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Abstract

This paper reviewsthe analysistechniquescurrently in commonusefor the calculation of cerebralblood

o w (CBF) from dynamic susceptibility contrast enhancedmagnetic resonanceimaging (DSC-MRI).
The paper highlights and explains a seriesof requirements of the data which must be met in order
to accurately derive CBF measurements. These data characteristics are then examined and tested
using experimental approaches. We conclude that the characteristics of DSC-MRI data breach the
requirements of the standard analysis approaches, resulting in signi�can t errors in the estimation of
CBF. We present an alternativ e approach to the measurement of CBF from DSC-MRI data basedon
an alternativ e physiological model which assumesthat a measurablecomponent of directional 
o w is
present in all areasof the brain.

1 In tro duction

Abnormalities of the cerebral vasculature are one of the commonestfeatures of brain diseaseand enormouse�ort
has beenexpendedto develop methods for their identi�cation and quantitation [1, 2]. One of the most important
descriptive parametersis cerebral blood 
o w (CBF) which allows identi�cation of altered blood 
o w states such as
those resulting from haemodynamic restriction, vascular stenosisor occlusion, or from decreasedregional demand
as is seenin Alzheimer's disease[3, 4]. Clinically we need to be able to answer the question of whether cerebral
blood 
o w is normal and if not, then where and how severe is the abnormality? At the present time the answer to
thesequestionsis not easily obtained in routine clinical practice.

Physiologists have developed a number of methods to estimate whole brain cerebral blood 
o w (CBF), cerebral
blood volume(CBV) and meancerebraltransit time (MTT) without the useof imaging techniques. Thesemethods
are e�ectiv e in monitoring total cerebral blood 
o w resulting from injury , pathology or therapeutic interventions
but do not provide any indication of the spatial distribution of abnormalities within the brain [5]. Two main
groups of analysis methods have been described. The �rst, commonly used in intensive care monitoring systems
to measurechangesin CBF, usesa bolus injection of an intravascular marker (usually a dye) which stays within
the blood stream. CBF measurements are derived from changesin bolus width and height which occur during
passagethrough the brain [5]. The secondgroup of techniquesusea marker which will penetrate freely into brain
tissue (ie nitrous oxide) and estimate CBF by measuring the extraction of marker from the circulation [5, 6].
Measurements basedon imaging techniquesusesimilar basic principles but have major potential advantagessince
they are able to identify and quantify regional changesin blood 
o w parameters. Isotope techniques including
hexamethyl propyleneamine oxime single photon emission computed tomography (HMPAO-SPECT), [15O]-H20
positron emissiontomography (PET) and Xenon perfusion computed tomography use markers which freely pass
from the blood into the brain and allow measurement of regionalCBF from imagesof the distribution of the marker
within the brain. Each has inherent advantagesand disadvantageswhich are beyond the scope of this article.

There are two commonly usedmethods for measuringcerebralblood 
o w (CBF) using magnetic resonanceimaging
(MRI). Arterial spin labeling usesmagnetic labeling of protons in blood to provide an endogenoustracer of 
o w.
This technique is attractiv e but not yet su�cien tly robust for routine clinical use [1, 7]. Dynamic susceptibility
contrast enhancedMRI (DSC-MRI) usesthe rapid measurement of MR signal changefollowing the injection of a
bolus of a paramagnetic MRI contrast agent [7, 8, 9]. The resulting signal lossfrom passageof the contrast agent
bolus on T2* or T2 weighted imagescan be used to calculate estimates of cerebral blood volume (CBV), mean
transit time (MTT) and cerebral blood 
o w (CBF).

The analysis of DSC-MRI data is described in detail below. In basic terms the data is used to calculate contrast
concentration changesfrom signal change. The area under the contrast concentration time coursecurve is used
as an estimate of the CBV. The relative width of the curve is used to derive an estimate of the MTT, and the
CBF is calculated using the central volume theorem which de�nes CBF as the ratio of CBV/MTT [1, 7, 10].
Although there is no doubt that DSC-MRI provides clinically valuable data (see�gure 1) it has becomeclear that
the calculation of CBF using the standard techniquesis subject to very signi�can t errors [1, 2, 7, 10]. One sourceof
error is the presenceof variable bolus broadeningwhich occursbefore the bolus reachesthe headdue to individual
variations in physiology and injection technique [11, 12]. This can be minimized by the identi�cation of an arterial
input function (AIF) from a large basalartery which can be usedto deconvolve the observed tissueresidencesignals
from individual voxels [12, 13]. More problematic is that the passageof the contrast bolus through the brain is
complicated by the existenceof multiple parallel vascular pathways with varying lengths and transit times. As a
consequenceof thesemultiple pathways the arrival times of the contrast bolus within the brain gradually de-phase
giving rise to progressive broadening and delay of the contrast bolus observed in individual voxels [10, 13, 14].
Thesechangesmake the identi�cation of an appropriate AIF impossiblesincean individual AIF would needto be



Figure 1: Typical parametric maps of rCBV, rCBF, rMTT, T0 and TTM in a patient with unilateral carotid
stenosis. Images demonstrate the expected lengthening of T0, TTM, rMTT, increasein rCBV and decreasein
rCBF in the stenosedhemisphere.

identi�ed for each voxel to provide the appropriate correction for the bolus broadening in the vascular pathway
proximal to the measurement point. Attempts to identify local AIFs have beendescribed [13] but are complex and
essentially unsatisfactory.

This paper will review the standard approach to the analysis of DSC-MRI data. In particular we will explicitly
de�ne the characteristics of the DSC-MRI data which are required for the calculation of CBF and describe a
seriesof experiments which have beenperformed to investigate them [15, 16, 2]. The results of theseexperiments
clearly demonstrate discrepanciesbetweenthe idealized behavior of the cerebral circulation, which is assumedby
the analysis technique, and the observed behavior of the data. These discrepanciesare signi�can t and can be
expected to adversely a�ect CBF estimates. We also describe a novel analysis technique basedon an alternativ e
physiological model of blood 
o w and which requires a di�eren t set of assumptions.

