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Abstract

The ability to visualise blood flow in a vessel-selective manner is of importance in a range of 

cerebrovascular diseases. Conventional x-ray methods are invasive and carry risks to the patient. 

Recently, a non-invasive dynamic angiographic MRI-based technique has been proposed using 

vessel-encoded pseudocontinuous arterial spin labeling (ASL), yielding vessel-selective 

angiograms of the four main brain-feeding arteries. In this study a novel kinetic model for the 

signal evolution in such acquisitions is derived and applied to healthy volunteers and to a patient 

with Moya-Moya disease. The model incorporates bolus dispersion, T1 decay and RF effects and 

is applicable to other angiographic methods based on continuous or pseudocontinuous ASL. The 

model fits the data well in all subjects and yields parametric maps relating to blood volume, arrival 

time and dispersion, changes to which may indicate disease. These maps are also used to generate 

synthesized images of blood inflow without bias from T1 decay and RF effects, greatly improving 

collateral vessel visibility in the patient with Moya-Moya disease. Relative volume flow rates in 

downstream vessels are also quantified, showing the relative importance of each feeding artery. 

This framework is likely to be of use in assessing collateral blood flow in patient groups.
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Introduction

Vessel-selective information regarding the cerebral vasculature is of interest in a variety of 

patient groups. For example, in patients with steno-occlusive disease, this information 

reveals the extent of collateral blood flow, which is important for maintaining the viability of 
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brain tissue when the primary feeding artery is compromised (1). Clinically, such 

assessments are generally performed using x-ray digital subtraction angiography (DSA) 

which provides excellent temporal and spatial resolution, but is limited by its invasive 

nature, the use of ionising radiation and the requirement for catheter repositioning to assess 

multiple arteries. In addition, these procedures carry a risk of contrast agent reaction, silent 

ischaemia (2), or even stroke (3). Other angiographic methods, such as conventional time-of-

flight (TOF) magnetic resonance angiography (4), lack vessel-selective information.

Non-invasive vessel-selective perfusion mapping methods, such as those based on arterial 

spin labeling (ASL) (5–10), allow the inference of abnormal flow patterns and have been 

shown to correlate well with x-ray DSA for the assessment of collateral flow (11, 12). 

However, the vessel morphology and flow patterns are not visualised directly and in patients 

with very delayed blood arrival T1 decay may lead to significant signal attenuation before 

the blood reaches the tissue.

Recently, we proposed a method for vessel-selective dynamic angiography (13) by 

combining a vessel-encoded pseudocontinuous arterial spin labeling (VEPCASL) 

preparation (8) with a 2D thick-slab flow-compensated segmented Fast Low Angle Shot 

(FLASH) readout (14, 15). This technique requires no catheter insertion or contrast agent 

and provides useful qualitative information on the morphological and functional status of 

each artery. However, in order to optimise the signal-to-noise ratio (SNR) a long labeling 

duration was used, so the first acquired image corresponds to a time at which most of the 

vessels are filled with labeled blood and thus only outflow of the bolus can be observed. The 

interpretation of these images may also be biased by late arriving blood appearing less 

intense due to greater T1 decay and signal attenuation induced by the imaging sequence.

In this paper a theoretical kinetic model for the signal evolution in VEPCASL dynamic 

angiography is presented which is also applicable to similar non-vessel-selective methods. 

The parameter maps resulting from fitting this model to the data in each voxel provide 

information relating to blood volume, blood arrival time and bolus dispersion. Changes to 

these parameters may be indicative of disease in patient groups and the absolute values 

could be of use to those incorporating dispersion into models of tissue perfusion with arterial 

spin labeling. These maps also allow the generation of synthesized inflow images in the 

absence of T1 decay and effects due to the imaging RF pulses with arbitrary temporal 

resolution, giving an intuitive and unbiased representation of the data. Finally, the maps 

relating to blood volume can be used to quantify the relative blood volume flow rates in 

downstream vessels from each of the feeding arteries. Results from the application of this 

technique in healthy volunteers are presented. To show the potential of this method in patient 

groups, results are also shown for a patient with Moya-Moya disease, which is characterised 

by progressive stenosis of some of the cerebral arteries leading to the development of 

numerous collateral vessels (16).

Theory

Although the VEPCASL dynamic angiography sequence is based upon the principles of 

arterial spin labeling (ASL), an application of the general ASL kinetic model (17) is not 
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appropriate since there is no exchange between the blood water and tissue in large vessels. 

