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The importance of accurate measurement of cerebral perfusion in clinical practice cannot be overesti-
mated. Changes in blood flow occur in all cerebral diseases and can provide valuable diagnostic and
prognostic data for patient management. More important is the ability to measure reductions in blood
flow which may produce ischaemic cell death either due to ischaemic apoptosis or stroke. Until recently
accurate measurements of blood flow within the capillary beds of the brain could be produced only by
use of 15O labeled water molecules and positron emission tomography. This technique is accurate but
extremely unsatisfactory for clinical examinations since it is extremely expensive, invasive and requires
prior scheduling of the examinations which can be completely impossible in clinical emergencies. In order
to overcome these problems two alternative clinical methodologies were developed. The first of these is
the use of 99mTc HMPAO as a marker of perfusion in combination with single photon emission computed
tomography (SPECT). This tracer is highly lipophilic and passes into the brain in quantities proportional
to regional blood flow. Once in the brain the isotope is trapped and its distribution can be imaged for
several hours after the injection. Unfortunately the method still requires exposure to radiation and pro-
duces low spatial resolution images which contain no other anatomical or structural data. As a result
the SPECT examination must be routinely supplemented with other cross-sectional imaging such as CT
or MRI. The introduction of Xe enhanced CT has provided a potential solution to these problems by
providing high resolution anatomical images in combination with accurate high resolution measurements
of cerebral blood flow. Despite this the Xe technique has not been widely accepted for clinical use due
to the high radiation dose required and the potential clinical complications produced by the anaesthetic
activity of the Xe. In clinical practice MRI is now the investigation of first choice in the vast majority
of cerebral disease. The ability to produce accurate cerebral perfusion maps on standard clinical MR
scanners is therefore highly desirable. Two generic methods have been described to produce MR based
measurements of perfusion. The first, which is the basis of this application, is to derive measurements
of perfusion from images which document the passage of a single bolus of contrast medium through the
brain. The second is to magnetically label protons in blood which is passing through the brain and to
use resulting, flow induced changes in signal intensity to calculate flow. These spin labeling techniques
are attractive since they do not require contrast injection and can be repeated as often as is necessary
without risk. Unfortunately, spin labeling techniques suffer from physical limitations imposed by the half
life of the ”spin tag”. These problems have excluded the spin labeling methods from clinical practice at
the present time.

The use of first-pass bolus studies to measure cerebral perfusion is fundamentally attractive. The use of
contrast injection produces controllable decreases in signal intensity, whilst basing the analysis purely on
first pass data imposes a short image acquisition which can be easily incorporated into existing clinical
imaging protocols. First-pass bolus kinetics are also well documented and highly generic, so that any
successful technique can be used with a range of imaging technologies. In clinical practice, the need is
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 first-pass techniques to provide no first-pass
analysis methods to produce maps of cerebral blood flow from MR data. These techniques use the area
under the contrast concentration curve as an estimate of blood volume within the pixel (CBV) and the
width of the contrast bolus as an estimate of the mean transit time (MTT). The MTT parameter can
be estimated from the temporal width of the measured bolus by assuming that 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 first order by a quadrature addition of widths
(analogous to addition of variance in error analysis). The importance of deconvolution with an input
response function has recently been identified in order to obtain quantitative measurement [4]. These
techniques and others, involving fitting of the bolus to a gamma variate based on varying assumptions
regarding measurement noise [1], are now being applied in medical research for the estimation of blood
flow from MR data sets. This allows calculation of relative cerebral blood flow (CBF=CBV/MTT)
and the production of parametric maps of each parameter. One major restriction of this technique is
that the estimates of CBV and CBF are relative and not absolute which restricts clinical interpretation.
Production of absolute measures of CBF requires absolute accurate measures of CBV and MTT. The
production of accurate CBV measures is possible if inflow effects and other non-linear MR variables can
be compensated for. We have previously published techniques at MIUA which allow quality control of
the derived perfusion parameters. Production of accurate measurements of MTT is far more difficult and
has not been adequately addressed. It is increasingly clear that current methods for the measurement of
MTT are flawed, resulting in parametric images of flow which are inaccurate and potentially clinically
dangerous. This paper attempts to explain and illustrate these problems and suggests a possible solution.
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Abstract