2 Conventional Theory

The conventional approach to modeling cerebralblood 
o w from DSC-MRI involvescomputation of relativecerebral
blood volume (rCBV) [17, 18] which is a well-de�ned and easily calculated parameter. The equation describing
formation of T2* weighted image intensity values I i for voxel i ignores 
o w and partial volume measurement
artifacts and is written:

Ri (t) = �
ln (I i (t)=I i (0))

�T E
(1)

Where Ri (t) is the relaxivit y, � is a constant and TE is the echo time. The assumption of a linear relationship
between relaxivit y and concentration of the contrast agent has been shown to be valid both by experiment and
simulation for blood volume fractions in the physiological and pathological range[8]. For a bolus with time varying
contrast concentration we can thus write:
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Ri (t)dt = �
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0
C(p; t)dtdp (2)

Where � is a constant and C(p; t) is the spatio-temporal contrast density. This quantit y is generally referred to as
rCBV, implying that the integrated time varying contrast concentration must have the samevalue at all locations
p such that;

Z 1

0
Ri (t)dt = � Vi

Z 1

0
Ci (t)dt (3)

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 
uid, in which changes in cross-sectionalvolume are accompanied by
compensating changesin velocity. If theseassumptionsare correct then the right hand side integral is a constant
for all locations (i ) within the volume and can now be re-written as

Z 1

0
Ri (t)dt = � Vi hCa ihTa i (4)

where hTa i is the time taken for someproportion of the bolus to pass through an arterial voxel. This equation
then de�nes the e�ectiv e arterial in
o w concentration hCa i . As a consequencerCBV can be estimated from a
sum over the appropriate measuredimage data although a non-linear correction for variation in the haematocrit
may be required. With real data we have the additional problem that the shape of the observed R(t) curve is
modi�ed by the voxel residencetime. However, as this can be modeled as a convolution the area under the curve
is theoretically una�ected.

MTT can be estimated from the temporal width of the measuredbolus by assuming that the net shape of the
bolus can be modeled as a convolution of the arterial bolus shape with the within-v oxel molecular transit time
distribution [1, 7, 19, 20, 12, 21].

Division of the calculatedrCBV by the meantransit time (MTT) recoversrelativecerebralblood 
o w measurements
(rCBF):

RCB F = RCB V=M TT (5)

It should be noted that these values for CBV and CBF are expressedas relative values (ie; rCBV and rCBF)
sincethe analysis doesnot support the calculation of absolute valuesfor CBV. Therefore, unlesssomecalibration
stageis included in the analysis then the valuesobtained must be consideredonly as valid ratios of 
o w and blood
volume in an individual caseand not asabsolutevalues. The consequenceof this is that the technique asdescribed
supports comparisonsof areaswithin a singlestudy but not comparisonbetweenindividuals or betweensequential
scans.

3 Requiremen ts of the Standard Analysis Techniques

The useof the standard analysismethod is basedon a number of speci�c assumptionsconcerningthe physiology of
cerebralblood 
o w and the consequent characteristics of the imaging data. Thesemust be appreciated if potential
shortcomings of the standard analysis approach are to be understood. In this section we will identify a number
of speci�c characteristics of the data which are required by the standard analysis approach in order to provide
accurate measurements of CBF.

1. The Data Must Allo w Accurate Estimates Of Absolute Fractional Blo od Volume In Each Voxel

Measurement of absolute CBV is essential if absolute CBF is to be calculated. Relative measurement of CBV
(rCBV) is easily estimated from the area under the �rst passcomponent of the contrast concentration time course
curve. However, it cannot be easily transformed into an absolute measurement since the contrast concentration
calculated from the observedsignal intensity changesis in arbitrary units. Measurements of rCBV canbe calibrated
by comparison with values in voxels which are 100% blood to provide approximations of absolute CBV. This
assumption appears to be valid to within a few percent and the calculation of CBV provides estimates for white
and grey matter in keepingwith known values.
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2. Broadening Of The Con trast Bolus Must Represen t The Mean Transit Time Of Con trast Through
The Voxel

Changesin MTT will directly a�ect the local width of the contrast bolus and so early workers used the width of
the contrast concentration residue function directly as an MTT surrogate. Weissko� et al. [22] have shown that
although the MTT computed directly in this way is not equal to CBV/CBF, it can still give a reasonablycorrect
relative measurement of rCBF betweenregions,provided however, that they feature a similar vascular physiology.
This can also be usedto continuously monitor the e�ect of a perturbation on a given region [1]. However, the use
of bolus broadening as a measurement of MTT also requires that bolus width is una�ected by other factors.

3. Variation In Con trast Bolus Width Must Not Result From Variations In Injection Technique Or
Bolus Passage Through The Systemic Circulation

In practice it was soon realized that the width of the contrast bolus is strongly a�ected by individual variations
in injection technique, contrast doseand cardiovascular function. Direct comparison of CBF estimates between
individuals requires that these sourcesof variation have been minimized or removed [12]. As mentioned above,
one approach to solving this problem is to deconvolve data from each voxel with an input responsefunction that
reducessuch variabilit y and this hasbeenusedasthe basisof quantitativ e techniquesfor the absolutemeasurement
of CBF [1, 7, 12, 21]. The use of deconvolution approaches requires the choice of an appropriate arterial input
function (AIF) which is usedas a basefunction for the deconvolution. This is usually one of the large arteries at
the baseof the brain and the middle cerebral artery is most commonly used. The useof a single measurement for
the AIF relies on the assumption that a single AIF is appropriate for all measurement voxels.

4. The Surrogate AIF Must Be Iden tical To The True AIF For Ev ery Measuremen t Voxel In The
Brain

The useof a surrogateAIF requiresthat no additional broadeningof the contrast bolus occurs (betweenthe artery
in which the AIF is measuredand the measurement voxel) which would give rise to spurious increasesin the
measuredAIF following deconvolution [1, 7, 23].

5. The Con trast Bolus Must Arriv e Sim ultaneously In All Measuremen t Voxels And All Flo w
Within Measuremen t Voxels Must Be Random In Direction

These assumptions are logical conclusionsof the way in which the central volume theorem has been applied to
the data. This may be a little hard to appreciate but can be explained by reviewing the basic central volume
theorem which states that CBF=CBV/MTT. Consider a large grey matter area with homogeneous
o w. The
CBF, measuredin mls/min/100g of tissue and the CBV measuredin mls/100g of tissue are constant throughout
the tissue. The MTT is therefore a constant value in units of seconds.This meansthat the MTT is independent
of the voxel dimensionsand is not a�ected by the distance over which it is measured. If we sub-samplethe tissue
and measurethe MTT from one half or someother fraction of the volume thesearguments still apply; the MTT
remains constant and independent of tissue volume. This clearly could not be true if there weredirectional 
o w in
the tissue. As a model of directional 
o w imagine a large vessel
o wing through the sample. The time the contrast
takesto transit the vesselis clearly dependent on the vessellength and therefore on the voxel sizeand shape. The
useof arbitrary scanninggeometry thus correspondsto an assumption that there is no directional 
o w in the data.

The use of an arbitrary geometry also requires that the contrast bolus should arrive in all voxels simultaneously.
Consider two adjacent grey matter voxels betweenwhich there is a delay in the arrival of the contrast bolus. The
MTT in each of the voxels will be the sameand can be calculated from the width of the contrast bolus. However,
if imaging were performed using a larger voxel which encompassedboth of the original ones,then the width of the
bolus would now re
ect both the MTT and delay in bolus arrival between the voxels. In practice this argument
will apply within all voxels, so, the standard technique is dependent on the absenceof bolus delay.