Therefore, a novel kinetic model is derived in this section, incorporating effects due to T1 

decay, imaging RF pulses and dispersion of the labeled blood as it passes through the 

vasculature. For clarity the model parameters and their symbols are listed in Table 1.

Let c(r, t) be the normalised concentration of labeled blood originating from a particular 

feeding artery in a small volume, d3r, at a given position, r, and time, t, such that c is equal 

to one when this small volume is completely filled with labeled blood and zero when outside 

arteries or in unlabeled blood. Let us first consider the simple case where dispersion, T1 

decay and effects due to the imaging RF pulses are neglected and the voxel is supplied by a 

single feeding artery. Making the assumption that the blood flow is non-pulsatile, c can be 

written as a simple “rect” function which depends only on the blood transit time from the 

labeling plane to the position of interest, δt(r), and the VEPCASL labeling duration, τ:

cideal r, t =

0 t < δt

κ r δt ≤ t < δt + τ

0 t ≥ δt + τ
(1)

where κ(r) = 1 inside an artery and is zero elsewhere and t = 0 corresponds to the start of the 

VEPCASL pulse train. cideal is plotted in Fig. 1a along with other factors that affect the final 

model. In this simple case the ASL signal we expect to measure, S(ri, t), in voxel i at sample 

time t is proportional to the total volume of labeled blood summed over the voxel volume:

Sideal ri, t = S0∭
voxel i

d3r cideal r, t (2)

where S0 is a calibration factor describing the ASL signal per unit volume of pure blood in 

the absence of T1 decay and previous RF excitation pulses. S0 accounts for the equilibrium 

magnetisation of blood, the excitation flip angle used, the inversion efficiency of the 

VEPCASL pulse train and the sensitivity of the coil. It is assumed in this discussion that the 

data have been corrected for non-uniform coil sensitivity profiles in pre-processing, so that 

S0 is constant across the image.

In practice, dispersion of the bolus will cause a smearing out of this “ideal” profile (Fig. 1c), 

which can be described as a convolution, in a manner similar to Hrabe et al. (18):

c r, t = cideal r, t ⊗ D r, td (3)
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= ∫
−∞

∞

dtd cideal r, t − td D r, td (4)

where D(r, td) is the convolution kernel describing the fraction of blood arriving at position r 
which has been delayed by time td due to dispersion, normalised to unit area under the 

curve. For this study we choose a gamma variate function for the dispersion kernel (Fig. 1b) 

which has been used previously to model the inflow of an injected bolus of contrast agent 

(19) or pulsed ASL preparation (20). Here we aim to model the bolus dispersion rather than 

the entire bolus time-course, but this function has the desirable properties of being causal 

and the ability to model a long tail, suitable for describing blood flowing in a laminar 

fashion. We use a parameterisation similar to that described by Rausch et al. (19):

D r, td =
s

Γ 1 + ps e
−std std

ps std > 0, ps > − 1

0 otherwise
(5)

where p(r) describes the time to peak of the distribution, s(r) is the sharpness of the 

distribution (a low sharpness implies a distribution with a long tail) and Γ is the gamma 

function which normalises the kernel to unit area:

Γ 1 + ps = ∫
0

∞
dtd se

−std std
ps (6)

We have thus far ignored T1 decay and attenuation of the ASL signal caused by previous RF 

excitation pulses, which can both be described by multiplicative factors that reduce the 

signal amplitude. T(δt, td) describes the T1 decay experienced by the blood after labeling 

during its transit to the observation point (Fig. 1d). After labeling it takes the blood a time δt 

+ td to reach the position of interest, so:

T δt, td = exp − δt + td /T1b (7)

where T1b is the longitudinal relaxation time of arterial blood, which is assumed to be equal 

to 1664 ms in this study (21), corresponding to the value relevant at 3 Tesla.

