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Small bioengineering group in a clinical 
and basic research environment

Medical Imaging Unit



Medical imaging unit activities

Imaging and quantification of kidney physiopathology

Hemodynamics and vascular disease

Main lines of research:



Imaging and quantification of kidney physiopathology
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MI1 Image quantification

from micro...

...to macro



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

atherosclerosis

cerebral aneurysms

extra-cerebral aneurysms (AAA, etc)

intimal hyperplasia (grafts, bypasses, vascular access)



Davies et al, Proc Nat Acad Sci (1986)!Malek et al, JAMA (1999)!

Hemodynamics and vascular disease

Finite elements solution of Navier-Stokes equations



Hemodynamics and vascular disease

Geometry

Hemodynamics

Vascular disease

movie courtesy of D.A. Steinman



Open problems

Image-based vascular modeling is still dependent on many “manufacturing” steps, 
which are often not well documented

• image segmentation

• mesh generation

• analysis of vascular geometry

• CFD

• post-processing for CFD simulations

The impact of such steps on results in terms of accuracy, reproducibility and 
operator-dependence is often unknown and likely not negligible

Aim: providing a set of free widely available tools for 

final aim: characerization of vascular geometry and hemodynamics on populations

Characterization of 3D geometry is not an established matter and is still performed 
with operator-dependent techniques

Evaluation of geometric and hemodynamic quantities on image-based models 
requires the definition of robust criteria for data analysis in order to enable 
population studies



The Vascular Modeling Toolkit

vmtk.sourceforge.net

1894 downloads 
since Nov 2004

8704 hits 
since Nov 2004

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

platforms: Linux, Mac OSX, Windows

licence: BSD

based on: VTK, ITK, Tetgen



The Vascular Modeling Toolkit

vmtk.sourceforge.net

Features:

Level-set and deformable model segmentation

Smart branch initialization and small-vessel level-set segmentation

Image processing and 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



Segmentation output

So we have a surface. Now what?

Quantify geometric features
Process the surface
Prepare for CFD

Analyze CFD results

Geometry

Hemodynamics

Vascular disease

within population studies



Geometric analysis

Voronoi diagram
hosts maximal inscribed spheres



Centerline computation

C(x) = arg min
!

C
RV (x)!1ds

Minimal action path computed on top of 
the Voronoi diagram

Solved by Eikonal equation + backtracking 
along steepest gradient

|!T (x)| = RV (x)!1

Centerline hosts center of maximal 
inscribed spheres



Geometric analysis

Centerlines + maximal inscribed sphere radii = inscribed tubes

branch splitting

branch geometry
radius
curvature
torsion

bifurcation geometry
bifurcation angles
bifurcation planarity

bifurcation reference system

Robust user-independent definitions:



Geometric analysis - examples

Thomas and Antiga et al, Stroke (2005)!



Geometric analysis - examples

Piccinelli et al, Submitted !



Geometric analysis - examples

Piccinelli et al, Submitted !



Pre-processing for CFD

Smoothing

Healing

Cropping

Capping

Flow extensions

Surface remeshing

Surface processing:

Volume meshing is 
currently provided by
Tetgen (within vmtk)



Pre-processing for CFD

Surface remeshing



CFD post-processing example

Geometry anticipates hemodynamics

Lee et al, Stroke 2008!



Surface mapping

Longitudinal abscissa-based stretched harmonic 
mapping (vmtk finite elements framework)

Circumferential angle-based mapping

Antiga et al, IEEE TMI 2004



Surface mapping



Shape and flow

Piccinelli et al, Submitted



Future directions

+ segmentation methods

+ mapping techniques

binary versions for Linux, Mac, Windows

vmtk scripts as Slicer3 modules

looking forward to using QE!
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