU z
.  

Overall, NR resulted in greater steady-streaming velocity magnitude and more complex steady-
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streaming velocity profiles (compare Figure 7 and 8). The coronal z meanU
 velocity profile (Figure 

7a) indicated rostral streaming near NR.  With NR present, the sagittal z meanU
 velocity profile (Figure 

7b) exhibits a large region of caudally directed steady-streaming in the posterior SSS in the middle 

thoracic spine and anterior SSS in the cervical spine. In addition, streaming “pockets” were visualized 

on axial slices (Figure 7c) and were located laterally between dorsal and ventral NR at the interface of 

adjacent vortices (Figure 6c).  These features changed considerably without NR present (Figure 8a).  

For example, CSF streaming pockets were still present (Figure 8b), albeit, located anterolaterally to 

the spinal cord and with a lesser steady-streaming velocity magnitude (Figure 8c).  Similar to with NR, 

rostral-directed streaming was present in the dorsal thoracic SSS and somewhat in the ventral cervical 

SSS (Figure 8b).    Relatively little steady-streaming was present in the lumbar spine. 
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Figure 5.7.  Presence of spinal cord NR result in a complex distribution of cyclic mean CSF velocities within the 

SSS.  Cyclic mean CSF velocity profiles, Uz-mean, simulated by CFD for three different views: (a) coronal, (b) 

sagittal, (c) axial at six slice locations. Note: Cyclic mean CSF velocity is calculated based on one complete CSF 

flow cycle.  
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Figure 5.8.  Cyclic mean CSF velocities decrease and change profiles without NR present in the numerical model.  

CSF cyclic mean velocity profiles, Uz-mean, for the case without spinal cord nerve roots at three different views: 

(a) coronal, (b) sagittal, (c) axial at six slice locations.  Compare profiles to Figure 7 to see impact of NR. 
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The presence of NR increased steady-streaming CSF velocity magnitude, 
( )ssU z

, to a great 

degree within the cervical spine and to a lesser degree in the thoracic and lumbar spine (Figure 9). 

Average value for ssU
 was 0.11 ± 0.12 and 0.05 ± 0.04 mm/s (mean ± stdev) for the model with versus 

without NR (120% greater with NR).  The region of greatest difference in ssU
values was the cervical 

spine that had up to 5X larger value of ssU
with NR compared to without.  On closer inspection, it was 

noted that the local regions of elevated ssU
 were located between spinal cord NR in the region located 

from C1 to T2 (see vertical dotted lines in Figure 9).  These localized increases were not present 

elsewhere along the spine. ssQ
(Figure 9 – right axis) showed a nearly identical trend as ssU

. The 

average value for ssQ
 was 0.023 ± 0.026 and 0.012 ± 0.009 (mean ± stdev) for cases with and without 

NR. 

 

Figure 5.9.  Steady-streaming velocity magnitude, Uss, and non-dimensional fraction of flow rate amplitude, Qss, 

increases with NR compared to without NR.  Dotted lines indicate that maximum Uss occurs upstream / 

downstream of NRs in the cervical spine at the interface of adjacent vortices (see vortices in Figure 6c) 
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Discussion 

The presence of spinal cord NR has an important impact on CSF flow dynamics in terms of 

velocities and steady-streaming effects. 

 

Moving Boundary Mesh to Reproduce Subject Specific CSF Flow Distribution 

Spatial-temporal interpolation of MRI-measured flow rates resulted in simulated velocities that 

were in opposing directions along the spine at some time points (Figure 5a and b plotted at T=90 ms).  

Maximum deformation of the dura was 122.52 μm and located in the cervical spine (Figure 3b).  This 

value is lower than the threshold that is possible to detect by current 3T anatomic MR imaging 

resolution.  Therefore, because dural motion was specified and verified based on CSF flow waveforms, 

uncertainty remains about the validity of the exact velocity profile results. 

 

Spinal cord NR Impact CSF Hydrodynamics 

The presence of NR decreased HD
, Re  and   (Figure 4). NR increased cross-sectional mean 

velocity and area by up to 13.8%, as dictated by the reduction in cross-sectional flow area. Peak CSF 

velocities increased by up to 70%, indicating that the velocity increase was greater than what can be 

attributed to reduction in cross-sectional area with NR (Figure 4b).  Axial distribution of these 

parameters had larger variation in the cervical spine due to the transverse orientation of NR that resulted 

in local reduction in SSS cross-sectional area (Figure 1c and Figure 4b).   In the thoracic and lumbar 

spine, NR were oriented parallel to the flow direction and, therefore, had a smaller impact on axial 

variation in Re .   Assessment of Re  likely indicated laminar flow (<184 for model with NR). Re  

increased without NR present due to a larger hydraulic diameter in that case, in particular in the dural 

sac of the lumbar spine (Figure 4c).  

The measured values for hydrodynamic parameters in this study are within the range of 

previously published studies [64, 165] (Table 1). In specific, maximum Re  was reported to be 187 by 

Pahlavian et al. [76], 150-450 by Loth et al. [64] and 140 by Martin et al. [59] in CFD models of the 

cervical spine.  These values support that CSF flow is likely laminar. These and the value measured for 

our subject, Re < 250, suggest that the flow, were it steady, would be laminar. Although it should be 

noted that SSS geometry is complicated with multiple levels of anatomic complexity that include tiny 

anatomic structures such as arachnoid trabeculae and denticulate ligaments. Anatomic complexity can 

lead to flow instabilities at Re  > 600 in a stenosis [166], at Re in the range of 200 – 350  in aneurysms 



94 

 

[167, 168], in the heart [169] and within CSF in the SSS [139, 170]. Sources of flow instability related 

to nerve roots are discussed in the next section (Vortices Form Around Cervical Spinal Cord NR During 

CSF Flow Reversal). In addition, the unsteadiness of the flow presents a different set of turbulent 

transition criteria. The Stokes-Reynolds number, Re
, was less than 14.2, which is below the threshold 

of 550 for conditional turbulence in oscillatory flow [159]. On the other hand, the Womersley number 

was greater than 5, which places the flow in the weakly turbulent flow regime. Weak turbulence is 

characterized by instabilities that appear during flow acceleration and disappear during 

deceleration[159]. Generally, for pulsatile flow, the instabilities appear on deceleration and disappear 

during acceleration. This is due to the unfavorable pressure gradient in deceleration and a favorable 

pressure gradient in acceleration.  