R(t, δt, td) describes the attenuation of the ASL signal by the excitation RF pulses as the 

blood passes through the imaged region (Fig. 1e). Assuming all transverse magnetisation is 

effectively spoiled at the end of every repetition time (TR) period, each RF pulse with flip 

angle α reduces the longitudinal magnetisation by a factor of cos α. This applies to both the 

inverted and non-inverted blood and therefore the ASL signal is attenuated by the same 

factor. Thus:
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R(t, δt) = (cosα)
N(r, t, td)

(8)

where N(r, t, td) is the previous number of RF excitation pulses experienced by the blood at 

position r, time t and time delay td. In the simplest case that the imaging region encompasses 

everything distal to the labeling plane, then all the labeled blood has experienced all the 

previous RF pulses so N can be written using a simple expression:

N(r, t, td) = N(t) ≈
t − t0
TR

(9)

where t0 is the time at which the first imaging pulse is played out and we make a continuous 

approximation for N for simplicity, in a similar manner to Günther et al. (22). However, it is 

often the case for transverse acquisitions that there is a gap between the labeling plane and 

the imaging region within which blood does not experience the imaging pulses. This 

problem is similar to that faced by standard ASL acquisitions using a Look-Locker readout 

(22, 23). However, here we must consider RF effects before the blood reaches the voxel of 

interest and we also account for differences across the dispersed bolus.

If the blood from a given feeding artery takes a time δt,min to reach the imaging plane then 

the maximum amount of time spent in the imaging region before reaching the voxel of 

interest is δt − δt,min + td. This equation assumes that the bolus is relatively undispersed 

upon entry to the imaging region in order to simplify the expression. This maximum time 

spent in the imaging region limits the number of RF pulses experienced by the blood, so the 

expression for N becomes:

N(r, t, td) ≈ min
t − t0
TR

,
δt − δt, min + td

TR
(10)

Putting all this together, the measured signal can therefore be written as:

S(ri, t) = S0∭
voxel i

d3r∫
−∞

∞

dtd cideal(r, t − td)D(r, td)T(δt, td)R(t, δt, td) (11)

= S0∭
voxel i

d3r ∫
t − δt − τ

t − δt

dtd κ(r)D(r, td)T(δt, td)R(t, δt, td) (12)
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If we assume that δt, s and p are approximately constant over the dimensions of the voxel 

(including across the imaging slab in 2D acquisitions) then we arrive at our final model (Fig. 

1f):

S(ri, t) = S0 ∫
t − δt − τ

t − δt

dtd D(ri, td)T(δt, td)R(t, δt, td)∭
voxel i

d3rκ(r) (13)

= S0v(ri) ∫
t − δt − τ

t − δt

dtd D(ri, td)T(δt, td)R(t, δt, td) (14)

where v(ri) is the blood volume within vessels in voxel i.

Since S0 is not known a priori it is simpler to combine the factors S0 and v(ri) into a single 

scaling factor A(ri) = S0v(ri). Thus our final model to fit to the data, incorporating blood 

volume (A), bolus dispersion (D), T1 decay (T) and RF effects (R) is:

S(ri, t) = A(ri) ∫
t − δt − τ

t − δt

dtd D(ri, td)T(δt, td)R(t, δt, td) (15)

Assuming that the earliest arrival of blood in the imaging region, δt,min, is known (see 

Methods section), this fit involves four parameters: A, δt, s and p. We have thus far assumed 

each voxel is fed by a single artery, but this model can be used to fit multiple feeding arteries 

whose signals have been separated in preprocessing. In this case the fit to the signal from 

artery j yields Aj (ri) = S0vj (ri) where vj is the volume of blood within the voxel originating 

from artery j.

Methods

Subjects and Scan Protocol

Six healthy volunteers with no known neurological disease were recruited (4 men, 2 women; 

age range, 24-39; mean age 32) under a technical development protocol agreed with local 

ethics and institutional committees. One patient with Moya-Moya disease (male, age 41) 

was also recruited under a protocol agreed with these committees. All subjects were scanned 

on a 3 Tesla Siemens MRI scanner (both TIM Verio and TIM Trio, Siemens Healthcare, 

Erlangen, Germany) using a 12 channel head coil for signal reception and the body coil for 

transmission. Data from two of the healthy volunteers have been used in a previous 

publication (13). The scan protocol consisted of a 3D time-of-flight (TOF) sequence used to 

plan the vessel-encoded acquisitions followed by six-cycle 2D vessel-encoded dynamic 
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angiography (as per (13)) in transverse (50 mm imaging slab) and coronal (100 mm imaging 

slab) views centred on the circle of Willis. A sagittal acquisition was not performed due to 

the significant overlap of vessels in this view. The resulting images have an in-plane spatial 

resolution of 1.1 x 1.1 mm interpolated to 0.54 x 0.54 mm, and a temporal resolution of 55 

ms. The scan time for the whole protocol was approximately 25 minutes.

