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Hemodynamics and vascular disease

Imaging and quantification of kidney physiopathology

Imaging and quantification of kidney physiopathology
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Image quantification

from micro...

...to macro

Medical imaging unit activities

Imaging and quantification of kidney physiopathology

Hemodynamics and vascular disease

Main lines of research:

Vascular geometry and hemodynamics
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Davies et al, Proc Nat Acad Sci (1986)!Malek et al, JAMA (1999)!

Hemodynamics and vascular disease

Finite elements solution of Navier-Stokes equations

Medical Imaging Unit (Bioengineering Department)



Hemodynamics and vascular disease

Hemodynamics involved in several vascular pathological processes

Davies et al, Proc Nat Acad Sci (1986)!

Malek et al, JAMA (1999) !

Emodinamica e funzione 

dell’endotelio

streamlined flow and can be further divided into undis-
turbed laminar flow, characterized by smooth streamlines
(Fig. 2A), and disturbed laminar flow, characterized by areas
with reversed flow (i.e., flow separation, recirculation, and
reattachment to forward flow) or circumferential swirling
(26,29) (Fig. 2B). In turbulent flow the velocity at any given
point varies continuously over time, even though the overall
flow is steady (Fig. 2C). For a given geometry, whether the
flow will be laminar or turbulent is determined by its
Reynolds number (Re); for low Re values, flow is laminar,
whereas for high Re values (typically, above 2,000), flow is
turbulent (7,26,30).

The pulsatile (unsteady) nature of the arterial blood flow
in combination with the complex geometric configuration of
the coronaries determines the ESS patterns, which are
characterized by direction and magnitude (10,31,32). In

relatively straight arterial segments, ESS is pulsatile and
unidirectional with a magnitude that varies within a range of
15 to 70 dyne/cm2 over the cardiac cycle and yields a
positive time-average (4–6) (Fig. 3). In contrast, in geo-
metrically irregular regions, where disturbed laminar flow
occurs, pulsatile flow generates low and/or oscillatory ESS.

Figure 1 Definition of ESS

Endothelial shear stress (ESS) is proportional to the product of the blood
viscosity (!) and the spatial gradient of blood velocity at the wall (dv/dy).

Figure 2 Characteristics of Flow Patterns

Schematic figure illustrating the characteristics of flow patterns. (A) Undis-
turbed laminar flow is a smooth streamlined flow chacterized by concentric lay-
ers of blood moving in parallel along the course of the artery; (B) disturbed
laminar flow is characterized by reversed flow (i.e., flow separation, recircula-
tion, and reattachment to forward flow); (C) in turbulent flow the blood velocity
at any given point varies continuously over time, even though the overall flow is
steady. Adapted from Munson et al. (28). Re ! Reynolds number.

Figure 3 Definition and Example of
Pulsatile, Low, and Oscillatory ESS

Definition of pulsatile, low, and oscillatory
endothelial shear stress (ESS). Adapted from Ku et al. (10).

Continued

Table 1 Continued

Term Definition

Steady blood flow Blood flow in which velocity does not vary
with time. This type of flow does not
occur in vivo; however, it has been largely
used in computational fluid dynamic
studies.

Pulsatile (unsteady) blood flow Blood flow with periodically changing
velocity during the cardiac cycle.

Steady ESS ESS that does not vary with time (i.e.,
constant direction and magnitude).

Pulsatile ESS Unidirectional ESS with a magnitude varying,
typically, within a range of 15 to 70
dyne/cm2 over the cardiac cycle, yielding
a positive time-average.

Low ESS Unidirectional ESS with a periodically varying
magnitude over the cardiac cycle, yielding
a significantly low time-average ("10 to
12 dyne/cm2).

Oscillatory ESS Bidirectional ESS with a periodically varying
magnitude over the cardiac cycle, yielding a
very low time-average, usually close to 0.

ESS spatial gradient ESS variations over short distances. High
ESS spatial gradients occur primarily in
geometrically irregular arterial regions.

2381JACC Vol. 49, No. 25, 2007 Chatzizisis et al.
June 26, 2007:2379–93 Shear Stress, Atherosclerosis, and Remodeling

through the action of pressure, wall shear stress...

atherosclerosis

cerebral aneurysms

extra-cerebral aneurysms (AAA, ...)

intimal hyperplasia (grafts, bypasses, vascular access for HD, ...)

Chatzizisis et al, J Am Coll Card (2007)



Image-based computational hemodynamics



Important to get the geometry right.

Streamlined tools needed for the generation of unstructured grids from images, for 
the numerical approximation of Navier-Stokes equations (using finite elements, finite 
volumes, ...).

At the present stage, large-scale studies are needed.

Robust characterization of geometry is the key for large-scale studies.

Data analysis on populations requires advanced post-processing.

• image segmentation
• mesh generation
• analysis of vascular geometry
• CFD
• post-processing for CFD simulations

Effort: providing a set of free widely available tools for 

Image-based computational hemodynamics



The Vascular Modeling Toolkit
www.vmtk.org

Luca Antiga, Mario Negri Institute
David Steinman, University of Toronto

based on VTK, ITK

BSD license

Jul 2008 - Dec 2008

http://vmtk.sourceforge.net
http://vmtk.sourceforge.net


The Vascular Modeling Toolkit
www.vmtk.org

PypeS
Python pipeable 
scripts framework

vmtkScripts
High-level Python scripts

vtkVmtk
C++ algorithms

ITK
Insight Segmentation 
and Registration Toolkit

VTK
Visualization Toolkit

command line

Tetgen
Quality Tetrahedral 
Mesh Generator

GUI?

bash, ...