Velocity profiles showed similar presence of localized flow jets (Figure 5) similar to 

previously published studies [5, 73, 165].  However, the NR in the present study were modeled as 

anatomically realistic individual rootlet fibers.  Previous studies [67, 76] idealized NR as airfoil- or rod-

shaped structures.  

 

Vortices Form around Cervical Spinal Cord NR during CSF Flow Reversal 

  The finding of transient vortices in the vicinity of NR during deceleration (Figure 6c) may be 

consistent with the appearance of instabilities in oscillatory flow around cylinders. Such instabilities 

have been documented in a number of experiments for large  and small K, and the critical Keulegan–

Carpenter number for these limits has been calculated as:
   1/4 1/45.778 (1 0.205 )crK

given by 

Hall[158].  Thus for the current results, for which 
3.8 

, Kcr has a value of 1.18.  The value for the 

current results,  = 30.8K , is well above this threshold. However, the results do not conform to the 

large 𝛽 and small K limits. Therefore, the occurrence of Honji-type instabilities[157] in the SSS is 

uncertain.  If such instabilities exist, the flow rate waveform applied in our study had multiple points 

of flow reversal and, therefore, multiple periods during which vortex formation could affect mixing.  

Honji rolls have also been shown to induce transverse streaming[171], which would tend to increase 

longitudinal dispersion. We hypothesize that this and other factors causing flow reversal and vortical 

structures, e.g., medical device interventions or abdominal maneuvers, etc., could be leveraged to 

increase flow mixing to a therapeutic degree, in particular within the cervical spine.  Further, the 

presence of adjacent vortices may be leveraged to increase axial solute transport within the SSS due to 

“blinking” vortex formation [172, 173]. 
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The observed vortical structures around NR in our model (Figure 6) are in a different location 

than the vortices reported by Pahlavian et al.[76]and Tangen et al.[132] who found vortices located 

between axial NR (e.g. between C1 and C2 NR).  The difference in vortex location is likely due to the 

more idealized NR geometry applied by Pahlavian et al. that modeled NR as airfoil-shaped structures 

with a greater thickness that the current study. Also, Tangen et al. had all NR in the model oriented 

relatively orthogonal to the primary flow direction (see Figure 4, Tangen et al.).  This resulted in vortex 

formation throughout the spine.  In our model, vortices were only observed in the cervical spine where 

NR were oriented relatively orthogonal to the primary flow direction (Figure 6c) and did not appear in 

the lumbar or thoracic spine (Figure 1c).  It should be noted, our current model lacked denticulate 

ligaments located between NR pairs.  These ligaments may impact flow to some degree and therefore 

could alter where vortices are located in the present model.  

 

NR Increase Steady-streaming CSF Dynamics 

NR increased steady-streaming velocity magnitude, 
( )ssU z

, to a great degree within the 

cervical spine and to a lesser degree in the thoracic and lumbar spine (Figure 9). Local elevation of 

 was located within the spaces above or below NR (see spikes in the blue curve for the case with 

NR, Figure 9).  These values coincided with more complex mean z-velocity profiles and increased the 

value of   for the case with NR (Figure 7) compared to without NR (Figure 8).  We hypothesize 

that these regions are due to adjacent “blinking” vortices [173, 174] that touch in the space above or 

below NR.   It may be possible to leverage the location of this increased steady-streaming transport to 

assist solute spread in the SSS (e.g. inject medication at this location).   

To put numbers in context, the maximum value of ssU
 was only 0.15 mm/s without NR and 

0.71 mm/s with NR (Figure 9) compared to mean velocities (at peak systole) up to ~25 mm/s.  Thus, 

for the presented model boundary conditions, ssU
was more than 35X smaller than transient velocities. 

In addition to steady-streaming, Tangen et al. [67, 132] found CSF pulsation magnitude to play an 

important role on SSS transport.   CSF pulsation magnitude in combination with flow reversals might 

be optimized to increase SSS mixing.  

Uz-mean  profiles (Figure 7 and 8) show that NR impact the distribution of cyclic mean CSF velocities 

around the spinal cord (axial orientation), but the overall streaming structures in the sagittal orientation 

are similar both with and without NR.  For example, the caudal directed flow in the posterior thoracic 

ssU

	
U

z-mean
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spine with NR (Figure 7b – negative values) was still present in the model without NR (Figure 8b).  

Also, in the coronal orientation (Figure 7a and 8a), rostral-streaming flow was located laterally with 

and without NR present.  Thus, since the overall posterior versus anterior steady-streaming flow profiles 

were relatively unaffected by presence of NR, it is possible that posterior versus anterior steady-

streaming profiles may be due to eccentricity of the flow cross-section and spine curvature.  However, 

NR did affect steady-streaming velocity profiles lateral to the spinal cord (Figure 7c versus 8c).  We 

hypothesize that changing eccentricity and spinal curvature (kyphosis / lordosis) could be applied 

strategically to direct steady-streaming solute transport.  Steady-streaming of CSF flow has been 

previously reported by Kuttler et al.[133] in an eccentric SSS.  However, quantitative results were not 

provided in that study and therefore are not comparable to the present work. Kuttler applied the steady-

streaming velocity field as a “frozen flow field” and used it with the molecular diffusion equation to 

solve for drug transport along the SSS.  This approach should be tested against in vitro experiments for 

validation.    

 

Limitations 

This study included one healthy adult volunteer as a platform to analyze the impact of NR on 

the CSF flow field.  As such, the results are subject-specific.  We expect that the exact values could 

change considerably with alterations in flow waveform shape and amplitude as well as overall SSS 

geometry for different subjects. Shifting of the brain and/or spinal cord position due to posture changes 

was not analyzed. This study did not take into account the impact of other fine structures within the 

SSS, such as arachnoid trabeculae, blood vessels and denticulate ligaments.   

We sought to verify the model with in vivo subject specific measurements of CSF flow rate at 

three axial locations along the spine.  Results showed <2.3% error.  A more accurate model would 

measure flow rate at additional axial levels.  Our approach was to deform the dura to match MRI-

derived CSF flow.  In reality, it is possible that the dura does not deform at all, but rather, veins within 

the CSF are compressed.  With current MR imaging techniques it is difficult to verify what is the exact 

location of deformation.  The MRI measurements conducted in this study did not allow direct validation 

of steady-streaming velocity results as these were <1 mm/s.  This value is below MRI velocity detection 

limits that typically are set at 5 cm/s for phase-contrast MR imaging studies.   