Data Preprocessing

The complex images from each coil were combined using the adaptive combine method of 

Walsh et al. (24), as described in our previous paper (13). The vascular components present 

in the resulting combined complex vessel-encoded data were separated using a maximum a 
posteriori (MAP) Bayesian solution (25) to the general framework for vessel-encoded 

analysis (26). The signal was separated into contributions from the four main brain feeding 

arteries: the right and left internal carotid arteries (RICA and LICA) and vertebral arteries 

(RVA and LVA). The analysis method used allows for rigid body translation and rotation of 

the arteries between the TOF and vessel-encoded acquisitions, thus attempting to account for 

the possibility of subject motion between the TOF scan and the subsequent VEPCASL 

acquisition. Laminar flow with average speed 30 cm/s was assumed in these large feeding 

arteries to reduce the computational complexity.

The output of the MAP processing is a complex signal value in each voxel at each time point 

for each vascular component. However, the model described above assumes purely real data. 

Simply taking the magnitude of the signal could skew the model fit, particularly when the 

signal is low and noise dominates, since the signal will then always be positive. To overcome 

this problem a voxelwise phase correction step was performed: the mean phase over time for 

each vascular component was calculated after weighting by the magnitude of the signal, 

since the phase of a low magnitude signal is less reliable. This mean phase was subtracted 

from the phase at each time point before taking the real part of the signal. It is assumed that 

the phase of the blood signal does not vary significantly over time and any phase variation is 

due to noise alone. This should be a reasonable assumption since each time frame is 

acquired 55 ms after the previous frame so the phase variation due to external sources such 

as B0 drift should be minimal. This was confirmed by comparisons of phase corrected and 

magnitude images which show negligible differences when not close to the noise level.

The data were corrected for spatial non-uniformity in the coil transmission and reception 

fields, without the need for additional calibration scans, by using FMRIB’s Automated 

Segmentation Tool (FAST) (27) on the 3D TOF data. The resulting estimated bias field was 

transformed into the space of the vessel-encoded data using FMRIB’s Linear Image 

Registration Tool (FLIRT) (28) (using the known image coordinates, without a search) 

before being applied.

Determination of Earliest Blood Arrival

The kinetic model described above requires knowledge of the earliest time of arrival of 

blood in the imaging region (δt,min) from each feeding artery in order to accurately describe 

the expected signal attenuation due to the imaging RF pulses. In the coronal view the 

labeling plane was encompassed within the imaging slab and therefore δt,min = 0 for all 
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feeding arteries. However, for the transverse data sets δt,min was unknown and therefore had 

to be estimated before performing the full fit to the data. This was achieved separately for 

each feeding artery by fitting the kinetic model to a very restrictive mask containing only the 

highest intensity voxels corresponding to the large arteries just proximal to the circle of 

Willis. The mask was created by calculating the mean signal intensity over time for each 

vascular component and retaining only the 0.1% most intense voxels. For the purposes of 

this preliminary fitting procedure, δt,min was assumed to be zero, giving an imperfect fit to 

the data, but allowing reasonably accurate estimation of δt.

Once these initial estimates of δt in the large proximal arteries had been made, the earliest 

arrival time in the imaging slab could be estimated for each feeding artery separately. One 

could take the minimum of these δt values, but this is potentially biased by noisy data, so 

instead the tenth percentile of these values was taken. In initial experiments this process was 

found to yield values which produced accurate fits to the full kinetic model.

Kinetic Model Fitting

The fitting of the kinetic model (Eq. 15) was performed within a Bayesian framework. This 

allowed priors to be placed on the parameter values, helping to constrain them to reasonable 

values in the presence of noisy data. Assuming Gaussian noise on the data and Gaussian 

priors on each parameter the posterior probability of the parameters, given the data, can be 

calculated. Maximising this posterior probability corresponds to finding the most likely set 

of parameters (i.e. the best fit to the data) and the curvature of this function at its maximum 

relates to the uncertainty on the parameters. This process was performed using a constrained 

optimisation algorithm (fmincon) within MatlabⓇ (Mathworks™, Natick, Massachusetts, 

USA). Further details of the fitting procedure can be found in the appendix.

