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The importance of accurate measuremen of cerebral perfusion in clinical practice cannot be overesti-
mated. Changesin blood °ow occur in all cerebral diseasesand can provide valuable diagnostic and

prognostic data for patient managemen More important is the ability to measurereductions in blood

°ow which may produce ischaemic cell death either due to ischaemic apoptosis or stroke. Until recertly

accurate measuremets of blood °ow within the capillary beds of the brain could be produced only by

use of 1°0 labeled water moleculesand positron emissiontomography. This technique is accurate but

extremely unsatisfactory for clinical examinations sinceit is extremely expensiwe, invasive and requires
prior scheduling of the examinations which can be completely impossiblein clinical emergencies.n order

to overcomethese problems two alternativ e clinical methodologieswere developed. The “rst of theseis

the useof 99mTc HMPAO asa marker of perfusionin combination with single photon emissioncomputed

tomography (SPECT). This tracer is highly lip ophilic and passesnto the brain in quartities proportional

to regional blood °ow. Oncein the brain the isotope is trapped and its distribution can be imaged for

seweral hours after the injection. Unfortunately the method still requires exposureto radiation and pro-

duceslow spatial resolution imageswhich contain no other anatomical or structural data. As a result

the SPECT examination must be routinely supplemened with other cross-sectionaimaging sud asCT

or MRI. The introduction of Xe enhancedCT has provided a potential solution to these problems by

providing high resolution anatomical imagesin combination with accurate high resolution measuremets

of cerebral blood °ow. Despite this the Xe technique has not beenwidely acceptedfor clinical use due
to the high radiation doserequired and the potential clinical complications produced by the anaesthetic
activity of the Xe. In clinical practice MRI is now the investigation of rst choicein the vast majority

of cerebral disease. The ability to produce accurate cerebral perfusion maps on standard clinical MR

scannersis therefore highly desirable. Two generic methods have beendescribed to produce MR based
measuremets of perfusion. The Trst, which is the basis of this application, is to derive measuremets

of perfusion from imageswhich documert the passageof a single bolus of cortrast medium through the

brain. The secondis to magnetically label protons in blood which is passingthrough the brain and to

useresulting, °ow induced changesin signal intensity to calculate °ow. These spin labeling techniques
are attractiv e since they do not require cortrast injection and can be repeated as often as is necessary
without risk. Unfortunately, spin labeling techniquessu®erfrom physical limitations imposedby the half

life of the "spin tag". These problems have excludedthe spin labeling methods from clinical practice at

the presern time.

The useof rst-pass bolus studies to measurecerebral perfusion is fundamertally attractiv e. The use of
cortrast injection producescortrollable decreasesn signal intensity, whilst basingthe analysispurely on
rst passdata imposesa short image acquisition which can be easily incorporated into existing clinical
imaging protocols. First-pass bolus kinetics are also well documerted and highly generic, so that any
successfultechnique can be usedwith a range of imaging technologies. In clinical practice, the needis
for a technique that will work with both MRI and CT, which currently form the basis of all clinical
scanning protocols. Equally important is the ability of rst-pass techniques to provide no rst-pass
analysis methods to produce maps of cerebral blood °ow from MR data. Thesetechniques usethe area
under the cortrast concerration curve as an estimate of blood volume within the pixel (CBV) and the
width of the cortrast bolus as an estimate of the mean transit time (MTT). The MTT parameter can
be estimated from the temporal width of the measuredbolus by assumingthat the net shape of the
bolus can be modeled as a convolution of the arterial bolus shape with the within voxel molecular transit
time distribution. This in turn can be approximated to rst order by a quadrature addition of widths
(analogousto addition of variance in error analysis). The importance of decorvolution with an input
responsefunction has recertly beenidenti ed in order to obtain quartitativ e measuremehn [4]. These
techniques and others, involving “tting of the bolus to a gamma variate basedon varying assumptions
regarding measuremen noise [1], are now being applied in medical researd for the estimation of blood
°ow from MR data sets. This allows calculation of relative cerebral blood °ow (CBF=CBV/MTT)
and the production of parametric maps of ead parameter. One major restriction of this technique is
that the estimatesof CBV and CBF are relative and not absolute which restricts clinical interpretation.
Production of absolute measuresof CBF requires absolute accurate measuresof CBV and MTT. The
production of accurate CBV measuresis possibleif in°ow e®ectsand other non-linear MR variables can
be compensatedfor. We have previously published techniques at MIUA which allow quality cortrol of
the derived perfusion parameters. Production of accurate measuremets of MTT is far more dicult and
has not beenadequately addressed.It is increasingly clear that current methods for the measuremen of
MTT are °awed, resulting in parametric imagesof °ow which are inaccurate and potentially clinically
dangerous. This paper attempts to explain and illustrate theseproblemsand suggestsa possiblesolution.