A source of error in the comparison of Uss between cases with and without NR is that cross 

sectional area was reduced with NR, which increased the cross sectional mean velocities (given that 

CSF flow rate was imposed identically across the two simulations).  Maximum percent area of the SSS 
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occupied by the NR was 13.8% (average percent NR area over the entire SSS was 5.5%).  Therefore 

comparison of Qss, which is normalized by the imposed flow rate, is more valid.  Qss increased a 

maximum of 434% with NR compared to without NR (average increase in Qss was 91%).  This supports 

that the relatively small change in SSS cross-sectional area due to NR does not on its own account for 

the relatively large increase in Qss with NR. 

The z-slice orientation through the model was orthogonal to the z-axis.  Thus, since the spine 

has curvature, the values for Uss are not computed exactly in the streamwise direction.  We estimated 

that the maximum angle of the spine with respect to the z-axis is <15 degrees (omitting lumbar spine 

where nearly zero flow velocities were present). This would result in a maximum Uss error of 3.4%.  

Note: To help visualize the entire SSS, Figure 5, 7 and 8 are scaled at 0.5X in the z-axis, making the 

spine curvature appear more curved than actual.   

 

Conclusion 

A subject-specific model of the complete SSS with anatomically realistic NR and accurate 

reproduction of non-uniform flow rate was used to investigate the impact of NR on CSF dynamics. NR 

were found to alter CSF dynamics in terms of velocity field, steady-streaming and vortical structures.  

Vortices occurred in the cervical spine upstream and downstream of NR during CSF flow reversal.  

Steady-streaming increased with NR, in particular within the cervical spine.  These findings suggests 

that future studies  should investigate how solute transport within the SSS could be increased and/or 

controlled by: a) delivery of solutes either upstream or downstream of NR, b) control of CSF pulse 

magnitude and/or number of flow reversals per cardiac cycle, c) changing eccentricity or spinal 

curvature (kyphosis / lordosis).    
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Chapter 6: Impact of Neurapheresis system on intrathecal cerebrospinal 

fluid dynamics: a computational fluid dynamics study 

 

Abstract 

It has been hypothesized that early and rapid filtration of blood from cerebrospinal fluid (CSF) 

in post-subarachnoid hemorrhage patients may reduce hospital stay and related adverse events. In this 

study, we formulated a subject-specific computational fluid dynamics (CFD) model to parametrically 

investigate the impact of a novel dual-lumen catheter-based CSF filtration system, the 

NeurapheresisTM system (Minnetronix Neuro, Inc., St. Paul, MN), on intrathecal CSF dynamics.  The 

operating principle of this system is to remove CSF from one location along the spine (aspiration port), 

externally filter the CSF routing the retentate to a waste bag, and return permeate (uncontaminated 

CSF) to another location along the spine (return port).  The CFD model allowed parametric simulation 

of how the Neurapheresis system impacts intrathecal CSF velocities and steady-steady streaming under 

various Neurapheresis flow settings ranging from 0.5 to 2.0 ml/min and with a constant retentate 

removal rate of 0.2 ml/min. simulation of the Neurapheresis system were compared to a lumbar drain 

simulation with a typical CSF removal rate setting of 0.2 ml/min. Results showed that the Neurapheresis 

system at a maximum flow of 2.0 ml/min increased average steady-streaming CSF velocity 2X in 

comparison to lumbar drain (0.190 ± 0.133 versus 0.093 ± 0.107 mm/s, respectively).  This affect was 

localized to the region within the Neurapheresis flow-loop. The mean velocities introduced by the flow-

loop were relatively small in comparison to normal cardiac-induced CSF velocities.   

 

Introduction 

Subarachnoid hemorrhage (SAH) is a severe and often-fatal incident [175], in which blood is 

released into the cerebrospinal fluid (CSF) due to intracranial insult, ruptured intracranial aneurysm, 

and/or other head trauma.  Permanent disability, stroke, hydrocephalus, and even death can occur if the 

blood flow is not re-established.  Standard of care for SAH patients typically involves: a) securement 

of the aneurysm, b) pharmacologic therapies targeted at neural protection (such as calcium-channel 

blockers, e.g. nimodipine), c) attempt to control the relationship between cerebral perfusion (via 

hypertension, hypervolemia, and hemodilution therapy, collectively termed “triple-H” [176]), and d) 

relief of high intracranial pressure (ICP) via pharmacologic and interventional approaches. After 

securement of a ruptured aneurysm, the body is susceptible to inflammation related complications as it 
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breaks down and reabsorbs any remaining blood from the subarachnoid space. As such, patients are 

closely observed in the hospital for 10-14 days to monitor for high ICP, cerebral vasospasm, edema and 

hydrocephalus.  

It has been hypothesized that early and rapid filtration of blood and blood breakdown 

byproducts (e.g. hemoglobin and other inflammatory mediators) post-SAH may reduce the incidence 

of stroke, cerebral vasospasm [177], hydrocephalus / permanent shunting, and/or shorten hospital 

course[178-181]. Table 1 summarizes clinical studies involving removal of blood from the CSF in 

terms of clearance modalities, population, and observed outcomes. Reduction in the incidence of these 

complications would, in principle, reduce length of stay, decrease utilization of hospital resources, 

improve clinical functional outcomes, and have an overall reduction of healthcare economic burden. 

This hypothesis has been studied utilizing various blood removal techniques such as intracranial 

cisternal drainage [182, 183], cisternal lavages [184, 185], external-ventricular drains, lumbar drains 

[186-193], or a combination of drainage scenarios[194, 195]. Cisternal lavages involve irrigation of the 

cranial cisterns and ventricles with artificial CSF intended to flush out blood. Cisternal lavage may be 

combined with administration of thrombolytic agents directly to the site of clot formation[196-199]. 

Vibratory motion of the head coupled with cisternal lavage has been investigated a potential method to 

improve blood clearance rates[200, 201]. Another study developed a simplified in vitro model of the 

basal cistern from medical images, and demonstrated that head ‘shaking’ can accelerate clearance due 

to increased mixing[202]. At present, there is no consensus on the best protocol for blood clearance to 

mitigate post-aneurysm securement complications.   
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Table 6.1.  Summary of clinical studies focused on clearance of blood from the CSF post-subarachnoid 

hemorrhage.  

Author Study inhabitants Primary outcome measure Primary outcome (Percent (%)) 

Maeda et al.[191] LD=34 vs. EVD=17 Favorable outcome LD=64.7, EVD=23.5 

Klimo et al.[189] LD=81 vs. Control=86 Vasospasm risk reduction LD FG3=68, LD FG3+4 =49 

Al-Tamimi et 

al.[186] 
LD=105 vs. Control=105 Prevalence of DIND LD=21, Control=35 

Park et al.[193] LD=126 vs. Control=8 Vasospasm LD=19, Control=42 

Kwon et al.[190] LD=47 vs. Control=60 Vasospasm LD=23, EVD=63 

Kawamoto et 

al.[201] 

CI + Shake=114 vs. 