Fitting the kinetic model in voxels which do not contain vessels adds significantly to the 

computational time. Therefore the fitting procedure was only performed within a mask 

which was found by calculating the mean signal intensity over time in each voxel, 

determining the 99th percentile of this value across the whole image (and all vascular 

components) and then excluding voxels which have mean signal of less than 40% of this 

value, which are assumed to be non-vascular voxels of no interest.

Inflow Visualisation

For inflow visualisation the parameter estimates from the kinetic model were used to 

simulate the expected signal at a range of times during blood inflow in the absence of T1 

decay and RF effects (i.e. T1b → ∞ and α → 0). An infinite labeling duration was 

simulated to achieve inflow visualisation in a similar fashion to x-ray DSA.

Relative Volume Flow Rate Quantification

If blood in a downstream vessel is well mixed, then the relative blood volume flow rate due 

to each feeding artery is equal to the relative blood volume summed over a segment of that 

vessel. This relative blood volume can be calculated using the A parameter which is 

proportional to blood volume. In healthy volunteers it is uncommon to expect blood from the 

major feeding arteries to provide a mixed supply to vessels above the circle of Willis, except 
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in the posterior cerebral arteries (PCAs), so manual masks were drawn over the left and right 

PCA (P2 segments). The sum of A within each mask for each feeding artery was calculated 

and used to determine the relative flow rates.

Results

Example fits of the kinetic model to the data are shown in Fig. 2 for one healthy volunteer 

transverse data set. The model appears to describe the data accurately in both proximal and 

distal regions, with examples shown here in the right middle cerebral artery (RMCA). The 

parameter maps generated from the same data set (Fig. 3) show the expected patterns: A, 

which relates to blood volume, is high in the large proximal vessels, the blood arrival time, 

δt, is extended in distal vessels and to some extent at the large vessel edges due to the 

laminar nature of the flow and the dispersion parameters indicate a higher degree of 

dispersion (low s and high p) in more distal vessels. Note that in some small distal vessels 

with late blood arrival s and p tend towards the mean values of their prior distributions. This 

is because less of the tail of the signal curve is present in the acquired data and thus less 

accurate dispersion parameter estimates can be achieved. The noise estimate, σ, is higher in 

a region in line with the large proximal vessels. This is probably due to ghosting artefacts 

across the phase-encode (left-right) direction resulting from the more pulsatile flow in these 

large vessels. Away from these areas σ is relatively constant as might be expected.

Examples of synthetic blood inflow visualisation using the derived kinetic model parameters 

are given in Fig. 4, with attenuation due to T1 decay and imaging RF pulses removed. This 

more intuitive way to display the data shows the expected patterns of inflow into the arterial 

tree and the later arrival of vertebral blood is clear in these images. Fig. 4 also demonstrates 

the potential of this method to clearly identify unusual flow patterns within the cerebral 

vasculature. This subject has little flow in their left vertebral artery and a partial fetal type 

circle of Willis (29) on the left side. In addition, the left anterior cerebral artery (LACA) is 

missing the A1 segment, meaning that it is supplied from the RICA via the anterior 

communicating artery.

Results from calculations of the relative blood volume flow rates in the PCAs of all healthy 

volunteers are shown in Fig. 5. Subjects 2, 4, 5 and 6 demonstrate the expected pattern 

where the majority of blood in each PCA originates approximately equally from the RVA 

and LVA. Subjects 1 and 3 show a considerable amount of collateral flow from the LICA to 

the LPCA via the left posterior communicating artery. Interestingly the majority of the blood 

feeding each PCA for Subject 1 comes from the contralateral VA, as has been shown in a 

qualitative manner previously (13).

Fig. 6 shows the model fitting results in the patient with Moya-Moya disease. The high 

degree of stenosis and extensive collateral formation typical of Moya-Moya disease are 

apparent in these images. These findings agree well with the patient’s x-ray DSA report, 

which states that high grade stenoses were observed in the right proximal middle cerebral 

artery and the left distal internal carotid artery along with considerable collateral formation. 

The model appears to provide an accurate description of the data, even in voxels containing 

collateral vessels with extremely delayed arrival. The smaller collateral vessels are not 
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visible in the TOF maximum intensity projection (MIP) of the same region and are also 

difficult to identify in the raw images (not shown). The source of blood to the larger 

collateral vessels feeding the LMCA territory is clearly visualised with this technique and 

the extended arrival time is very apparent in the map of δt. Relative flow rate calculations 

indicate that 99% of the blood in these large collaterals originates in the RVA and only 1% 

from the LVA, although other small contributions may be present that do not survive the 

masking procedure. The blood in the RMCA distal to the significant stenosis shows both 

delayed arrival and a greater degree of dispersion relative to other vessels, suggesting that 

such parameters may be indicative of upstream disease.