6. The MRI Data Must Result Purely From Con trast Within The Capillary Beds

This is essential since signal from large vesselswill intro duce the e�ects of directional 
o w into the data. Many
workers have stressedthe importance of spin echo acquisition sequencesfor perfusion experiments since theseare
lesssensitive to the e�ects of contrast in large vessels[24, 25] However more recently it hasbeenshown that the use
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of gradient echo techniqueswith their improved signal to noiseratio make little actual di�erence to the calculated
MTT and CBF despite the dominanceof signal from large vesselsin the data sets [26, 27].

4 Testing the Data

In this sectionwe will describe a seriesof experiments to test the identi�ed required characteristics of the data. As
discussedabovethe requirements listed under 1, 2 and 3 appear to be appropriate assumingthat the voxel residence
data is deconvolved using the surrogate AIF. The remaining requirements can be directly tested by analysisof the
dynamic MRI data.

Requiremen t 4. The Surrogate AIF Must Be Iden tical To The True AIF For Ev ery Measuremen t
Voxel In The Brain

Figure 2: Plots illustrating the extent of bolus broadening in a normal subject from a gradient echo data set. The
width of the bolus is plotted against the time to the middle of the contrast bolus or time to mean(TTM). Arteries
will be represented by short TTM, veinsby long TTM and capillaries by intermediate values. (a) shows the plot for
pixels with CBV > 0.3 and therefore excludesdata from capillary beds(CBV typically 2.5-5%). Arteries and veins
should exhibit very short transit times, but in fact the measuredbolus width demonstratesa linear relationship
with bolus age(TTM). In standard perfusion studies the usespin echo sequencesshould minimize the contribution
from these high CBV voxels. (b) shows the sameplot including data from all voxels. A clear linear relationship
can be seenand it is evident the many capillary bed areasdisplay bolus widths far shorter than those seenin the
venoussystem in (a) despite the fact that capillary 
o w is clearly far lessthan that in large veins.

Both delay and dispersion of the bolus do occur even in normal subjects [1, 15, 23]. Recent simulation studies [10]
have suggestedthat this error intro ducessigni�can t underestimation of CBF and overestimation of MTT so that
additional broadening of the bolus by 2.5 secondsor more overestimatesMTT by 200%and underestimatesCBF
by 50%. This underestimation increasesfurther as bolus broadening increases[10]. Figure 2 illustrates the extent
of bolus broadening in a normal subject from a gradient echo data set. The width of the bolus is plotted against
the mean time of arrival (TTM) of the contrast bolus in the voxel. In this plot we would expect to seearteries
represented by short TTM, veinsby long TTM and capillaries by intermediate values. Figure 2a shows the plot for
pixels with CBV > 0.3 and therefore excludesdata from capillary beds(CBV typically 2.5-5%). We would expect
to seevery short transit times, and therefore bolus widths, in both arteries and veins. In fact the measuredbolus
width demonstratesan approximately linear relationship with bolus age(TTM). In standard perfusion studies the
use of a spin echo sequenceshould minimize the contribution from these high CBV voxels. However �gure 2b
shows the sameplot including data from all voxels. Once again a clear linear relationship can be seenand it is
evident that the many capillary bed areasdisplay bolus widths far shorter than those seenin the venoussystem
in �gure 2a despite the fact that capillary 
o w is clearly far lessthan that in large veins. This data demonstrates
the presenceof a signi�can t degreeof bolus broadening which occurs independently of regional 
o w rates.
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Requiremen t 5. The Con trast Bolus Must Arriv e Sim ultaneously In All Measuremen t Voxels And
All Flo w Within Measuremen t Voxels Must Be Random In Direction

Figure 3: Temporal imagesillustrating the spatial distributions of a given time of arrival of contrast for a single
axial slice through the brain. Arteries and veins are shown in the �rst image and are identi�ed by the presenceof
high CBV. The yellow areason subsequent imagesshow the centre of the contrast bolus in voxels with low CBV
(capillaries). The clear pattern to the passageof the bolus through the brain is in keepingwith the known vascular
anatomy and illustrates a wave of contrast passingthrough super�cial areasto reach the deep white matter and
periventricular regions.

The requirement that the contrast bolus must arrive simultaneously in all voxels can be tested by visualizing the
temporal distribution of the bolus passagethrough the capillary beds[2]. Figure 3 shows a seriesof time resolved
imagesillustrating the position of the centre point of the contrast arrival time distribution in a single axial slice
through the brain. Arteries and veinsare shown in the �rst image and are identi�ed by the presenceof high CBV.
The yellow areason subsequent imagesshow the centre of the contrast bolus in voxels with low CBV (capillaries).
There is a clear pattern to the passageof the bolus through the brain. The frontal and insular cortices show the
�rst enhancement and from here the bolus passesinto the deepwhite matter. The occipital cortex enhanceslater
than the frontal and parietal cortices and the very deepperiventricular white matter enhanceslast of all. These
patterned delays in the arrival of the contrast bolus are in keepingwith the known vascularanatomy and illustrate
a wave of contrast passingthrough super�cial areasto reach the deep white matter and periventricular regions.
This doesnot support the hypothesis that the contrast bolus arrivessimultaneously in all voxels. Examination of
the data suggeststhat calculation of MTT from a large white matter region of interest would be a�ected by bolus
delays in excessof 4 secondswhilst smaller regionsof interest would be a�ected to a proportionately lesserextent.

The assumption that no directional 
o w occurs within the measurement voxels can again be directly tested. We
have previously described a method for measuring the apparent velocity of directional 
o w in any voxel [15, 2].
This technique usesaccurate measuresof TTM from each of the six adjacent voxels surrounding the measurement
voxel (Figure 4). The spatial derivative of thesevalueswill represent the mean time taken for a contrast molecule
to transit the measurement voxel assuming that the 
o w is directional in nature. If the 
o w in a voxel is truly
random then the measurement will be consistent with zero except for the e�ects of noise in the data. We have
called this measurement the net mean transit time (nMTT) to distinguish it from MTT estimates derived from
measurements of bolus broadening. In practice measurablevalues of nMTT have been observed in all grey and
white matter voxels of the brains of normal volunteers. The mean apparent velocities of blood 
o w in grey and
white matter in 12 normal volunteerswere0.25 0.013cm/s and 0.21 0.014cm/s respectively [2] . The nMTT can
be calculated from thesevelocities and will vary linearly with the voxel size.

Requiremen t 6. The MRI Data Must Result Purely From Con trast Within The Capillary Beds

In practice many workers now routinely use, and recommendthe use of gradient echo imageswhere there is no
reasonto believe that the MRI signal doesresult purely from contrast in the capillary beds [26, 27]. Even in spin
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Figure 4:

echo images the technique relies on the routine identi�cation of an AIF from a large vesselillustrating the fact
that large vesselsignals are present even if they contribute proportionally less to signal than voxels containing
only capillaries. Similarly it can be seenfrom parametric mapsobtained using standard techniquesthat areaswith
large vesselsare not represented by �t failures or data voids as would be expected but rather are indistinguishable
from the surrounding brain [26, 27].