CI=116 
Vasospasm CI + Shake=14, CI=26 

Mizoi et al. [198] CI + IT tPA=30 vs. CI=75 Vasospasm CI + IT tPA=13, CI=15 

Key: CI = Cisternal infusion, DIND = Delayed Ischemic Neurological Deficits, EVD = external-ventricular 

drain, IT tPA = Intrathecal injection of tissue-type plasminogen activator, LD = Lumbar drain, Shake = head 

shake during procedure, Fixed = head held in fixed position during procedure.   

 

A computational model of CSF filtration could help understand and optimize blood clearance 

from the CSF system .  At present, only one published computational model of CSF filtration using an 

anatomically idealized geometry has been brought forth by Tangen et al. [18] .  This novel study 

provided information about the potential of CSF filtration to assist with blood removal.   Empirical 

models limit our ability to investigate CSF filtration technologies, highlighting the need for a 

computational tool. Human clinical trials have been conducted (PILLAR trial [203, 204]), but these 

studies lack real-time visualization of blood distribution and are only able to sample CSF from select 

locations. A rabbit model for filtration of cryptococcal meningitis from CSF has been brought forth, 

but requires modifications to the system and approach due to a small subarachnoid space [205].  Also, 

in principle, a nonhuman primate experimental model of SAH could be developed, but such primate 

studies are expensive, only available at limited research centers, and have different CSF dynamics than 

humans [91, 92, 150, 206].  
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Thus, the present study objective was to formulate a computational model of CSF filtration 

incorporating a novel dual-lumen CSF flow looping catheter, also termed “Neurapheresis” therapy 

(Figure 1) [205].  In brief, Neurapheresis therapy involves aspiration of CSF from the lumbar spinal 

subarachnoid space (SSS), filtration of CSF pathogens specific to the disease, removing it to a waste 

bag, and then return of the CSF to the SSS at the thoracic spine.  The different location of the aspiration 

and return port results in an induced CSF flow between the ports.  We sought to first investigate the 

impact of the Neurapheresis system on CSF flow velocities and steady-streaming, as it is not yet known 

what impact Neurapheresis therapy has on these parameters under different operating conditions and 

how it compares to lumbar drain devices for SAH blood removal.   

 

Figure 6.1.  Schematic of the neurapheresis filtration system. CSF is removed from the lumbar spine at the 

aspiration port of a dual lumen intrathecal catheter.  Blood is then removed from the CSF by the external 

filtration system.  The filtered fluid is then returned to the CSF system in the upper thoracic spine via the dual 

lumen catheter.  Note: the flow rate of fluid returned to the system is slightly less than that aspirated due to the 

loss of volume removed by the filtration system.  The loss in fluid is compensated for by production of CSF 

within the ventricles.   
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Methods and Materials 

To study the impact of the CSF filtration system (Figure 1), a CFD model was built to represent 

SSS anatomy with the Neurapheresis dual-lumen catheter located at the midline of the dorsal 

subarachnoid space (Figure 2).  In summary, the CFD model involved: 1) specification of the SSS 

geometry based on anatomic MR imaging and dual-lumen catheter shape, 2) specification of flow 

boundary conditions, 3) analysis of CSF velocities with Neurapheresis therapy applied and, for 

comparison, with lumbar drain alone.  

 

Figure 6.2. (a) overview of three-dimensional CFD model of the subarachnoid space with inserted Neurapheresis 

catheter. (a1–a4) Details of computational meshes for the Neurapheresis catheter: (a1) Magnified view of the 

return port with arrows indicating flow direction. (a2) Magnified view of the surface mesh near the return port 

catheter tip. (a3) Magnified view of the aspiration port with arrows indicating flow direction. (a4) Magnified view 

of the surface mesh near the aspiration port. (b) Volumetric and surface mesh visualization with zoom of the 

upper cervical spine. (c) Subject-specific CSF flow rates imposed by the computational model based on in vivo 

phase-contrast MRI measurements obtained at C2-C3, C7-T1, and T10-T11 vertebral levels. 
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Specification of Model Geometry  

For the model geometry, we utilized a previously developed anatomically realistic open-source 

3D intrathecal space model with spinal cord nerve rootlets [150].  In brief, the magnetic resonance 

imaging (MRI) protocol and image segmentation methods used to form the anatomic boundaries for 

the model are described in detail by Khani et al.[91, 92] and Sass et al.[150].  In brief, T2-weighted 

anatomic MRI was acquired for a 23-year-old female volunteer using a 3T MRI system (Figure 1). The 

MR images were manually segmented by an expert trained operator to define the spinal cord and dura 

geometry along the spinal axis.  31 pairs of idealized dorsal and ventral spinal cord nerve roots were 

added to the model based on the MR imaging and review of the literature related to cadaveric 

measurements of nerve root radicular line, descending angle, and other geometric features[150].   

 A dual-lumen catheter geometry was added to the posterior SSS at the L3-L4 level and 

positioned at the midline (Figure 2).  The posterior SSS was chosen for catheter placement since the 

catheter would be inserted posteriorly via a lumbar puncture needle. Also, the dorsal subarachnoid 

space posterior to the cord is wider than the ventral subarachnoid space. Thus, the catheter is most 

likely to naturally position within that region of the SSS. The catheter termination was located at the 

T2 vertebral level.  The catheter has a 5 French outer diameter that tapers to approximately 3 French 

near the distal (thoracic placed) end. The catheter had two series of holes located 300 mm apart, 

designed for redundancy to avoid the case of blockage or clogging.  The holes located near the catheter 

termination (T2) allowed fluid to return from the filtration system and enter the SSS (return, Figure 

2a1 and a2).  The proximal holes located near L2 allowed aspiration of fluid from the SSS to the 

filtration system (Figure 2a3 and a4).  

An unstructured tetrahedral computational mesh of the SSS and dual lumen catheter was generated 

using the ANSYS ICEM software (ANSYS Inc., version 19.1, Canonsburg, PA, USA) (Figure 2b). 