The potential benefits of the inflow visualisation are evident in this patient (Fig. 7) where the 

extended arrival time in collateral vessels leads to significantly attenuated signal due to T1 

decay and the imaging RF pulses. The inflow simulation shows these collateral vessels much 

more clearly, giving a less biased indication of the volume of blood flowing through each 

vessel. Differences in arrival time between the two ICAs are also more apparent in the 

simulation than the original data.

Discussion

In this paper a novel mathematical kinetic model to describe the signal evolution in vessel-

encoded arterial spin labeling dynamic angiography acquisitions has been derived, 

accounting for bolus dispersion, T1 decay and effects due to the imaging RF pulses. This 

allows the generation of parameter maps relating to blood volume, arrival time and 

dispersion. In addition, it provides a means to create intuitive inflow visualisation in a 

similar manner to x-ray DSA without confounding factors that attenuate the ASL signal, and 

quantification of relative blood volume flow rates from each feeding artery. Although 

applied to 2D VEPCASL data here, this model is applicable to other angiographic 

techniques based on continuous or pseudocontinuous ASL, including 3D acquisitions.

Figs 2 and 6 demonstrate that this model accurately describes the angiographic signal in 

both proximal and distal arteries of healthy volunteers and a patient with Moya-Moya 

disease. These fits also highlight the importance of accounting properly for the earliest 

arrival of blood in the imaging region, which causes the early part of these curves to level 

out to a relatively constant value prior to the bolus washing out of the voxel. Failing to 

account for this effect would lead to overestimation of the relative blood volume within the 

voxel.

The derived parameter maps (Fig. 3) show the expected patterns in the healthy volunteers. 

Differences from these patterns are seen in the patient with Moya-Moya disease (Fig. 6). 

The delayed arrival of the blood from the LICA relative to the RICA is perhaps due to the 

greater degree of stenosis in the LMCA than the RMCA, leading to greater resistance to 

blood flow. The increased level of dispersion in the distal RMCA may also indicate 

upstream disease. A larger study would be necessary to demonstrate whether these 

differences are significant, but similar changes in such parameters have been observed in 

other studies of patients with cerebrovascular disease. For example, the degree of carotid 

artery stenosis has been shown to be correlated with arrival time differences between 
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hemispheres (30) and flow amplitude and time to peak, a parameter relating to bolus 

dispersion, in the ipsilateral MCA are altered following carotid endarterectomy (20). 

Although these studies and others (such as those by van Osch et al. (31) and Okell et al. 
(13)) have demonstrated maps relating to blood arrival time and/or dispersion, these used 

empirical approaches or less sophisticated models and most are not appropriate for the 

VEPCASL preparation used in this study where blood inflow is not observed in many 

voxels.

It is worth noting that the concentration of labeled blood and its fast passage through large 

arteries enables a more accurate assessment of the dispersion parameters than may be 

possible with standard arterial spin labeling methods that focus on tissue perfusion. As 

mentioned above, dispersion parameters cannot be accurately determined in voxels with late 

arrival since the tail of the distribution is not visible in the acquired time window. Further 

experiments using this type of modeling approach and a longer acquisition window could 

help determine appropriate dispersion parameters in small distal vessels closer to the 

capillary bed, enabling more accurate quantification of cerebral blood flow or comparison 

across a range of dispersion models.

The simulated inflow images exemplified in Figs 4 and 7 allow a more intuitive way of 

visualising the data which is likely to appeal to clinicians who are familiar with x-ray DSA. 

The removal of effects due to T1 decay and the imaging RF pulses means the signal 

observed truly relates to the volume of labeled blood present, preventing bias in the image 

interpretation. This effect is clear from the improved visibility of the collateral vessels with 

greatly delayed arrival in the patient data shown here. These vessels are poorly visualised 

using TOF due to the residual signal from overlying tissue (which is subtracted out in the 

VEPCASL angiographic method) and saturation of slow flowing spins which spend a 

significant amount of time in the imaging region. Optimisation of the TOF protocol for such 

patients may result in improved visualisation of these smaller vessels but some level of static 

tissue signal and in-plane lumen saturation will always remain.