In clinical practice MRI is now the investigation of first choice in the vast majority of cerebral disease.
The ability to produce accurate cerebral perfusion maps on standard clinical MR scanners is therefore
highly desireable [7]. In particular, the use of first-pass bolus studies to measure cerebral perfusion is
fundamentally attractive. The use of contrast injection produces controllable increases in signal to noise
ratio whilst basing the analysis purely on first pass data imposes a short image acquisition which can be
easily incorporated into existing clinical imaging protocols. This has led to the description of first-pass
analysis methods to produce maps of cerebral blood flow from MR data. These techniques use the area
under the contrast concentration curve as an estimate of blood volume within the voxel (RCBV) and
the width of the contrast bolus as an estimate of the mean transit time (MTT). This allows calculation
of relative cerebral blood flow (RCBF=RCBV/MTT) and the production of parametric maps of each
parameter. The production of accurate CBV measures is possible if inflow effects and other non-linear
MR variables can be compensated for. Production of accurate measurements of MTT is far more difficult
and it is increasingly clear that current methods for the measurement of MTT are flawed [10]. This
paper attempts to examine why these methods are flawed and how the flaws may be corrected.

Introduction

The standard approach is to assume that the width of the gamma variate time curve, generated by the
passage of the bolus is representative of the time taken for the bolus to pass through a voxel. Clearly
such an approach is highly dependent upon the shape of the active region and isotropic voxels would
be preferred in order to eliminate net flow direction dependencies. Attempts to account for differences
in cardiac output and administration of contrast are generally based on deconvolution. However, as the
spatial resolution of the data improves the expected contribution 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 flow of blood through the brain. In particular, given the quantity of brain tissue, the blood flow
into the head and known cerebral blood volume fractions it is possible to estimate the mean velocity of
blood plasma to be approximately 2mm per second. Such velocities can be directly visualised on imaging
modalities other than MR, such as CT angiography. An analysis of the expected accuracy of MTT, for
typical bolus width measurement accuracy (0.6 seconds) and RMS arterial width (4 seconds), is shown
in table 1. This table illustrates that for typical blood flow, velocities of 2 mm per second in grey matter
and white matter capillaries, MTT should not be reliably measurable in high resolution MR data sets
(3mm voxels) with the RMS width of the bolus rising from 4.0 to a maximum of 4.02 seconds in the
capillaries.

MTT 1.0 1.5 2.0 3.0 4.0 5.0
errorfraction 28.9 12.8 7.2 3.2 1.8 1.2

Table 1: Proportional error estimates on MTT computed using the method of error propagation for the
calculation of MTT based on a quadrature subtraction.

However, typically quoted values of MTT from deconvolution in the literature are of the order of 4 seconds
and these numbers have been demonstrated to give derived flow measurements which correlate with
independent flow estimates [9, 4]. This result, which is the commonly accepted view in the literature,
demands an explanation. In this paper we attempt to construct a new model to better describe the
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observed measurements and go on to suggest an alternative method for estimation of MTT which should
make fully quantitative perfusion measurement possible.

Theory and Method

The conventional approach to modelling the perfusion measurement process relies upon three key stages
concerning;

• a relationship between contrast density and MR signal loss.

• a relationship between the integrated contrast density and flow variables.

• a relationship between the shape of the contrast density distribution and the transit time.

Given these relationships it is then possible to calculate tissue perfusion from the time varying MR signal
following contrast administration. The approach outlined above initially involves computation of relative
cerebral blood volume [1, 7, 9] which is a well defined and easily measured parameter. The equations
describing formation of T2* weighted image intensity values Ii for voxel i ignores flow based and partial
volume measurement artifacts and is written as

Ri(t) = −
ln (Ii(t)/Ii(0))

αTE

Where Ri(t) is the relaxivity and α is a constant. The assumption of a linear relationship between
relaxivity and concentration of the contrast agent has been shown 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 concentration we can thus write:

∫
∞

0

Ri(t)dt = β

∮
Vi

∫
∞

0

C(p, t)dtdp

Where C(p, t) is the spatio-temporal contrast density and β is a constant. This quantity is generally
referred to as relative cerebral blood volume (RCBV), implying that the integrated time varying contrast
concentration must have the same value at all locations p such that;

∫
∞

0

Ri(t)dt = βVi

∫
∞

0

Ci(t)dt

Where Ci is the concentration of contrast in the fractional volume Vi of the voxel. This amounts to
an assumption of zero dispersion in an incompressible fluid, where changes in cross-sectional volume are
accompanied by compensating changes in velocity. If correct our integral can now be re-written as

∫
∞

0

Ri(t)dt = βVi〈Ca〉〈Ta〉

where 〈Ta〉 is the time taken for some proportion of the bolus to pass any point p in an arterial voxel.
This equation then defines the effective arterial inflow concentration 〈Ca〉. RCBV can thus be estimated
from a sum over the appropriate measured image data although a non-linear correction for variation in
the haematocrit may be required. Division by a parameter generally referred to as mean transit time
(MTT) recovers relative blood flow measurements (RCBF).