The computational mesh was refined near the catheter return and aspiration ports to have a final mesh 

of 14.8 M cells. 
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Specification of CFD Model Flow Boundary Conditions 

Flow boundary conditions were specified to reproduce subject-specific non-uniform CSF flow 

along the spine (Figure 2c) and the catheter system aspiration and return flow rates. Thus, we applied 

our previously developed method for non-uniform dura deformation to reproduce subject-specific CSF 

flow along the spine [91, 92]. In brief, this method involved a user-defined function that introduces 

spring-based mesh deformation of cells near the dura to reproduce the local CSF flow waveforms that 

are measured by MRI. Stroke volume was 0.76 mL per cardiac cycle at the C2-C3 level with a non-

uniform decline in amplitude caudally along the spine (Figure 2c).  

Boundary conditions were applied to represent the catheter flow at the aspiration and return 

port under varying flow rates while maintaining a fixed difference between the two, called the waste 

rate, of 0.2 ml/min (Table 2). “Maximum Flow” represented Neurapheresis flow with an aspiration and 

return flow rate of -2.0 and +1.8 ml/min, respectively. The net direction of the induced flow was 

craniocaudal (↓), where negative values represent fluid removal from the system and vice versa.  The 

return rate was not identical to aspiration, as blood is filtered out of the CSF and diverted to waste 

(Figure 1) and therefore, return flow rate is equal to the aspiration flow rate minus the waste rate.  Also, 

it is expected that for safety reasons, the magnitude of CSF volume removal should not exceed CSF 

production rate that is estimated to be ~500 ml/day or 0.35 ml/min [117]; in practice this is often 

translated to a lumbar drainage rate of ~10 ml/hr to remain below this production rate. “Low Flow” was 

similar to Maximum Flow except with a 4X reduced aspiration rate of -0.5 ml/min and a corresponding 

6X reduced return rate (0.3 ml/min) to maintain a waste rate of 0.2 ml/min. To help understand the 

impact of induced flow direction, aspiration and return locations were inverted in “Reverse Flow”.  In 

“Dynamic Mesh Off”, we turned off the dynamic mesh motion to help understand the individual impact 

of CSF pulsation compared to Neurapheresis therapy on its own. “No Flow” was conducted with the 

induced flow turned off to show the effect of the presence of the catheter alone. “Lumbar Drain” was 

applied to represent a lumbar drain with a typical aspiration rate of 0.2 ml/min.  For that case, the 

catheter geometry remained within the SSS, but the return port was turned off, thus only allowing CSF 

to be drained from the port at the lumbar region. This case provides a baseline for the cases with nonzero 

return flow.   
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Table 6.2.  Average steady-streaming velocity magnitude, ( )ssU z , and non-dimensional fraction of 

flow rate amplitude, ( )ssQ z , for the simulations analyzed.  

Name Mean ± std (mm/s) Mean ± std 

Maximum Flow 0.190±0.133 0.154±0.138 

Low Flow 0.105±0.103 0.063±0.030 

No Flow 0.088±0.108 0.041±0.026 

Lumbar Drain 0.093±0.107 0.048±0.023 

Dynamic Mesh Off 0.130±0.135 0.129±0.155 

Reverse Flow 0.174±0.115 0.143±0.139 

 

The simulated transient flows resulted in a net flow into the SSS of 0.2 ml/min from the cranial 

opening due to the difference in aspiration and return flow rates (for all cases except No Flow).  This 

flow rate of 0.2 ml/min is approximately equivalent to the assumed CSF production rate.  The model 

outlet was specified as a zero pressure outlet with fluid free to enter / exit at the outlet.  We did not 

simulate how decreasing SSS volume would affect intracranial pressure.  The focus of this study was 

on the flow-loop’s affect on transient CSF velocities and steady streaming within the spine.   

CSF was modeled as an incompressible fluid with a density of 993.8 kg/m3 and viscosity of 

0.693 mpa.s (equivalent to water at body temperature) [62, 149]. Unsteady CSF velocity field was 

computed using ANSYS Fluent 19.1 (ANSYS Inc., version 19.1, Canonsburg, PA, USA) by solving 

the continuity equation (Eq. 1), and Navier–Stokes equation (Eq.25) where    is the density,    is the 

viscosity,  is the velocity vector and p  is the pressure field. 

  (24) 
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Details on mesh, cycle, and time-step independence studies for this model with non-uniform dura 

deformation and anatomically realistic nerve roots is provided in our previous research [92].   Results 

were obtained for the second flow cycle with a time-step size of 0.01 s (total cardiac cycle = 0.85 s), 

second-order momentum and pressure gradient solver, and convergence criteria of 1E-06 for velocity, 

continuity and momentum.   

 

Analysis of CSF Velocities 

CSF flow was quantified in terms of axial distribution of Reynolds number, Re(z) , and velocity 

contours around the catheter aspiration and return ports.  Re(z)  was calculated as 

max H

cs

Q (z) D (z)
Re(z)=

A (z)
, where HD (z)  is hydraulic diameter, 

maxQ (z)  is the absolute value of the 

peak flow rate, csA (z)  is the cross-sectional area at each 1 mm slice along the z-axis and  is kinematic 

viscosity. Velocity streamlines were visualized based on line sources located within the catheter lumen 

proximal to the return and aspiration holes.  

 As detailed in our previous study [92] and by others[160], oscillatory flow within an eccentric annulus 

can result in steady-streaming CSF velocities due to convective acceleration. To visualize steady-

streaming along the spinal axis, the cyclic mean z-velocity, z-meanU , at each node was calculated.  The 

cross-sectional steady-streaming velocity magnitude was also calculated as: 

z-mean

cell
ss

cell

U (z) V(z)

U (z)=
V(z)




  (26) 

Where 
z-meanU (z)  is the absolute value of z-meanU  in the z-direction and  V(z)  is the cell volume at 

each axial location along the z-axis. To see the effect of different Neurapheresis scenarios, ssU (z)  and 

z-meanU  were compared for all cases (Table 3).  ssU (z)  is impacted by the cross-sectional area.  Thus, 

as described in our previous study, a non-dimensional fraction of flow rate amplitude, 
  
Q

ss
(z) , was 

computed as: 
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In this study, the Neurapheresis therapy itself was called “Steady” flow, because steady-streaming only 

relates to time average flow produced within an oscillatory flow field. Since the Neurapheresis catheter 

only makes a static flow field, it is by nature, just a “steady” flow driven by source and drain.  

Results 

CSF Flow Velocities  

For Maximum Flow, maximum Re  was 180 and located within the cervical spine (Figure 3a). 