Figure 5: Scatterplot of T2* vs T1 for an identical coregisteredslicefrom each dataset. The T1 data hasundergone
a pixel shu�e technique (seemain text) in order to best match the two datasets,as the T2* susceptibility e�ect
will result in somedistortion in the T2* data.

A scatterplot of the pixel-by-pixel values of obtained using T1 and T2* weighted methods is given in �gure 5,
enabling the comparisonof the two sequences.The square-root has beentaken, as this measurerenders the error
on the uniform and also expandsthe dynamic range of the data. The data from the two volume acquisitions have
beencoregisteredusingan a�ne linear transformation, in order to giveequivalent voxel positions. The susceptibility
e�ect of the contrast when using T2* weighted sequencesleads to a degreeof distortion in the resulting images
and there is also somenon-rigidit y between the two volumes. In order to obtain the best match betweenthe two
setsof data, we apply a pixel shu�e technique: we take the most similar value from the T1 map to the T2* map
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corresponding to a half pixel linear interpolation in one of four directions (up, down, left, right). The scatterplot
shows several important points. Except at the very lowest CBV, there is a linear relationship betweenthe T1 and
T2* values. The T2* weighted acquisition is more sensitive to data at lower CBV than the T1, hencethe tailing
o� at low CBV for the T1. The most important point is that the large vessels(grey and white matter are typically
lessthan 0.27) do contribute to signal in both T1 and T2* images, indicating again that the MR data does not
arise from purely capillary-basedcontrast. The data also illustrates the validit y of the CBV estimation processfor
both T1 and T2* basedmethods.

5 An Alternativ e Ph ysiological Mo del

The inherent problems in the standard approach to the analysisof DSC-MRI arisefrom the underlying assumption
that all 
o w in capillary beds is entirely random in direction. This constrains us to using analysis of the voxel
residencetime to characterize the 
o w rate acrossthe voxel. In fact as we have demonstrated there is a signi�can t
measurable directional 
o w present in voxels composed entirely of grey and white matter. We postulate an
alternativ e physiological model in which 
o w through capillary bedscan be consideredas a mixture of directional
and random 
o w. Using the method described above we can estimate nMTT in any voxel (Fig 4). Sincewe can
alsoestimate CBV we can directly calculate the directional component of the blood 
o w in any voxel (nCBF). For
the reasonsdescribed above this technique will leave us unable to estimate the true random component of 
o w
and may therefore represent a variable component of the overall 
o w through the voxel. In order to assessthe size
of the directional 
o w component we have previously derived predicted values for 
o w velocity and nMTT in the
normal brain basedon an assumption that all 
o w in the voxel is directional [2]. The purposeof this model is to
provide an estimate of the maximum valuesof 
o w velocity which might be expectedif the random 
o w component
were negligible [15, 2]. This model, basedon parametersderived from non-MRI basedstudies producesestimated
maximal values of blood 
o w velocity of 0.25cm/s and 0.18cm/s in grey and white matter. These compare to
measuredvalues of 0.25 0.013 cm/s and 0.21 0.014 cm/s seenusing our direct measurement technique in the
brains of 12 normal volunteers. Thesevaluesgive a measurednMTT for a 1mm isotropic voxel of grey and white
matter of 0.45 0.12 s and 0.52 0.11 s respectively comparedto predicted model valuesof 0.47sand 0.55s[2].

6 Measuring Blo od Flo w Using the New Mo del

Study Modalit y Cerebral Blood Flow (ml/100g/min)
Grey Matter White Matter

Watabe et al. 1996 PET 22.5-37.8
Ostergaard et al. 1998 PET 33-50 10-30

Ye et al. 2000 PET 67� 13 33� 4
ASL 64� 12 23� 8

Francis et al. 1999 ASL 87� 9 23� 5
Kim & Tsekos 1997 ASL 71� 15

Present Study MRI 45.3� 15.2 22.8� 8.1

Table 1: Typical CBF valuesobtained using PET and ASL in Normal volunteers. Data is given either as a mean
standard deviation, or as a range.

The abilit y to directly measurenMTT and CBV provides us with the information required to directly measure
nCBF using direct application of the central volume theorem (vide supra). These estimates will be free from
errors due to bolus delay and dispersion but will re
ect only the directional component of 
o w. Any signi�can t
contribution from non-directional 
o w will not be seen. Figure 6 shows measurements taken from a seriesof 26
normal elderly volunteers. The nCBF calculated separately in mls/100g/min is plotted against the 
o w of blood
into the head measuredby phasecontrast angiography in the carotid and basilar arteries and normalized to head
size. There is a closecorrelation between these independent estimatesof CBF . Values of grey matter nCBF are
approximately twice those observed in the white matter in each individual. The valuesof nCBF in grey and white
matter calculated using the new technique are consistent with thoseobtained using other modalities. Table 1 gives
grey and white matter CBF valuesusing ASL, PET and this new method. As can be seen,our data is comparable
with the quite variable literature values. All these observations support the use of analysis techniques basedon
the assumption of directional blood 
o w as an alternativ e to traditional bolus width basedtechniques.
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Figure 6: Section through the brain of a normal volunteer with a colored overlay showing the predominant 
o w
direction in the plane of the section for each voxel. It can be seenthat the 
o w directions form patterns which
conform to the known anatomical distribution of small vesselsin the grey and white matter.

Another feature of this analysis approach is that the technique provides estimates of both 
o w velocity and 
o w
direction from each voxel [2]. Figure 7 shows a section through the brain of a normal volunteer with a colored
overlay showing the net 
o w direction for each voxel in the plane of the section. It can be seenthat the 
o w
directions form patterns which conform to the known anatomical distribution of small vesselsin the grey and
white matter. In particular, the estimated 
o w vectors appear to be perpendicular to the grey-white matter
interface.