An additional benefit of the inflow visualisation method is reduction in the amount of noise 

in the data from the smooth nature of the fitted curve, but without the loss of temporal 

fidelity which would result from time series smoothing. The ability to reconstruct such 

images at any desired temporal resolution is also advantageous, although ultimately it is 

limited by the temporal resolution of the acquired data.

The ability to quantify the relative flow rates in distal vessels due to each feeding artery (Fig. 

5) is likely to be of use in patient groups, particularly those with stenosis proximal to the 

circle of Willis. For example, the decision to perform endovascular therapy on such a 

stenosed artery can be informed by the relative importance of collateral flow from other 

vessels. The fact that this imaging protocol identified normal variants of flow patterns in 

healthy volunteers suggests that it may provide useful clinical information in patients with 

cerebrovascular disease. Van Osch et al. (31) have previously used pulsed ASL angiography 

to calculate absolute blood volume flow rates in vessel segments distal to the circle of Willis 

using a measured arterial input function (AIF). In future work we will describe an extension 

of our modeling approach to achieve comparable absolute blood volume flow rate 
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quantification from each feeding artery without the need for measured AIFs and attempt to 

validate such methods against more conventional techniques.

However, this study has a number of limitations. The model described here assumes no 

pulsatility and also assumes that all dispersion occurs between entry into the imaging region 

and the voxel of interest. This does not appear to adversely affect the fit to the data presented 

here, although it may lead to small inaccuracies in the fitted parameters and be more 

significant in other situations where the blood is more pulsatile or the imaging plane is 

located some distance from the labeling plane.

The need to perform numerical integration to calculate the theoretical signal means that the 

computational time required to fit the model to these high resolution data sets can be 

considerable (typically on the order of tens of hours). This could cause difficulties 

incorporating the processing into a clinical workflow. However, the computational time 

required could be considerably reduced by optimisation of the fitting procedure and 

parallelisation of the processing. A simpler model could also be used, although this would 

potentially lead to bias in the parameter estimates, inflow visualisation and relative flow rate 

calculations.

The priors used on the parameters were chosen to be Gaussian to simplify the equations and 

maintain reasonable computational times. This potentially allows for non-physical parameter 

values (such as negative blood arrival times), although these are avoided by the use of the 

constrained optimisation procedure. More appropriate priors may benefit this work in the 

future. In addition, the mean and standard deviation of each prior were chosen empirically 

and would need to be modified depending on the scanner and coil used for the experiments. 

A more elegant solution involving scale-free priors for A and σ might be beneficial. 

However, the use of more sophisticated priors is likely to increase the required 

computational time. An automatic relevancy determination prior (32) may also help to 

exclude voxels which do not include vessels, reducing the need for the masking procedure 

used here.

The synthesized inflow images are sensitive to inaccurate fits of the model to the data, either 

because of noise, image artefacts or due to an incomplete description of the data by the 

model. It appears that the Bayesian fitting procedure used in this study prevented spurious 

fits in the data collected thus far, except in voxels dominated by noise, which are of low 

signal amplitude and therefore of less significance. However, care should be taken in the 

interpretation of these images, particularly in the presence of strong artefacts (e.g. due to 

motion) and the raw data should be reviewed alongside the inflow visualisation to identify 

potential discrepancies. In future work we plan to incorporate a map showing the “goodness 

of fit” (such as the sum of squares of the fit residuals) to help highlight areas where the fit is 

poor. In addition, we plan to compare these simulated inflow images with x-ray DSA data to 

help validate this approach.

The relative flow rate calculations assume the blood from all feeding arteries is fully mixed, 

which may not always be the case. Additionally, only contributions large enough to survive 

the masking procedure are included, meaning that small contributions may be 
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underestimated. These relative values are also not useful for comparing the total volume 

flow rates between vessels or across subjects. Absolute flow rate measurements would be 

advantageous and are planned, as mentioned previously.

Finally, although some interesting features appear in the parameter maps and inflow 

visualisation of the patient with Moya-Moya disease, a larger study is necessary to 

determine whether such effects are consistently seen.