A New Approac h for the Estimation of MTT in
Bolus Passage Perfusion Techniques.

N.A.Thacker!, X.P.Zhu?, M.Nazarpoor!, C.Mooner?, A.Jackson'.
1: Imaging Sciencesand Biomedical Engineering,University of Manchester
2: ResonanceMagnetique dessystemesBiologiques,Universite Victor SegalenBordeaux
email: nat@svl.smb.man.ac.uk

Abstract

In clinical practice MRI is now the investigation of “rst choice in the vast majority of cerebral disease.
The ability to produce accurate cerebral perfusion maps on standard clinical MR scannersis therefore
highly desireable [7]. In particular, the use of rst-pass bolus studies to measurecerebral perfusion is
fundamertally attractiv e. The useof contrast injection producescortrollable increasesin signal to noise
ratio whilst basing the analysispurely on rst passdata imposesa short image acquisition which can be
easily incorporated into existing clinical imaging protocols. This has led to the description of “rst-pass
analysis methods to produce maps of cerebral blood °ow from MR data. Thesetechniques usethe area
under the cortrast concerration curve as an estimate of blood volume within the voxel (RCBV) and
the width of the cortrast bolus as an estimate of the meantransit time (MTT). This allows calculation
of relative cerebral blood °ow (RCBF=R CBV/MTT) and the production of parametric maps of eah
parameter. The production of accurate CBV measuresis possibleif incow e®ectsand other non-linear
MR variables can be compensatedfor. Production of accurate measuremets of MTT is far more di+cult
and it is increasingly clear that current methods for the measuremen of MTT are “awed [10]. This
paper attempts to examinewhy these methods are °awed and how the °aws may be corrected.

Intro duction

The standard approad is to assumethat the width of the gamma variate time curve, generatedby the
passageof the bolus is represenativ e of the time taken for the bolus to passthrough a voxel. Clearly
such an approad is highly dependert upon the shape of the active region and isotropic voxels would
be preferred in order to eliminate net °ow direction dependencies. Attempts to accourt for di®erences
in cardiac output and administration of contrast are generally basedon decorvolution. However, as the
spatial resolution of the data improvesthe expected cortribution of MTT to the width of the curve will
decrease.

Before the advent of Perfusion MR much was already known from standard physiology regarding the
expected °ow of blood through the brain. In particular, giventhe quantity of brain tissue, the blood °ow
into the head and known cerebral blood volume fractions it is possibleto estimate the mean velocity of
blood plasmato be approximately 2mm per second. Such velocities can be directly visualisedon imaging
modalities other than MR, such as CT angiograply. An analysis of the expected accuracy of MTT, for
typical bolus width measuremeh accuracy (0.6 seconds)and RMS arterial width (4 seconds),is shown
in table 1. This table illustrates that for typical blood °ow, velocities of 2 mm per secondin grey matter
and white matter capillaries, MTT should not be reliably measurablein high resolution MR data sets
(3mm voxels) with the RMS width of the bolus rising from 4.0 to a maximum of 4.02 secondsin the
capillaries.

MTT 10| 15 |20|3.0|4.0/|50
errorfraction | 28.9| 128 | 7.2 32| 18| 1.2
Table 1: Proportional error estimateson MTT computed using the method of error propagation for the
calculation of MTT basedon a quadrature subtraction.