7 Practicalities of Measuring nCBF

The useof direct local measurements of nMTT and calculation of nCBF appearsto provide an attractiv ealternativ e
analysis approach for DSC-MRI data. However, it must be appreciated that the technique places signi�can t
additional demandson both the image acquisition and analysis technique. Since the measurement of blood 
o w
in the voxel is a vector it is essential that the voxels should be as near isotropic (ie; cubic) as possiblein order to
minimize statistical errors, but a scalefactor correction can be made to give the equivalent nMTT that would be
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Figure 7: Plot of nCBF (mls/100g/min) for grey and white matter for 26 elderly normals, against the 
o w of blood
into the head measuredby phasecontrast angiography in the carotid and basilar arteries and adjusted for head
size. There is a closecorrelation betweentheseindependent estimatesof CBF and valuesof grey matter nCBF are
approximately twice those observed in the white matter in each individual.

seenin an isotropic voxel. The typical data acquisition usedfor DSC-MRI, which will most often be an echo planar
singleslice technique, is far from isotropic, with typical voxel dimensionsof 3mm x 3mm in plane and up to 10mm
through plane. The reduction in voxel volume will of coursehave an inevitable detrimental e�ect on signal to noise
ratio which will a�ect the accuracy of curve �tting used for analysis. In addition the technique requires imaging
the six adjacent voxelsof every measurement voxel. This meansthat slicesmust be contiguous and that data from
the pixels at the edgesof the volume will not be analyzable. More worryingly the technique relies upon accurate
estimatesof TTM from all of the surrounding voxelsso that a single inaccurate �t will adverselya�ect estimatesof
nCBF in all six of the voxels on its orthogonal boundaries. In addition to theseconstraints the imaging sequence
must be heavily T2 or T2* weighted, requiring a long TE, but must have a su�cien tly short temporal resolution
(<2seconds)to capture the behavior of the short lived contrast bolus as it passesthrough the tissues. We have
addressedthis with the useof an echo shifted, gradient echo, echo planar volume acquisition (PRESTO [28, 29]).
This technique givescoverageof the whole forebrain with 3mm isotropic voxels and adequatesignal to noiseratio
for analysis [15, 16, 2].

Another potential di�cult y with this analysisapproach is the required precisionof the TTM estimates. The nMTT
through a typical 3mm3 voxel of grey matter using the PRESTO sequenceis approximately 1.5 secondsand if
we wish to accurately detect changesof 10-20%then we needa �tting accuracy for TTM of the order of 0.15-0.3
seconds. This is demanding and needscareful optimization of the �tting proceduresused for TTM estimation.
However, if we considera large artery with a 
o w rate of 60 cm/s then the nMTT in a single voxel will be in the
order of 0.005secondsand would needa �tting accuracyof 0.0005-0.001seconds.This is clearly impossibleand so
the e�ectiv e errors in the estimatesof nCBF will be acceptablein areasof slow 
o w (capillaries) but will invalidate
measurements made in large vessels.Fortunately the e�ectiv e statistical error in each voxel can be estimated and
measurements limited to grey and white matter voxels where accuracy is acceptable. These limitations highlight
the needfor improved data quality for this technique. In the future it is expectedthat the useof high �eld systems,
high osmolarity contrast agents and parallel coil imaging techniques such as SENSE will all support appropriate
improvements in data quality.
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8 Discussion

This paper focuseson the selection of an appropriate physiological model of cerebral blood 
o w to underpin the
analysis of DSC-MRI data. There is little doubt that DSCE-MRI can provide clinically valuable information in a
number of disorders. Measurements of CBV provide valuable information concerning angiogenesisand microvas-
cular structure in neoplastic and in
ammatory disease.Measurements of arrival time parametersand bolus width
are sensitive indicators of change in regional perfusion pressureand the presenceof local vascular occlusionsor
compensatory vasodilatation. Despite these clear clinical bene�ts signi�can t problems relating to the quanti�ca-
tion of CBF remain [1, 15, 2, 10, 19, 20]. The currently used method was designedto cope with a 
o w process
which was perceived to be primarily random in nature necessitatinganalysis of the contrast residue function to
derive estimates of MTT [9, 22]. This model requires acceptanceof a number of assumptions concerning the
patterns of cerebral blood 
o w which can be shown by modeling and observational studies to be incorrect and
to signi�can tly impact the accuracy of the resulting estimates of CBF. In particular, bolus width appears not
to convey the information necessaryfor the estimation of local velocity via deconvolution. The consideration of
an alternativ e physiological model basedon directional 
o w is not new and was the basis of early MR perfusion
techniquesdesignedto measureintravoxel coherent motion [30, 31, 32].

The suggestionthat a local net 
o w processis visible in the brain goesagainst the most strongly held assumption
that has been made in this �eld for the last ten years. The experiments which we have reviewed here clearly
demonstrate that a measurabledirectional 
o w component exists and can be measurednot only in large vessels
but alsoin the capillary bedsof grey and white matter. A directional 
o w basedmodel is supported by observations
from intra-vital capillaroscopy where passageof blood through the cerebral microvasculature is observed directly
usingconfocal microscopictechniques. Thesestudiesshow that the capillary bed in grey matter consistsof arteriolar
capillaries that feedinto approximately twice the number of true capillaries, which are drained in turn by a reduced
number of venouscapillaries. True capillaries have heterogeneous
o w lengths between150 and 500 microns and
red blood cell transit times of 100-300ms[33]. Flows in arteriolar and venouscapillaries are at least twice this
speed [33] and "non-autoregulating thoroughfare capillaries", which represent non-exchangethoroughfare routes,
have also beendescribed [34]. This structure supports the rapid delivery of blood to the exchangecapillaries and
is entirely in keepingwith the behavior of the contrast bolus observed using DSC-MRI.

Basedon the observations we have made the pattern of cerebral blood 
o w appearsto be best modeled as a series
of voxels representing capillary beds of grey and white matter. Each of these will contain arteriolar, venousand
transit capillaries which exhibit directional 
o w. They will alsocontain true transfer capillaries whose
o w pattern
is truly random. Each of these voxels is fed by an arterial input whose timing will be governed principally by
anatomical location and speci�cally by the length of the in
o w path. The contrast arrival times of thesevoxels is
tremendously variable even in normal individuals and the bolus width will vary linearly with the ageof the bolus.
Somecapillary voxels (ie frontal cortex) will have given rise to venousout
o w whilst others have still not received
arterial input (ie deepperiventricular white matter). The needto identify an AIF for deconvolutional analysis of
DSC-MRI forcesthe useof inappropriate surrogate AIFs which invalidate the measurements of CBF on a voxel by
voxel basis.

The adoption of a directional 
o w model allows the development of novel approachesfor the measurement of nCBF.
Direct estimation of local derivativesallows the measurement of the 
o w rate and direction of 
o w in each voxel
asan independent assessment. This freesthe analysis from all of the problemsassociated with the needto identify
an appropriate AIF and the presenceof bolus dispersion and delay. This technique will not re
ect any random

o w component in the data. However closeagreement is seenbetween the measurements of nMTT obtained in
normal subjects and those derived from a physiological model basedon directional 
o w. This suggeststhat the
random 
o w component is small at the spatial scaleof the individual voxel and that the 
o w processis dominated
by directional 
o w contributions. This is in agreement with the capillaroscopy data described above which shows
that a true transfer capillary has a typical pathlength far smaller than the dimensionsof a typical voxel and is
supplied and drained by vesselswith a directional 
o w. Thus the contribution of truly random 
o w will be limited
to those transfer capillaries which cross the boundaries of the voxel. Furthermore, assuming the path of these
transfer capillaries is truly random then the contributions to individual voxel 
o w will cancelout, as in
o w due to
random 
o w will equal out
o w due to random 
o w.