RCBF = RCBV/MTT

This process defines MTT as a direct estimate of the average time taken for a molecule of the bolus to pass
through an image voxel. We note here that in order for the value of MTT to be independent of

the net flow direction the active area of a voxel must be isotropic, though the most frequently
cited publications in this area make no attempt to satisfy this requirement and generally define large
regions of interest using arbitrary spatial geometry.

The MTT parameter can be estimated from the temporal width of the measured bolus by assuming
that the net shape of the bolus can be modelled as a convolution of the arterial bolus shape with the
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within-voxel molecular transit time distribution. The importance of deconvolution with an input response
function has recently been identified in order to obtain quantitative measurement [4, 9]. These techniques
and others, involving fitting of the bolus to a gamma variate based on varying assumptions regarding
measurement noise [1], are now being applied in medical research for the estimation of blood flow from
MR data sets.

The deconvolution approach is based on several assumptions, one of which is that of zero dispersion of
the contrast agent, either due to Brownian motion or inflow heterogeneity. If this were not true it would
be wrong to deconvolve with the same arterial input function in all regions of the data. Unfortunately,
the observed time curve may be affected not only by the input response at the base of the brain, but
also by any intervening tissues en-route to a voxel. We can validate this assumption by investigating the
relationship between bolus width (statistical variance) and TTM (mean arrival time ie: midpoint of the
bolus) in blood vessels. If bolus dispersion does not occur then the width of the bolus in veins should be
the same as in the arteries. We have therefore constructed a simple experiment in order to investigate
this assumption.

Typical results from Susceptibility Perfusion Measurement
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(c) TTM vs Bolus Width phantom

Figure 1: Data Distributions demonstrating the correlation between TTM and bolus width indicative of
an effective dispersion process and the distribution of the new MTT estimate.

Figures 1 (a) and (b) show a typical distribution of width versus TTM values estimated 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
fitting. 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 beds in grey or white matter. Figure 1 (b) demonstrates
that the bolus width versus TTM distribution is identical in the rest of the data. Though the dynamic
range of the data is consistent with published values, broadening of the function due to increased MTT
in capillary beds is not seen. A flow phantom, constructed with typical flow velocities for the passage of
plasma through the brain from physiology, generates exactly the same distribution (Figure 1(c)). As the
phantom contains only MTT’s less than 1 second for this data, one must conclude that the range of bolus
width values must be accounted for by some other mechanism, such as flow heterogeneity, which has
only recently been acknowledged as a potentially important factor [6]. We would go further and suggest
that MTT estimation based on changes in bolus width is impossible 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 expression for RCBV now to deal with such a dispersive process and a
different local mean contrast concentration 〈Ci〉 we need only notice that conservation of matter would
require a proportional increase in bolus passage time 〈Ti〉 in voxel i (by a factor di > 1.0) which would
be inversely proportional to the contrast concentration,

〈Ci〉 = 〈Ca〉/di 〈Ti〉 = di〈Ta〉

Grouping all of the constant factors for a given bolus into one term γa gives a modified expression for
RCBV .

RCBVi = γaVi〈Ti〉/di
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The numerical value of which is independent of di under these assumptions. However, for the purposes
of calculating perfusion, differing Ti will result in spatially varying bolus widths which invalidate con-
ventional approaches for estimation of MTT. Correlations of RCBF with independent estimates of flow
[3, 5] could be accounted for by the expected correlation between RCBV and actual flow and coincidental
changes in bolus width in regions of low flow due to the increased time available for dispersion.

Conclusions

The above analysis and results indicate that standard software packages for measurement of perfusion
from MR data could well be providing misleading flow measurements due to dispersion. Instead of
attempting to estimate MTT from the effects of bolus broadening the very nature of high resolution MR
offers up an alternative. If we can locate a feature on a bolus curve which is independent of dispersion we
may be able to track this feature across voxels in order to directly estimate MTT. One such possibility
is the TTM parameter, which is independent of symmetrical diffusion and dispersion. Given sufficient
accuracy, the spatial derivative of this parameter should this give a direct estimate of MTT in regions of
uniform flow. Figure 2 shows the in-plane derivative for the previous data set along with its distribution.
Though there is some structure which can be related to anatomical boundaries, the distribution of values
peaks at a sensible estimate for MTT from physiology with an accuracy of around 50% which is already
far greater than expected from bolus broadening techniques in the same data. This data makes possible
the estimation of RCBF within the image plane and would seem to suggest that with some care (to avoid
fitting failiures) it might be possible to estimate MTT from the 3D spatial derivative of TTM within a
local region. All software and data used in this study are available as open source from our web site [11].

(a) Differential MTT Estimate (b) MTT Distribution

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