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Abstract

Blood vesselmorphology (vesselradius, branchingpatten, and tortuosity) is altered by a
multitude of diseasesAlthough murine models of humamathology are important to the
investigation of many diseasethere are few publications that address quantitative
measurements of murinescular morphologyThis report outlinesmethods ofmaging micein

Vivo using magnetic resonance angiograms obtained on a clinical 3T afrukefining mouse
vasculatue from these imagesand of quantifyingmeasures ofvessel shapeWe provide
examples of both healthy and disehsasculature and illustrate how the approach can be used to
assess pathologyoth visually and quantitativelyrthe methods amenable tohe assessment of

many diseases both human beings and mice
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1. Intro duction

Blood vesselsiground and permeat@ammalian organsAlmost every dsease from cancer to
the common cold thus affectessel attributesThese attributes include not only vesseimber
but also vessel morphological measuresuch as radiystortuosity and branching pattern
Primary vascular diseases such as strakeurysm, arteriovenous malformation, and Moya
Moya disease provide immediately obvious examples. Many other diseases also affect the
vasculature, howeve€ancerinducesnew vessegrowth and is associatevith abnormal vessel
tortuosity [1, 2], diseases such as hypertensionbéias, ancdautoimnune disorders prode
vessel narrowingnd an incrase in vessel tortuosity [3],4sasopasm and many vasculopathies
alter vessel radiufb], infection induces angiogenesis][&nd even the common coftoduces
vasodilation [J. Automated, quantitative measurement of thdeeensional (3D) vessel
attributes as defined from high resolution, magneesonance (MR) imagekus provide a new
method of evaluating mardiseass.

Despite the emerginimportance of murine models tbe study of disease, relatively
little has been published on thaantitative analysis of murine vascular morpholobyis report
describesnethod of acquiring magnetic resonance angiogrééhRA) of mouse brainn vivo
using a clinical 3T MR unit This report also describesethods of computerassisted
guantification ofvessel numberand shape fronthese imagesAlthough ourown work has
concentraéd primarily upon the agssment otancerassociatedvessel tortuosityf8, 9|, the
generalapproach is immediately applicable to ti@ninvasiveevaluation of stroke, vasospasm,
diabetes, and the plethora of other diseases that bffexd vesselsSincethe imagingmethodis

norrinvasive, it caralsobe used to imagan individuasubjectover time



2. Description of method

2.1 Image acquisitionAll protocols wereapproved by our Institutional Animal Care and
Use Committeeln order to ensure that anas remain motionless during image acquisition,
isoflurane 2% induction and 1% maintenands)used throughout the imaging proceduFe/o
advantages of isoflurane are that anesthetic dep#adily maintaineénd that animals recover
rapidly once the amnt is discontinued.Isoflurane is delivered through a nose cone which fits
snugly with the small animal MR cqitlescribed belowfo further ninimize animal motion.

Imagesare acquiredin the coronal planen a Siemens 3T Allegra head only scanner
(Siemens Medical Inc., Erlangen, Germany) with a maximum gradient strength of 40 mT/m and
a slew rate of 400 mT/m/msedSince the scanner is a clinical scanner rather than a dedicated
small animal MR scanner, a custonade birdcage volume transmit/receive daineasuring 2.1
cm in diameter is utilizedThis coil surround$ he mouseds headfixaiondo does
t he mous e 6 sMice &reldndsthatized psidt tio placement of the coil.

Images are acquired using higésolution, timeof-flight MRA without injection of
gadolinium. Velocity compensation along both the slice select and frequency encoding directs is
used to minimize intravoxel dephasing. In addition, in order to minimize spin satuaatioto
improvevascular visualizationa long R (53 msec)s usedA FOV of 30 mnf with a matrix
size of 256x256 and a slice thickness of 0.1 mm provide an isotropic voxel size of
0.1x0.1x0.1mm Two averages are used to improve sigoaioise ratio which lad to a total
data acquisition time of 28in and 11 sewhile also permitting coverage of the entire brain

Figure 1 illustrates both a coronal section of a murine MRA awndiieme renderingf

t hat mousebés brain. This mouse represents an



Figure 1. Murine MRA. Left: typical coronal section through the brafra healthy mouseRight: volume rendering

of the brainshownf r om a | at er al point of v iThewagéwaspeducedusinge 6 s
VolView (Kitware, Inc, Clifton Park, N). The imags arenoisy, making it difficult to separate small vessels from
brainusingintensity windowingalone no vessel segmentation was employethese images

2.1 Vesel extraction andvessel tree formation

One of the difficulties in defining etailed vessel trees from MRA image that MRA
images are noisy (see Figare and 3. We handle this problem both by the vessel extraction
method itself and by a peptocessing step

Vessel extractions performed by the method of Aylwald0]. Segmenttion of each
vessel bems from a seed point. Theethod then automaticallyacks the image intensity ridge
representing the vessel skeleton in 3D, using dynamic scatidgautomated calculation of
vessel width at each skeleton poiince the method sracts only objectsapproximately
circular in crosssection, it resistinclusion of norvessel objectsT'he output of the prograis a
set of directed, 4limensional points indicating the (x,y,z) spatial position of each sequential
vessel skeleton poimtith an associated radius at each pdi#ch vessel skeletosdefined as a
spline,subsequently sampled at regularly spaced intervals. aMe éxperimented wittampling

rates using synthetic dgtand find that fotortuosity evaluation a sampling disice of one voxel
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allows adequate estimation of arc length while avoiding noise that qearapth subvoxel
sampling [1] It takes 1520 minutes to define vessels within the murine br&igure 2
illustrates a maximum intensity projection (MIP) of teme mouse shown in Figureafidthe

set of vessels segmented from that mouse.

Figure 2. Maximum intensity projection (MIFgft) and segmented vessélight) from the same mouse shown in
Figurel and as seefinom a base viewrhe MIP imag was producedsing VolView (Kitware, Inc, Clifton Park,
NY)

The output of the ves$ segmentation program providasetailed but disconnected set
of vessels, each of whose directions (from the first point to the last) may or may not correctly
indicatethe direction oblood flow within that vesselThe segmentation may also contain veins
and portions of the extracranial vasculatWie therefore pogprocess the initial segmentation to
produce a set of connectedssel trees. The method requitke use to define one or more

roots; for the brain, roots armanuallydefined as the two carotalteries and the basilar artery