Visualization of unsteady CSF velocity contours in the sagittal plane (Figure 3b) showed that peak 

CSF velocities occurred in the cervical spine. Unsteady CSF velocity magnitudes were nearly identical 

across all cases (not shown). CSF velocity profiles near the aspiration and return ports showed that 

most of the flow into and out of the domain originated from the first four holes at the return port and 

the first two holes at the aspiration port, respectively (Figure 3b1 to 3b4).  
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Figure 6.3.  (a) Reynolds number distribution computed along the spine for the Maximum Flow simulation. (b) 

Visualization of sagittal velocity magnitude profiles simulated by CFD at 0.06s time-point (Figure 2c). (b1) 

Magnified coronal view of the return port. (b2) Magnified transverse view of the CSF flow field near the return 

port showing diffusivity of the returned flow near the first hole (b3) Magnified view of the aspiration port. (b4) 

Magnified transverse view of the CSF flow field near the aspiration port.  Note: To help visualize the entire spine, 

z-scaling of the geometry is set at 0.5 with respect to x and y-dimensions.  Thus, spine curvature appears greater 

than without scaling.   

 

Steady-streaming CSF Velocity Quantification 

The Neurapheresis flow loop altered z-meanU  velocity profiles within the catheter flow loop 

region, depending on rate and direction (Figure 4). z-meanU  velocity profiles were affected little outside 

of the flow loop region (above the return port and below the aspiration port) for all cases analyzed.  

Lumbar Drain had a lower impact on steady streaming in comparison to Maximum Flow, Low Flow, 

and Reverse Flow.   No Flow was most similar to Lumbar Drain. Neurapheresis flow reversal (Reverse 

Flow) drastically altered the direction of z-meanU .  The sagittal z-meanU  velocity profiles for Maximum 

Flow, Low Flow, No Flow, and Lumbar drain (Figure 4) showed a region of caudally directed (↓) 

z-meanU  in the posterior SSS in the middle thoracic spine and in the anterior SSS in the cervical spine. 

Reverse Flow showed a similar trend, but with an opposite cranial direction (↑) within the catheter 

region.  Dynamic Mesh Off showed similar z-meanU  values within the catheter region, but z-meanU  was 

decreased in the region cranial to the return port compared to Maximum Flow.   
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Figure 6.4.  Visualization of mid-sagittal steady-streaming CSF velocity profiles for all cases analyzed (Table 2).  

Steady-streaming CSF velocities, z meanU   , increase with Neurapheresis therapy (Maximum Flow, Low Flow, 

Reverse Flow, and Dynamic Mesh Off) compared to lumbar drain (Lumbar Drain) and with Neurapheresis 

therapy off (No Flow). Placement of return and the aspiration ports shown with dotted lines for reference. Note: 

To help visualize the entire spine, z-scaling of the geometry is set at 0.5 with respect to x and y-dimensions.  Thus, 

spine curvature appears greater than without scaling.   

In comparison to Lumbar Drain, the cases for Maximum Flow, Low Flow, and Reverse Flow resulted 

in greater ssU (z)  and ssQ (z)  (Figure 5). For all cases with Neurapheresis flow applied, the increase in 

steady steaming had little impact outside of the catheter region.  Greater Neurapheresis flow rate 

increased ssU (z)  within the flow-loop region (Figure 5a). Average value for ssU (z)  was 0.19 ± 0.13 

and 0.09 ± 0.11 mm/s (mean ± stdev) for Maximum Flow versus No Flow (Table 3).  The region of 

greatest difference in ssU (z)  values was located between the return and the aspiration ports in the 

thoracic and lumbar spine (T2-L2) that had up to 3X larger value of ssU (z)  in Maximum Flow 
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compared to No Flow.  ssQ (z)  (Figure 5b) showed a trend similar to ssU (z)  for Lumbar Drain 

compared to Low Flow. The average value for ssQ (z)   was 0.154 ± 0.138 and 0.041 ± 0.026 for 

Maximum Flow and No Flow (Table 3). 

 

Table 6.3.  Specification of flow rates at the Neurapheresis catheter aspiration and return port. 

Name Type 
Flow 

Direction 

Aspiration 

(ml/min) 

Return 

(ml/min) 

Maximum Flow Neurapheresis flow at maximum rate ↓ -2.0 +1.8 

Low Flow Neurapheresis flow at low rate ↓ -0.5 +0.3 

No Flow Neurapheresis therapy off N/A 0.0 0.0 

Lumbar Drain Lumbar drain ↓ -0.2 0.0 

Dynamic Mesh Off Neurapheresis flow at maximum rate with No 

CSF pulsation 

↓ -2.0 +1.8 

Reverse Flow Neurapheresis flow with reverse loop ↑ +1.8 -2.0 

Key: + represents flow into the control volume, - represents flow out of the control volume, ↓indicates flow loop applied in 

the craniocaudal direction, ↑ indicates flow loop applied in the caudocranial direction. 
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Figure 6.5.  (a) Steady-streaming velocity magnitude, ssU , and (b) non-dimensional fraction of flow rate 

amplitude, ssQ , increases with Neurapheresis Therapy compared to lumbar drain only between the return and the 

aspiration ports.  Dotted lines indicate that maximum ssU  occurs close to the aspiration and the return ports and 

at the cervical spine near the intersection of spinal cord nerve roots into the dura.  
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Discussion 

The objective of the present study was to apply CFD modeling to investigate the impact of a 

dual-lumen CSF filtration catheter system, Neurapheresis therapy (Figure 1) [205], on intrathecal CSF 

velocities.  The operating principle of this system is to introduce an intrathecal flow loop by a dual 

lumen catheter that removes CSF in the lumbar spine at an aspiration port, filters the CSF externally, 

and returns CSF to the upper thoracic spine via the same catheter.  The return flow rate is not identical 

to the aspirated flow because some material is filtered out; in the case of SAH, that material is blood.  

We sought to parametrically quantify how the catheter system, operating under varying flow rates and 

flow directions, impacts intrathecal CSF velocities and steady-streaming flow dynamics [92] and 

compared results to a lumbar drain operating under a typical drain rate.  The lumbar drain was selected 

for comparison because it is used in select centers for CSF blood removal post SAH (Table 1).  CFD 

modeling was utilized to predict the catheter impact on CSF dynamics because invasive parametric 

studies are not feasible to conduct on SAH patients. Also, non-invasive measurement of CSF flow 

velocities by phase contrast MRI [207] are not accurate enough to quantify the relatively small 

alterations in net CSF flow velocities introduced by the flow loop system or lumbar drain.  