The major advantage of the new technique is the abilit y to derive measurements basedentirely on local spatial
derivatives. This meansthat the method should be immune to variations in the vascular tree produced by patho-
logical processessuch asMoyamoya syndromewhereconventional methods are unable to provide estimatesof CBF
[19].

The �ndings of these studies are also surprising since the currently accepted methods for DSC-MRI imaging
have been shown to produce estimates of CBF that correlate as expected in di�eren t tissuesand in pathological
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conditions [23, 35, 36]. To someextent this may be explainedby a combination of factors including the correlations
betweenrCBF and rCBV that exist in normal tissues[37]. In addition, a model of cerebralperfusionwith a net 
o w
component would actually predict that bolus broadening would correlate with local 
o w velocity thus producing
qualitativ e changesin estimated 
o w with the correct sign. The local dephasingof contrast arrival which increases
bolus width might also be expected to be proportional to 
o w velocity. However, this is very di�eren t to saying
that the method is quantitativ e and we would expect that it would be inappropriate to make direct comparisons
between
o w valuesobtained over di�eren t local areasand betweenequivalent areasin di�eren t subjects. It would
seemsensibleto us however, to monitor changesin bolus width over time, in a �xed region of a single subject .

Although deconvolution based
o w estimates made over large regions may correlated with alternativ e methods,
the MR data clearly displays features in individual voxels which contradict the characteristics required for reliable
CBF estimation. If such estimates of CBF truly depend on such coincidental relationships then this must cause
considerableconcernabout their application in diseaseswhere theserelationships might no longer hold true. It is
particularly worrying that software implementing the currently acceptedMR methods is now routinely packaged
and sold with CT scannersand usedclinically. We would expect that the characteristics of the CT data will also
su�er the sameproblems, detailed here, as the MR data.

Although the approach described here appearsextremely promising as a routine method for the quanti�cation of
CBF from DSC-MRI, it is not without di�culties. The need for (near) isotropic voxels, large imaging volumes,
high temporal resolution, heavy T2 or T2* weighting and good signal to noiseratio placeconsiderabledemandson
the imaging sequence.The sensitivity of the analysistechnique to errors in estimatesof TTM and to inappropriate
or failed �ts makes designing the analysis algorithms equally challenging. The extreme shortening of nMTT in
large vesselsmakes measurement of nCBF impractical except in capillary beds. Despite these problems we feel
that the use of a directional 
o w model represents one of the most exciting developments in cerebral DSC-MRI
sinceits original description 15 yearsago [24].
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Tel: 0161 275 5147.

1/6/2004

RE: Measuring Cerebral Blood Flow using Dynamic Susceptibility Contrast
Enhanced MRI, M.J.Scott et al., NIMG-04-268.

Dear Sirs,

Thank you very much for reviewing our paper for NeuroimageComments and Controversies.W e accept entirely
your decision to reject our pap er and this letter is not in tended to suggest that you change it . The
reviewers comments received were not entirely unexpected as we have had similar reactions previously, indeed it
has beena history of such responseswhich had led us to submit the work to you.

Invariably, we have found that our contemporaries are very familiar with the standard approach to DSC-MRI
perfusion analysis and long ago accepted all of the assumptions involved and conclusionswhich follow. They
then have di�cult y making the switch to a new biological model. As is the case with the review comments
here, our work is continually implicitly evaluated on the basisof the existing assumptions,including not only the
biological data (which such techniques are intended to investigate), but how the calculation should proceedand
the interpretation of analysis results. Any deviation from the acceptedconclusionsarising from theseassumptions
is criticised and even when these assumptions are pointed out they are refuted. In fact if you change the basic
assumptionseven slightly all currently acceptedresults inevitably unravel. Good scienceneedsto continually re-
assessthe assumptionsmade, and this must start by understanding what they are, this was the main motivation
for our article.

Clearly , we do not exp ect you to change your decision . In the interest of science,however, we would very
much appreciate it if you would forward the following responsesto the reviewers. We feel that there are many
issueswhich needexplaining to them in order to minimise the possibility of future misrepresentation of our work.
I hope you do not consider this request to be too unreasonableand think as we do, that the reviewers may even
be interested in how we would respond to their critique. We are aware however, that they may not be interested
in taking this debate further and do not expect a response.

If you are unprepared to passthesecomments on we would fully understand but then alternativ ely we would like
to ask your advice regarding what stepswe should take (regarding permissions)in order to make thesecomments
(any any future correspondence)public on our web site. We intend to make further e�orts to stimulate what we
seeas an essential need for a debate in the area. These review comments provide quite a concretestart for what
we seeas the problem.

Yours faithfully
Dr. Neil Thacker (Senior Lecturer in Neuro-Imaging Physics)
Ms. Marietta Scott (Research Associate)
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We would like to start by thanking the reviewers for taking the time to review this paper and will addressall of
the technical points individually . We assumethat both reviewers are happy to share their comments (in italics
below) with each other.

Review er 1.

Synopsis: The prevailing theory for interpretation of DSC MRI is critic ally assessed and found inadequate and an
alternative approach to quanti�c ation of such data based on a bulk 
ow model is proposed. Results, mostly from a
prior publication, are presented in support of this new analysis framework.

Critique:

Major concerns

1.Much of this work is a restatementand reproduction of text and �gur es in the paper Thacker et al. JMRI 17:241-
255(2003). This certainly raisescopyright issuesthat must be addressed but alsobrings into questionthe originality
of much of the work. As the Commentsand Controversiesarticle type is not clearly de�ned in terms of originality,
I'l l leave this issue to the editors.

It is true that sectionsof this paper are identical to our previouspublication and that the data we included had not
beenchanged. This was becausewe expected Comments and Controversiesto be a forum for presenting di�cult
issues,not a standard section with the usual restrictions on content. We thought the existing sections of the
previous paper were most appropriate and acceptableand did not seethe needto rewrite them. With hindsigh t
we can see this was a mistak e and would accept rejection entirely on this issue.

The novel sectionsof the current article are the discussionof assumptionswhich had beenspeci�cally left out of
our previous publication in order to avoid overmuch controversy. We are well aware that in order for people to
understand our approach they would need to be prepared to consider an alternativ e set of assumptions and to
completely re-think the problem. It was our observation that this largely had not happened and that our work
wasbeing assessedon the basisof the standard set of assumptions(which we believe potentially 
a wed) which led
usto considersendingthis versionof the paper to Neuroimagein order to stimulate what weseeasa required debate.