Howewer, typically quoted valuesof MTT from decorvolution in the literature are of the order of 4 seconds
and these numbers have been demonstrated to give derived °ow measuremets which correlate with
independert °ow estimates [9, 4]. This result, which is the commonly acceptedview in the literature,
demands an explanation. In this paper we attempt to construct a new model to better describe the



obsened measuremets and go on to suggestan alternative method for estimation of MTT which should
make fully quartitativ e perfusion measuremen possible.

Theory and Metho d

The convertional approac to modelling the perfusion measuremen processrelies upon three key stages
concerning;

2 arelationship betweencontrast density and MR signal loss.
2 arelationship betweenthe integrated contrast density and °ow variables.

2 arelationship betweenthe shape of the contrast density distribution and the transit time.

Giventheserelationships it is then possibleto calculate tissue perfusion from the time varying MR signal
following cortrast administration. The approac outlined above initially involvescomputation of relative
cerebral blood volume [1, 7, 9] which is a well de ned and easily measuredparameter. The equations
describing formation of T2* weighted image intensity values|; for voxel i ignores°ow basedand partial
volume measuremen artifacts and is written as

In (1i (t)=1: (0))

Ri(t) = oTe

Where R;(t) is the relaxivity and ® is a constart. The assumption of a linear relationship between
relaxivity and conceriration of the contrast agert has beenshown to be valid both by experiment and
simulation for the blood volume fractions in the physiological and pathological range [2]. For a bolus
with time varying contrast concerration we can thus write:
Z, Iz,
Ri(t)dt = ~ C(p;t)dtdp
0

0 Vi

Where C(p;t) is the spatio-temporal contrast density and ~ is a constart. This quartity is generally
referredto asrelative cerebralblood volume (RCBYV), implying that the integrated time varying contrast
concerration must have the samevalue at all locations p such that;
z 1 z 1
Ri(t)dt = "V Ci(t)dt
0 0
Where C; is the conceriration of cortrast in the fractional volume V, of the voxel. This amounts to
an assumption of zero dispersionin an incompressible®uid, where changesin cross-sectionalvolume are
accompaniedby compensating changesin velocity. If correct our integral can now be re-written as
z 1
Ri(t)dt = ~VihC,ihT,i
0
where hT,i is the time taken for someproportion of the bolus to passany point p in an arterial voxel.
This equation then de nes the e®ectie arterial in°ow conceriration hC,i. RCBV can thus be estimated
from a sum over the appropriate measuredimage data although a non-linear correction for variation in
the haemataocrit may be required. Division by a parameter generally referred to as mean transit time
(MTT) recoversrelative blood °ow measuremets (RCBF).

RCBF = RCBV=MTT

This processde nesMTT asa direct estimate of the averagetime takenfor a moleculeof the bolusto pass
through an image voxel. We note herethat in order for the value of MTT to be indep endent of
the net °ow direction the activ e area of a voxel must be isotropic , though the most frequertly
cited publications in this area make no attempt to satisfy this requiremert and generally de ne large
regionsof interest using arbitrary spatial geometry,

The MTT parameter can be estimated from the temporal width of the measuredbolus by assuming
that the net shape of the bolus can be modelled as a cornvolution of the arterial bolus shape with the



within-v oxel moleculartransit time distribution. The importance of decorvolution with an input response
function hasrecertly beenidenti ed in orderto obtain quartitativ e measuremen [4, 9]. Thesetechniques
and others, involving tting of the bolus to a gamma variate basedon varying assumptions regarding
measuremen noise [1], are now being applied in medical researd for the estimation of blood °ow from
MR data sets.

The decorvolution approad is basedon seweral assumptions, one of which is that of zero dispersion of
the cortrast agert, either due to Brownian motion or in°ow heterogeneiy. If this were not true it would
be wrong to decorvolve with the samearterial input function in all regions of the data. Unfortunately,
the obsened time curve may be a®ectednot only by the input responseat the base of the brain, but
also by any intervening tissuesen-route to a voxel. We can validate this assumption by investigating the
relationship betweenbolus width (statistical variance) and TTM (mean arrival time ie: midpoint of the
bolus) in blood vessels.If bolus dispersiondoesnot occur then the width of the bolusin veins should be
the sameasin the arteries. We have therefore constructed a simple experimert in order to investigate
this assumption.