 

Physiologic Performance Considerations 

Neurapheresis therapy was found to have nearly zero impact on CSF velocities in comparison 

to normal cardiac-induced physiologic CSF movement.  Therefore, it is not expected that these 

alterations to CSF velocities would, on their own, have ramifications to the normal physiology.  

Previous research has shown that peak cardiac-induced CSF velocities in healthy people range from 2-

4 cm/s within the intrathecal space [88, 165, 208, 209].  Our findings show that Neurapheresis therapy 

induced CSF velocities ( z meanU  ) do not exceed 0.08 cm/s for the Maximum Flow (Figure 4).  These 

scale proportionately smaller for the Low Flow case.  As such, these cross-sectional average velocities 

are 1 to 2 orders of magnitude smaller than normal peak cardiac-induced CSF velocities.  Thus, for the 

boundary conditions applied in our study, it is likely that the impact of Neurapheresis flow is a relatively 

small change superimposed on normal cardiac pulsations. More information on Neurapheresis system 

safety in humans will be available following publication of the PILLAR trial (publication pending) and 

the ongoing Neurapheresis “PILLAR XT” clinical trial [204, 210].    
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Impact of Neurapheresis Flow on CSF Dynamics 

Neurapheresis therapy increased z meanU   and ssU (z)  greatly within the space between the 

return and the aspiration ports and to a lesser degree everywhere else in the model (Figure 4 and 5). 

Local elevation of ssU (z)  occurred near the first few return port holes that expelled >80% of the 

returning CSF (see the spikes highlighted with dotted lines in Figure 5). ssU (z)  was much higher for 

the Maximum Flow compared to No Flow (Figure 5). To put the numbers in context, the maximum 

value of ssU (z)  within the region between the  infusion ports was only 0.17 mm/s without 

Neurapheresis therapy (No Flow) and 0.77 mm/s with Neurapheresis therapy (Maximum Flow) 

compared to peak cardiac-related CSF velocities that ranged up to ~25 mm/s.  Thus, for the presented 

model boundary conditions, Neurapheresis therapy induced steady streaming velocities, ssU (z) , were 

more than 35X smaller than normal physiologic cardiac related CSF velocities. 

The effect of Neurapheresis system on steady-streaming was localized to the SSS region 

between the aspiration and return ports.  Titration of Neurapheresis procedure rate showed a 

corresponding decrease in 
z meanU 

 profiles and Reverse Flow showed a relatively equal, but opposite, 

effect on steady streaming compared to Maximum Flow between the aspiration and return ports (Figure 

4 and Figure 5). All cases analyzed had nearly zero impact on streaming structures outside that region 

(above and below the ports).  However, within the region above the return port, there is considerable 

steady streaming that is naturally introduced by the presence of vortices that form around spinal cord 

nerve roots due to CSF oscillations [76, 92].  This can be observed by comparing Maximum Flow to 

Dynamic Mesh Off (Figures 4 and 5). Further research is needed to understand how Neurapheresis 

flow impacts advection and removal of specific solutes from the CSF and what impact the waste and 

CSF production rate may have on results.   

 

Comparison of Results to Previous Studies in the Literature 

To our knowledge, one study has been previously conducted by Tangen et al. [18] to examine 

CSF filtration.  For that study, Tangen et al. used a bench top and multi-phase CFD model to assess the 

efficacy of different lumbar drainage rates and patient orientations (incline, supine, upright) on blood 

removal from the CSF.  The model used an antomically idealized CSF system with cylindrical shaped 

spinal cord nerve roots and a rectangular-shaped intracranial compartment.  They found that forced 

purification (lumbar to intracranial flow loop) in the upright position maximized blood clearance.  CFD 
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results compared favorably with in vitro experiments with a similar geometry.  It is not possible to 

compare our CFD model results to Tangen et al., since our focus was on the impact of Neurapheresis 

flow on intrathecal CSF velocities and steady-streaming transport and not on its affect on solute 

removal.  

Prior literature has applied various geometric and flow boundary conditions.  Our CSF velocity 

profiles showed similar flow fields (Figure 3) to previously published studies with spinal cord nerve 

roots [67, 76, 170, 211].  Additionally, the present model with a catheter, showed nearly identical results 

to our previous model having the same geometry, but without a catheter in place [92].  However, the 

previous studies incorporating spinal cord nerve roots did not investigate the impact of Neurapheresis 

flow or lumbar drain on CSF velocities. In both studies, we also utilized an anatomically realistic open-

source 3D intrathecal space model with spinal cord nerve rootlets [150] and a non-uniform moving 

boundary motion of the dura to replicate subject-specific CSF flow along the SSS.  An advantage of 

the open-source model is that it will allow direct comparison of CFD results of other researchers who 

use the model in the future.  Future work may include building upon the model to understand impact 

on solute removal, validation of results against in vitro experiments, and comparison of CFD results 

using different solvers.  

 

Potential Benefit of Neurapheresis System Computational Model for CSF Filtration Protocol and 

Device Development 

The CFD model presented offers a platform to understand intrathecal device behavior as well 

as envision alternative Neurapheresis system protocols and devices.  For example, the presented 

platform can help quantify how different catheter designs and implantation locations may affect CSF 

velocities.  This model also allows alteration of the SSS geometry and CSF flow pulsation along the 

spine to determine their individual affects.  These alterations are not possible to conduct within humans 

and are also difficult, if not impossible, within animal models. Our initial study design was to 

investigate Neurapheresis therapy under a variety of flow rates and different flow loop directions and 

compare results to a typical lumbar drain.  Future studies are possible to conduct according to 

potentially-clinically relevant questions and/or CSF filtration device designs.  
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Limitations 

Our focus was only on the SSS, since the Neurapheresis system was located within that space. 

Therefore, this study did not take into account the impact of the cranial SSS. This model also lacks 

some of the fine anatomical structures such as arachnoid trabeculae, blood vessels and denticulate 

ligaments.  In addition, the catheter was positioned in the posterior SSS, because it is the most likely 

location where a catheter would be inserted.  We did not investigate the impact of the catheter location 

around the spinal cord.  Research has shown that catheter position can affect local solute distribution 

around the spinal cord on a small time scale (~1 s) [135].  It is unclear if these differences would 

propagate on a longer time scale.   

We sought to verify the model with in vivo subject specific measurements of CSF flow rate at 

three axial locations along the spine. Our approach was to deform the dura to match MRI-derived CSF 

flow.  In reality, it is possible that the dura does not deform at all, but rather, veins within the CSF are 

compressed.  With current MR imaging techniques it is difficult to verify what is the exact location of 

deformation.  Differences in the CSF pulse source location could, in principle, alter the results.  Further 

study needs to be done to validate results against MRI data.  There is nearly zero validation of results 

with in vivo data at this point.  