Python

C++

PypePad

http://vmtk.sourceforge.net
http://vmtk.sourceforge.net
http://vmtk.sourceforge.net


The Vascular Modeling Toolkit

Features:

• Level-set and deformable model segmentation

• Smart branch initialization and small-vessel level-set segmentation

• Image processing and vessel enhancement

• Surface processing (decimation, smoothing, healing, capping, ...)

• Surface remeshing

• Volume meshing (Tetgen)

• Centerline computation

• Geometric analysis of vessels, shapes, bifurcations

• CFD pre-processing (flow extensions, boundary layers)

• Finite element framework for surface mapping and CFD post-processing

• Surface mapping and patching for population studies

www.vmtk.org

http://vmtk.sourceforge.net
http://vmtk.sourceforge.net


The Vascular Modeling Toolkit
www.vmtk.org

Lee SW, Antiga L, Spence JD and Steinman DA. Geometry of the carotid bifurcation predicts its 
exposure to disturbed flow. Stroke, 39(8): 2341-2347, Aug 2008. Featured on the front cover.

Geometric risk hypothesis for atherosclerosis 

http://vmtk.sourceforge.net
http://vmtk.sourceforge.net
http://stroke.ahajournals.org/content/vol39/issue8/
http://stroke.ahajournals.org/content/vol39/issue8/


The Vascular Modeling Toolkit
www.vmtk.org

Location cases

MCA 35

ACA 34

ICA 65

BAS 19

Tot 165

Aneurisk Day 2
VMTK tools for the geometric analysis 
of cerebral vasculature and aneurysms.

Dipartimento di Bioingegneria
Istituto di Ricerche Farmacologiche  Mario Negri 

Villa Camozzi
Ranica (Bg)

Mox – Dipartimento di Matematica 
Politecnico di Milano
Milano, 21 Luglio 2006

Ing Marina Piccinelli
Ing Luca Antiga

Ing Bogdan Ene-Iordache
Ing Andrea Remuzzi

Third largest database of cerebral aneurysmal 
geometries.

Aneurisk project 

With Marina Piccinelli, Alessandro Veneziani, 
MathCS, Emory University

http://vmtk.sourceforge.net
http://vmtk.sourceforge.net


vmtk Slicer integration

NA-MIC
National Alliance for Medical Image Computing 



Summary of past and ongoing projects at project weeks

vmtk Slicer integration

• automated generation of command line modules for non-interactive vmtk tasks (done)

• vmtk C++ code in Slicer as a library (done)

• interactive Slicer modules for segmentation, etc. (with Daniel Haehn) (in progress)

• vmtk Slicer as a NITRC project (to do)

NA-MIC
National Alliance for Medical Image Computing 



Summary of past and ongoing projects at project weeks

Engineering core: 

NA-MIC
National Alliance for Medical Image Computing 

• Python interface and modules (with Dan Blezek) (done)

• Reference system issues for orientation-unaware command-line modules (done)

• Breakout sessions: AHM 2008, AHM 2009

>>> from Slicer import slicer
>>> scene = slicer.MRMLScene
>>> node = scene.GetNodeByID(‘vtkMRMLScalarVolumeNode1’)
>>> arr = node.GetImageData().ToArray()
>>> type(arr)
<type ‘numpy.ndarray’>
>>> arr.max()
367
>>> arr[arr>200] = 200
>>> node.Modified()



With Roberto Foroni, University of Verona:

Pre-operative planning and intra-operative visualization platform for 
minimally-invasive neurosurgery

Ongoing projects back home

• Registration (affine, 
diffeomorphic demons), 
segmentation (EM), vessel 
extraction (enhancement, 
EM, level sets)

• Integrated visualization

• Slicer layout customization

• Workflows



Mario Negri Institute:

Ongoing projects back home

• ADPKD: responsible for the majority of ESRD among hereditary kidney 
diseases, currently no treatment available

• currently at the Mario Negri Institute: 3 clinical trials on treatment with 
imaging endpoints (MR and CT)

• identified imaging evidence for key components for functional loss (Antiga 
et al, CJASN 2006; Caroli, ASN 2008)

9

DEVELOPMENT OF RENAL INSUFFCIENCY 

IN ADPKD IS HIGHLY VARIABLE

Course of the disease: Milder in PKD2 patients 

Average age of ESRD: PKD2:  74.0 yrs 

PKD1:  54.3 yrs 
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Ong et al, Kidney Int, 2005 

Ong et al, Kidney Int 2005

Image quantification in autosomal dominant polycystic kidney disease (ADPKD) 



Ongoing projects back home

• Slicer as a platform for image quantification in autosomal dominant polycystic 
kidney disease (ADPKD) 

• Image analysis methodology has been developed (ITK)

• A complete set of Slicer modules will be created during the next months

Mario Negri Institute:



Last slide: Meshing module!