2.I disagree with a number of the criticisms of central volume DSC analysis raised by the authors.

a. I don't interpret the TTM vs. bolus width in �gur e 2 as the authors do. Arteries shouldhaveshort arrival times
and more narrow boluses,veins shouldhavethe longestarrival times and the broadestbolusesbecausethe bolus has
been broadened by passagethrough the tissue and the tissue should have intermediate arrival time and bolus width
more like veins. The use of TTM is confusing since broadening of the bolus increasesTTM for constant arrival
time and hence the correlation between TTM and bolus width is not at all unexpected just for that reason.

There are two main points hereoneconcernshow we measurean arrival time point the other the assumedbiological
model. The use of Time to Mean (TTM) and the reasonsfor using it are fundamental to understanding our
approach to characterising cerebral 
o w. Although it is often quoted that T0 is una�ected by bolus broadening,
this is measuring only the arrival of the fastest contrast molecule at the voxel. In order to characterise the
entire distribution the mean is the appropriate quantit y to use. The analysis you provide for the interpretation
of correlation between bolus broadening and arrival suggeststhat that you do not think that the contrast agent
re
ects the distribution of delay times in blood consituents on arrriv al at the voxel.

Rede�ning the arrival time variable doesnot remove the observed correlation with bolus width. As the marginal
distribution of the bolus width distribution is �xed, changing the arrival variable to a correlated one producesa
correlation only of di�eren t slope. It doesnot remove the observed dependency. Try it.

Otherwise, we agreeentirely with your description of the way that delay times are generatedby biological structure
and how this a�ect observed bolus width and do not think that we had said anything to suggestdi�eren tly . We
have only tried to characterisewhat others are (or appear to be) assumingwhen they apply the standard analysis
techniques.

b. I completelydisagree with requirement 5. Delay is not a problemfor central volumeanalysisand only weaknesses
in certain deconvolution algorithms have suggested it can be. Only dispersion is a problem. There is also no
requirement on the directionality of 
ow in the central volume theorem. What the central volume theorem does
produce is a measure of all 
ow through the voxel so if the 
ow is directional in large vessels,this 
ow is not
perfusion as can be seen by the bright intensity of arteries in central volume theorem type analyses.

It is the implicit analysisof regionsthat we were attempting to describe in this section, and in particular that the
observed bolus width will changeif the region is composedof multiple regionsof di�eren t arrival time. The numer-
ical problems associated with speci�c forms of analysis approachesis a separateissuewith which we are familiar.
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The assumption regarding geometry is at the heart of the computation processin the standard technique and is
described in more detail below in responseto the secondreviewer, who has also implicitly made this assumption
while assessingthe validit y of our work.

c. Requirement 6 is also incorrect. The only requirement for measuring true perfusion, instead of 
ow through the
voxel, is that that all 
ow that enters the voxel then passeson down through to the capillaries.

It is all a matter of how the MR measurement is a�ected by contrast. If the measurement is sensitive to contrast,
regardlessof the sizeof the vesselit is in, then the contrast moleculewill have an e�ect on the voxel measurement
as long as it is within the voxel. This is the voxel residencetime. The measurement of \true perfusion" would
seemto us to necessitatemeasurement only in capillaries. This can only be achieved if the signal is only modi�ed
while the contrast is within the capillaries, and is consistent with biological de�nitions of mean transit time. This
has beendirectly stated by other authors in this area. When larger vesselsare observed it is therefore common to
make attempts to remove them. We expect that the reviewers would be entirely familiar with this practice.

The presence of large vesselsin DSC studies is clearly recognized and the bulk 
ow based analysis method does not
appear to addressthis problem.

At no time have we claimed that our new technique is expected to remove larger vessels,only that by accepting
an alternativ e de�nition, such as net 
o w, the new method simply does not claim to do what it cannot. Indeed,
we are happy to observe all blood volumes in order to characterise the entire 
o w process. A de�nition of net

o w doesnot place restrictions on what types of vesselsthe blood is 
o wing through, in fact it requires that the
technique is uniformly sensitive to the entire volume distribution. As it happens, latter statistical analysis stages
have the e�ect of reducing the signi�cance of large blood vesselsfor us when results are compared,which will be
explained in a paper currently undergoing review.

3.While central volume theorem analysis of DSC is not perfect, it attempts to extract a tissue speci�c indicator of
perfusion or blood 
ow. The proposed analysis method really abandons all attempts at measuring tissue speci�c
perfusion and instead de�nes a characteristic of bulk 
ow transport with an uncertain relationship to perfusion or
any solid theory of 
ow transport. Because DSC is not a di�usible tracer, it is sensitive to e�ects throughout the
vascular tree. Central volume theorem approachesmay err by ignoring the larger vesselsbut the proposed approach
really attempts to ignore perfusion and extract out bulk 
ow phenomena.

The assertion that we have abandoned true perfusion is somewhat harsh but largely accurate. Having arrived
at the conclusion that the standard method was too 
a wed to give quantitativ ely reliable results, we set about
constructing a technique which would allow us to extract at least somethingof value from this potentially valuable
sourceof data. We decided that quantitativ e measureswhich related directly to 
o w patterns around the brain
would be of use. Of courseit is true that we needto do a lot of research to interpret the data, but don't understand
why this merits criticism. This would seemto imply that only measurements of \true perfusion" could be of any
value. If we had trusted the standard approach we would have certainly used the available software or made use
of our own (which we had already written and tested when we still thought the method might work). We would
not have taken the time to develop another technique purely for the sake of it.

Becausethe 
ow measure is based on magnitudesof spatial derivatives it is also likely to havemajor contributions
from the presence of larger vessels,tissue heterogeneity, and even recti�e d noise. How would this measure relate
to perfusion?

Yes,we have systematically investigated thesee�ects and characterised the resulting distributions. We have con-
cluded that the data is quantitativ ely useful. Whatever the di�cult y with the interpretation of what we are
measuringin comparisonto \true perfusion" we hope that you can seethat quantitativ e di�eren tial time of arrival
will contain useful spatial information regarding the delivery of blood acrossa given brain provided that a mea-
sureablesignal is present.

Why would it be re
ective of tissue ischemia in the presence of vascular pathology perhapswith collateral 
ow?

Collateral 
o w within a regiondoescomplicatea simpleunderstandingof the approach. The TTM measurement will
be potentially drastically altered by changing the proportions of blood delivery. However, the useof a di�eren tial
MTT for the calculation of local 
o w velocity reducesthe signi�cance of the problem in our approach to a second
order e�ect. Firstly , you should be able to seethat provided two adjacent voxels in the direction of net 
o w are fed
from the samedirection grosscontributions from collateral 
o w cancel in this calculation to give an appropriate

o w result. For blood arriving in a region from completely di�eren t directions (and therefore reducing the observed
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net 
o w by de�nition), a �xed proportional change in 
o w velocity acrossthe brain will still be observed as the
correct proportional changein our measurement, becauseof the useof meanarrival times in this calculation. This
is exactly the trade o� betweennet-
o w vs random 
o w described in the Thacker et al. 03 paper.