Typical results from Susceptibilit y Perfusion Measuremen t
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Figure 1: Data Distributions demonstrating the correlation betweenTTM and bolus width indicativ e of
an e®ectiwe dispersion processand the distribution of the new MTT estimate.

Figures 1 (a) and (b) show a typical distribution of width versusTTM valuesestimated in the brain of a
normal subject in a 256x256(0.9mm x 0.9mm x 12.5 mm) MR perfusion data set using gamma variate
“tting. Figure 1 (a) is for high RCBV regions only (greater than 0.3 of the maximum arterial value),
and cannot therefore be attributed to cappilary bedsin grey or white matter. Figure 1 (b) demonstrates
that the bolus width versusTTM distribution is identical in the rest of the data. Though the dynamic
range of the data is consistert with published values, broadening of the function due to increasedMTT
in capillary bedsis not seen.A °ow phantom, constructed with typical °ow velocities for the passageof
plasmathrough the brain from physiology, generatesexactly the samedistribution (Figure 1(c)). As the
phantom contains only MTT's lessthan 1 secondfor this data, one must concludethat the range of bolus
width values must be accourted for by some other mechanism, such as °ow heterogeneit, which has
only recerilly beenadknowledgedasa potentially important factor [6]. We would go further and suggest
that MTT estimation based on changes in bolus width is imp ossible in high resolution MR
and that bolus broadening, which is currently being interpreted as MTT is actually an estimate of the
amount of dispersion of the bolus.

In order to modify our previous expressionfor RCBV now to deal with suc a dispersive processand a
di®erert local mean cortrast concerration hCiji we needonly notice that consenation of matter would
require a proportional increasein bolus passagetime hT;i in voxel i (by a factor d; > 1:0) which would
be inversely proportional to the corntrast concerration,

Cii = RhC,i=d hTii = dihT,i



Grouping all of the constant factors for a given bolus into oneterm °, givesa modi ed expressionfor
RCBV.
RCBV, = °,VihTi=d

The numerical value of which is independert of d; under these assumptions. Howewer, for the purposes
of calculating perfusion, di®ering T; will result in spatially varying bolus widths which invalidate con-
vertional approadesfor estimation of MTT. Correlations of RCBF with independert estimates of °ow

[3, 5] could be accourted for by the expected correlation betweenRCBYV and actual °ow and coincidertal

changesin bolus width in regionsof low °ow due to the increasedtime available for dispersion.

Conclusions

The above analysis and results indicate that standard software padkagesfor measuremen of perfusion
from MR data could well be providing misleading °ow measuremets due to dispersion. Instead of
attempting to estimate MTT from the e®ectsof bolus broadeningthe very nature of high resolution MR
o®ersup an alternativ e. If we canlocate a feature on a bolus curve which is independert of dispersionwe
may be able to track this feature acrossvoxels in order to directly estimate MTT. One such possibility
is the TTM parameter, which is independert of symmetrical di®usion and dispersion. Given suxcient
accuracy the spatial derivative of this parameter should this give a direct estimate of MTT in regions of
uniform °ow. Figure 2 shows the in-plane derivative for the previous data set along with its distribution.

Though there is somestructure which can be related to anatomical boundaries, the distribution of values
peaksat a sensibleestimate for MTT from physiology with an accuracy of around 50% which is already
far greater than expected from bolus broadening techniquesin the samedata. This data makespossible
the estimation of RCBF within the image plane and would seemto suggestthat with somecare (to avoid
“tting failiures) it might be possibleto estimate MTT from the 3D spatial derivative of TTM within a
local region. All software and data usedin this study are available as open sourcefrom our web site [11].

(a) Di®erential MTT Estimate (b) MTT Distribution

Figure 2: Estimated value of MTT from the derivative of TTP demonstrating good regional coherence
and reasonableagreemen with physiological prediction.
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