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Ongoing research in CSF hydrodynamics
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Motivation

e Abnormal CSF hydrodynamics have been implicated in many
craniospinal disorders

Syringomyelia
1in 8000

- Hydrocephalus

ninds.nih.qgov/disorders/




Need for CSF biomechanics research

The underlying biomechanical forces that contribute to
craniospinal disorders are not well understood.

Engineers + medical doctors are helping to do in CSF
hydrodynamics what has been done in hemodynamics.



Background: CSF flow in cervical spine

e Anterior / posterior flow differences
 Nerve roots appear to impact flow

Beledent et al.

O
1 i

N o

e ' of

! ‘:Shqffe:r et at.

4
opt
' fiqt:t‘orgt'a. _

Linge SO et al.. CSF flow dynamics at the craniovertebra. AJNR American journal of neuroradiology. 2010;31(1):185-92.
Krueger KD, et al.. Peak CSF velocities. AINR American journal of neuroradiology. 2010;31(10):1837-41.

Shaffer, et al.. Neurological research 33, 247-260, doi:10.1179/016164111X12962202723805 (2011).

Martin, B. A., et al. Syringomyelia hydrodynamics. J Biomech Eng 127, 1110-1120 (2005).

Lichtor, et al., Noncommunicating. Spine 30, 1335-1340, doi:00007632-200506010-00019 [pii] (2005).

Quigley, M. F., et al. Cerebrospinal fluid flow. Radiology 232, 229-236 (2004).

Brugieres, P. et al. CSF flow measurement in syringomyelia. AINR Am J Neuroradiol 21, 1785-1792 (2000).

Bhadelia, R. A., et al. Cerebrospinal fluid pulsation. Neuroradiology 39, 258-264 (1997).

Enzmann, D. R. & Pelc, N. J. Normal flow... Radiology 178, 467-474 (1991).

o

- 3

v Sdae?

g o
- &U&m’s-. ¢

Brugieres ét'al.




4D MRI in cervical spine

e Recently employed technique to visualize CSF flow
 Not yet quantitatively analyzed against CFD

Healthy Chiari patient

Bunck, A. C. et al. Magnetic resonance 4D flow characteristics of cerebrospinal fluid at the craniocervical junction and the
cervical spinal canal. European radiology 21, 1788-1796, doi:10.1007/s00330-011-2105-7 (2011).
Santini, F., et al. Time-resolved three-dimensional... Magnetic resonance in medicine : 62, 966-974,

doi:10.1002/mrm.22087 (2009).



Background: CFD in spine

e What level of CFD simulation complexity is needed?

Trabeculae

Nerve
Bundle

a. b. C. d. e. f. 8.
Year Tissue Arachnoid Nerve roots /
Geometry
motion trebeculae ligaments
a. Gupta et al. 2009
3D subject specific

m 2007 2D idealized No Yes Yes

c. Linge et al. 20107
Roldan et al. 3D subject specific No No No
Present study

d. Linge et al. 2009 3D idealized No No No
2001 2D concentric ellipse No No No
2005-12 2D idealized axi-symmetric Yes No No

g. Cirovic 2005-12 . .

. 2D concentric tube with constant
Elliott/Carpenter . Yes No No
diameter

Lockey?



Objective

1. Assess 4D MRI measurements of cervical CSF flow in healthy
and patients with CSF blockage at the foramen magnum.

2. Compare 4D MRI measurements to subject specific 3D CFD.

Our study:
* 3 healthy subjects

e 4 patients with craniospinal instabilities at the foramen
magnum

Work in progress: A. Bunck, J. R. Kroger, Bryn A. Martin, et al. “Magnetic resonance velocity mapping of 4D
cerebrospinal fluid flow in Chiari | malformation with and without syringomyelia,” European Journal of Radiology



Methods

e 4D MRI CSF flow measurements by A. C. Bunck et al.l
 Processing & visualization of 4D MRI with GT Flow software
e Reconstruction of the 3D geometry (ITK snap)

e CFD simulation (rigid wall / newtonian fluid (water) /

Unsteady flow / ANSYS CFX)

A. C. Bunck et al. "Magnetic resonance 4D flow characteristics of cerebrospinal fluid at the craniocervical junction and
the cervical spinal canal," European Radiology, vol. 21, pp. 1788-96, Aug 2011.