The MRI measurements used for this study did not allow direct validation of steady-streaming 

velocity results as these were <1 mm/s. Thus, the presented CSF velocity results are predictions to help 

elucidate the CSF velocities and steady-streaming flow patterns introduced by a CSF filtration device. 

Also, our modeling approach did not include respiratory component to CSF pulsations [120, 212, 213] 

because the MRI scanning time did not allow measurement of this parameter in addition to the other 

parameters used to formulate the model. 

The present study focused on the impact of Neurapheresis system on CSF flow velocities 

(advection) within the spine and how that compares with a lumbar drain. For these simulations, we did 

not investigate the impact of concentration gradients on movement of actual solutes such as blood 

products or inflammatory cells and exudates. We also did not include how blood may alter CSF 

viscosity. CSF viscosity alterations and blood coagulation could change the results. The amount of 

blood in the CSF assumed in the model is small compared to the CSF volume (~300mL) and not likely 

to significantly alter the viscosity. Further, as blood is slowly filtered out of the CSF, it is expected that 

CSF viscosity within the system could be time varying. The effect of gravity was not considered in this 

study since the density and viscosity of CSF was considered to be uniform in the model and the patient 
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was assumed to be in the supine position.  However, in principle, gravity can have an impact on CSF 

viscosity distribution within the model. Taylor dispersion may affect how quickly blood is cleared from 

the CSF by enhancing solute spread within the cervical spine and also toward the aspiration port, as 

well as away from the aspiration port. Thus, consideration of advection only may overestimate actual 

blood clearance time.  

 

Conclusion 

Neurapheresis therapy may prove to assist removal of blood from CSF following SAH or 

enhance removal of other unwanted solutes.  A subject-specific CFD model of intrathecal CSF 

dynamics was used to parametrically predict the impact of the Neurapheresis device on CSF dynamics 

under varying flow conditions.  Results were compared to a typical lumbar drain used for blood removal 

from CSF. Neurapheresis therapy was found to significantly increase steady-streaming velocity 

magnitude compared to a lumbar drain. This effect was localized to the region within the Neurapheresis 

flow-loop. The mean velocities introduced by the flow-loop were small in comparison to normal 

cardiac-induced CSF velocities.  Future multi-phase simulations will be conducted to simulate multi-

phase solute transport for blood or other CSF solutes within the intrathecal space and validate model 

results against in vitro and/or in vivo measurements. 
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Chapter 7: Conclusion 

In combination, this research presents an anatomically detailed and numerically and 

experimentally verified model for testing and optimization of CNS therapeutics and CSF filtration. An 

overall summary of key findings of this research is.  

1) Non-uniform moving boundary method can reproduce in vivo CSF flow rate distribution and 

waveform along the spinal SAS of a cynomolgus monkey. 

2) Methods presented demonstrate a reliable method for CSF quantification in NHPs 

3) Steady-streaming increased with NR, in particular within the cervical spine.   

4) Vortices occurred in the cervical spine upstream and downstream of NR during CSF flow reversal.  

5) Neurapheresis therapy was found to significantly increase steady-streaming velocity magnitude 

compared to a lumbar drain.  

  

 For summary, in the first step, a subject specific CFD model was built based on a non-uniform 

moving boundary method to accurately reproduce in vivo CSF flow rate distribution and waveform 

along the spinal SAS of a cynomolgus monkey. Maximum error measured at peak CSF flow rate in the 

numerical model was <3.6%. Deformation of the dura ranged up to a maximum of 135 μm. MRI 

measurements of CSF space geometry and flow were successfully acquired to define the numerical 

domain and boundary conditions. For the single cynomolgus monkey analyzed, results showed that 

CSF flow was laminar with a peak Reynold’s number of ~150 and average Womersley number of ~5.4. 

Geometric analysis indicated that total spinal CSF space volume was ~8.7 ml. Average hydraulic 

diameter, wetted perimeter and SAS area was 2.9 mm, 37.3 mm and 27.2 mm2, respectively. CSF PWV 

along the spine was quantified to be 1.2 m/s and did not appear to have a significant degree of wave 

reflection at the spine termination. Maximum CSF flow movement was present at the C4-C5 vertebral 

level. In combination, these results represent the first CFD simulation of spinal CSF hydrodynamics in 

a monkey.  

In the second step, a detailed geometric and hydrodynamic characterization of intrathecal CSF 

was performed for eight cynomolgus monkey (Macaca fascicularis) with reliability assessed between 

baseline and a two-week follow-up time point. Results showed laminar CSF flow along the entire spine 

with maximum CSF flow rate at the C3-C4 vertebral level and peak systolic CSF flow rate and stroke 

volume at C3-C4. The methods presented demonstrate a reliable method for CSF quantification in 

NHPs, which may extend in future studies to Homo sapiens. 
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In the third step, a subject-specific model of the complete SSS with anatomically realistic NR 

and accurate reproduction of non-uniform flow rate was used to investigate the impact of NR on CSF 

dynamics. NR were found to alter CSF dynamics in terms of velocity field, steady-streaming and 

vortical structures.  Vortices occurred in the cervical spine upstream and downstream of NR during 

CSF flow reversal.  Steady-streaming increased with NR, in particular within the cervical spine.  These 

findings suggests that future studies  should investigate how solute transport within the SSS could be 

increased and/or controlled by: a) delivery of solutes either upstream or downstream of NR, b) control 

of CSF pulse magnitude and/or number of flow reversals per cardiac cycle, c) changing eccentricity or 

spinal curvature (kyphosis / lordosis).    

Finally, a subject-specific CFD model of intrathecal CSF dynamics was used to parametrically 

predict the impact of the CSF filtration device (Neurapheresis therapy) on CSF dynamics under varying 

flow conditions.  Results were compared to a typical lumbar drain used for blood removal from CSF. 

Neurapheresis therapy was found to significantly increase steady-streaming velocity magnitude 

compared to a lumbar drain. This effect was localized to the region within the Neurapheresis flow-loop. 

The mean velocities introduced by the flow-loop were small in comparison to normal cardiac-induced 

CSF velocities.  Future multi-phase simulations will be conducted to simulate multi-phase solute 

transport for blood or other CSF solutes within the intrathecal space and validate model results against 

in vitro and/or in vivo measurements. 
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