If anything, we believe that under thesecircumstancesconventional approacheswill be lessquantitativ ely useful,
as the AIF neededwill be very di�eren t from that expected. In this caseproportional changesin 
o w velocity
are directly a�ected by the distribution of bolus arrival times and will not even reproduceproportional changesin
measured
o w. This was one of many motivations for developing the new technique.

Critique summary: There are serious 
aws in the argumentsagainst central volume theorem analysis and in the
"theory" underlying the bulk 
ow based analysis advocated in this manuscript.

We hope you can understand our approach and interpretation now basedupon the above clari�cations, but some
of the responsesgiven to the secondreviewer may also help with thesepoints.

Because the ideas and even many of the �gur es of this work have been previously published, the primary e�ect of
publication of this additional manuscript would be to provide additional attention and exposure that I do not feel
the work merits. I recommendagainst publication. Many peopleworking in the MR �eld will not work in the area
of perfusion measurement becausethey have also concluded that current techniques do not work. When asked,
thesepeople identify , among other things, subsetsof the problems we are attempting to highlight. Our approach
is much more in line with ideasof those peopledeveloping new techniques in the area of spin in
o w labeling. As
such peoplewill not write any papers in the DSCE MRI area, as they feel they have nothing constructive to say,
there is already a very strong bias towards the status-quo.
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Review er 2.

The manuscript by Scott et al presentsa reviewof the standard approach to quantify dynamic susceptibility contrast
enhanced MRI data (i.e. by deconvolution of the arterial input function). The manuscript reviews the various
assumptions and requirements of the standard approach, and discussestheir validity. The authors discuss the
alternative physiological model they intr oduced in a previous article (Thacker et al 2003), and discussthe use of
this approach to quantify the directional component of CBF. The manuscript hasbeen submitted under the category
of "Comments and Controversies".

Althoughthe manuscript discussesan interestingsubject, the current format and content doesnot seem appropriate.
The manuscript includes a long review of the standard approach, and a description of the alternative method
previously proposed by the authors. However, only a small proportion of the manuscript intr oduces or discusses
issuesthat havenot been previouslypresented and discussed by the authors (in particular, in the reference "Thacker
et al 2003" in the manuscript) or by others. In fact, large parts of the manuscript (in the Intr oduction, as well as
in the Discussion) are copied word for word from their previousarticle, and several �gur esare reproduced from that
article (without evenincluding acknowledgmentof this fact). I do not feel that the manuscript, in its current form,
addssu�cient information to their previousarticle. Therefore, the manuscript could be signi�c antly shortened (to
approximately 30unnecessaryrepetition of the issuespresented and discussed in previous articles, and with a clear
discussionof the key and novel issuesthat are brought in this manuscript.

Fair opinion. Seeabove. We did feel however, that spreadingall of the required infromation acrossmultiple papers
would just lead to more confusion.

Alternatively, and more interestingly, the authors should include in vivo data for a study or application in which
their alternative approach provides improved (or at least complementary) information compared with the standard
approach. Otherwise, the manuscript does not seem to provide enoughfurther discussionto that included in their
previous work.

We have recently submitted an in-viv o paper to MRM and recieved very similar reviewers comments regarding
"theory" to those here, blocking publication. This is why we decidedwe neededto try to get peopleto re-examine
their assumptions.

As the two theoriesarebasedupon contradictory assumptionsthey cannot be expectedto produceeither equivalent
or complementary results. If they agreedat all it could be arguedthis waschanceand you cannot usedisagreement
to refute either method. If peoplehad published su�cien t details regarding the geometriesthey use,a comparison
may have beenpossible(seebelow).

Furthermore, two main points are included in the manuscript to support the directional CBF approach: the results
from �gur e 7 (comparison with phasecontrast angiography measurements) and table 1 (comparison with previously
published CBF valuesfrom other methodologies). Although the authors claimed a closecorrelation for the data in
�gur e 7, there seemsto be a lot of scatter. The agreement of the nCBF measurementswith thosequoted in the table
is not surprising considering the large rangeof 20-90 ml/100g/min for gray matter CBF in table 1. On the other
hand, if the nMTT is 0.5 sec (i.e. approximately 8 times shorter than the MTT calculated using the standard
model), how is it possiblethat the standard CBV measurement givesan nCBF of 45 ml/100g/min (table 1) using
the central volume theorem? (i.e. why isn't the nCBF 8 times larger than the common CBF measured using the
standard model?).

The question of why two methods giving di�eren t valuesat one stageof the calculation for apparently equivalent
measurements can later give similar results is at the heart of the issueand a common misunderstanding of our
work. With a net 
o w model, in order to convert a 
o w measurement from a voxel to one of a massof tissue of
100gwith equivalent 
o w we must scalethe measuredvoxel net 
o w by the conventional v2=3 dependency. This
approach gives the results we have published without any need for further scaling of the data. For the standard
approacheswhich assumeno net 
o w, MTT is assumedto be volume independent (as is stated in our paper but
refuted by the �rst reviewer) and, as RCBV is a dimensionlessquantit y the calculation of perfusion 
o w proceeds
without any apparent needfor volumetric scaling. If the standard model assumptionsregarding the biological 
o w
processare correct then our method would measurenothing but sensornoise. On the other hand, if our biological
model is correct then there will be a distribution of arrival times within a region and the standard approach
will show equivalent measuresof perfusion for regions corresponding to approximately 100g of tissue. The fact
that we observe a measurablenet 
o w processmeans that these delay distributions are present at the required
level. Unfortunately , as the standard approach in this area implicitly assumesthere is no volumetric dependency,
researchers do not feel it necessaryto publish the details of the volume analysed. It is therefore impossible for
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us to carry the comparison further. Only someonewho currently publishes using these techniques could tell us
speci�cally what they have done regarding geometry. We can say however, that it is also common in the standard
analysis to rescalethe measurements to a known tissue, thereby ensuring that computed values must lie in the
range of those expected.

Although this may look like we can justify the existing approaches using our biological model and �x things by
making a few simple modi�cations to the existing calculation we do not think so. In fact we seethe problems
presented by lack of knowledgeof an appropriate input function for each region as an insurmountable barrier to
quantitativ e analysis.

Although I havemany commentsregarding the manuscript, I do not include a list in this report since, as mentioned
before, I do not consider the current content and format of the manuscript appropriate.

As we have said in the covering letter, oncethe assumptionsare changedmany conclusionsthat peopleare familiar
with are a�ected. I'm sure that the many additional comments you have on the theory are unlikely to be oneswe
have not consideredand discussedwith others, and we have generally had reasonablesuccess(given enoughtime)
explaining thesematters. However, there is a limit to the number of peoplethat can be in
uenced when the ideas
are nott published and we have had a particular problem with researcherswho already usethe existing techniques.

Some guidlines as to what you would consider appropriate for this kind of article would have been gratefully
recieved.
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