4D MRI in cervical spine

Healthy Chiari patient

Velocity [cm/s]

150

0.00 ms

Bunck, A. C. et al. Magnetic resonance 4D flow characteristics of cerebrospinal fluid at the craniocervical junction and the
cervical spinal canal. European radiology 21, 1788-1796, doi:10.1007/s00330-011-2105-7 (2011). 10



Comparison of 4D MRI and 3D CFD

Compare in terms of:
1. Velocity profiles
2. Peak flow velocities
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4D MRI

3D CFD

Method for velocity profile comparison

*Noise in 4ADMR
required masking

High res.
Mlﬁlsrczsn ? *

*No masking
needed for CFD

3D reconstruction C1



Flow boundary condition

e Due to noise in 4D MRI, we used the 4D MRI location with the
greatest peak flow rate (best signal) for flow BC.

 Flow was input at the caudal end of the model (P=0 at outlet)

e Blunt velocity profile w/ geometry extended at flow inlet.
4D MRI

4D mri flow rate (cm3/s)
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Results: velocity profile comparison

Patients

Healthy 8 Healthy 3 Healthy 4
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Thru-plane velocity (cm/s)

Results: comparison of peak velocities

e 4D MRI was consistently higher than 3D CFD
e Differences were pronounced in patients near brain base (FM)

Healthy volunteers
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Interesting observation: For Mrs S. and Mrs F, CSF flow was present
in the mid/lower cervical spine but not at the foramen magnum!

No flow?

Patients

K7 g
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CSF flow (ml/s)
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Tonsillar herniation and CSF flow jets

Mild herniation at FM
— Flow stenosis

— Elevated pressure gradients at FM & stress on tissue
— Flow Jets

— Mild reduction in CSF pulse amplitude at FM

— Mild tissue displacement

— Tissue remodeling?

Severe herniation at FM
— Flow blockage
— No flow jets

Increasing tonsillar herniation

— CSF pulse zero at FM
— Severe tissue displacement
— Lower cervical CSF pulse from bulk tissue displacement?
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Why are there differences in the flow
field obtained by subject specific 3D CFD
compared to 4D MRI?

20



Tissue motion

e Alters flow field

e Quantified in literature
(Cousins et al., Greitz)

Cousins, J. & Haughton, V. Motion of the cerebellar
tonsils in the foramen magnum during the cardiac
cycle. AJNR. American journal of neuroradiology 30,
1587-1588, doi:10.3174/ajnr.A1507 (2009).
1991-Greitz-Neuroradiology-CSF Piston

*Unpublished imaging video.

Chiari patient
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Error/noise from MRI

Velocity[Z]

1.756e-02
9.084¢-03
6.121e-04
-7.860e-03
=1.633e-(02

4D MRI in 3™ ventricle of brain




Inconsistent / inaccurate CSF mesh

03/22/2010

05/31/2010 04/27/2010

04/22/201 03/10/2010
All geometries from same person

Segmentation performed by same person
Scans obtained on two different scanners



Error from neglect of fine structure

 Arachnoid trebeculae within the spinal subarachnoid
space were neglected. Is the distribution isotropic?

(2) Cloyd, M. W. and F. N. Low (1974). "Scanning electron microscopy of the subarachnoid space in the dog. I. Spinal
cord levels." The Journal of comparative neurology 153(4): 325-368.
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Error in CFD from neglect of other structures

Nerve roots
Denticulate ligaments

Denticulate ligament
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Future directions

e CFD in cervical spine with and w/o fine anatomy

Our new model in development

Sigmund, E. E. et al. High-resolution human cervical spinal cord imaging at 7 T. NMR in biomedicine,
d0i:10.1002/nbm.1809 (2011).
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Test 4D MRI measurements with in vitro model

Model 1 Model 2

Images courtesy of Dr. Navid Borhani, EPFL thermodynamics laboratory
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Conclusion

Fine anatomy and tissue motion in the cervical spine appear
to have an important impact on CSF hydrodynamics.

To accurately model the cervical spine hydrodynamics in
disease we likely need to include fine anatomy and tissue
motion.

4D MRI is useful to understand complex flow in craniospinal
disorders.
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