Conclusions

The kinetic model presented here accurately describes the vessel-encoded arterial spin 

labeling angiographic signal, yielding maps relating to blood volume, arrival time and 

dispersion. It has been demonstrated that this information can be used to generate intuitive 

inflow visualisation of the data and quantify the relative volume flow rates from each 

feeding artery. Interesting features were observed in a patient with Moya-Moya disease and 

it is hoped that such information will also be valuable in patients with cerebrovascular 

diseases. Planned future work includes the application of this method to a range of patient 

groups, adaption of the model to balanced steady-state free precession (bSSFP) based 

readouts and an extension to allow the absolute quantification of volume flow rates from 

each feeding artery in downstream vessels.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Illustration of the various factors which contribute to the final kinetic model describing the 

ASL signal evolution in a single voxel: the ideal labeled blood concentration is a rect 

function (a); convolution with a dispersion kernel (b) yields a modified curve (c); account 

must also be taken of T1 decay (d) and effects due to the RF excitation pulses (e, plotted for 

three different td values). Note that RF effects are not present before the start of imaging and 

the curve flattens out to a constant when the time relative to the start of imaging is greater 

than the time the blood has spent in the imaging region (which varies with td). Combining 

these effects yields the final model curve (f) which is also scaled by S0 and blood volume. 

For long labeling durations (τ > δt) only the latter portion of the curve will be observed (as 

shown in (f)) since imaging cannot commence until the labeling has finished. Parameters 

used for these plots: A = 50, δt = 300 ms, s=0.01ms-1,p=50ms,δt,min =100ms.
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Figure 2. 
Examples of the model fit to the data in a healthy volunteer using the transverse view. Two 

locations in the proximal (circle) and distal (square) right MCA are overlaid on the color 

coded map of A (left): RICA = red, LICA = green, RVA = blue, LVA = purple. The 

corresponding time series and model fit at these locations to the right ICA component are 

also shown (right). The time axis is relative to the start of the VEPCASL pulse train.
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Figure 3. 
Example parameter maps generated by fitting the kinetic model (Eq. 15) to data from a 

healthy volunteer in the transverse view, averaged over the vascular components for clarity 

of presentation.
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Figure 4. 
Simulation of blood inflow: example frames in both a transverse and coronal view of the 

same subject generated using the kinetic model parameter estimates and assuming an 

infinitely long bolus duration. The simulation time is shown underneath. Note that this 

subject has non-standard flow patterns around the circle of Willis, including collateral flow 

from the LICA to the LPCA and absent A1 segment on the left side, meaning that both 

ACAs are supplied by the RICA.
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Figure 5. 
Relative blood volume flow rate calculations in the PCAs of healthy volunteers in the 

transverse view. The stacked bar chart shows the relative blood flow contributed by each of 

the feeding arteries (see legend) in both the RPCA (left bar) and LPCA (right bar) for each 

subject. For the two subjects (1 and 3) with the greatest degree of collateral flow the 

corresponding map of A is shown underneath, demonstrating clear filling of the left 

posterior communicating arteries.
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Figure 6. 
Model fitting to transverse data from a patient with Moya-Moya disease: a color coded map 

of A in the transverse view (a) with two voxel locations in the RMCA and a collateral vessel 

overlaid. The time series of the dominant vascular component and corresponding fit to the 

model in these locations is plotted in (b), with the collateral data and fit multiplied by four 

for clarity. The small collateral vessels are not visible in a TOF transverse maximum 

intensity projection of the same imaging region (c). Other parameter maps (showing only 

voxels where A > 7 for visual clarity) are also shown (d-f). Points of interest include: high 

level stenosis in both MCAs (purple arrows), the formation of small branching collateral 

vessels (green arrow), delayed arrival in the LICA relative to the RICA (red arrow), larger 

collaterals from the posterior circulation into the LMCA territory with very delayed arrival 

(yellow arrows) and a higher degree of dispersion (orange arrows) and late arrival (white 

arrow) in the distal RMCA compared to other vessels.
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Figure 7. 
Comparison between the original unprocessed data (top) and simulated inflow (bottom) 

which corrects for T1 decay and imaging RF effects in the patient with Moya-Moya disease. 

Note that different time scales were used to display the full range of information in each data 

set and the times shown are relative to the start of labeling. The late arrival of blood in 

collateral vessels is much clearer in the inflow simulation than the original data (yellow 

arrows) due to compensation for signal attenuation. The slightly later arrival of blood from 

the LICA compared to the RICA is also more apparent using inflow simulation (pink arrow).
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Table 1

List of mathematical symbols used for the kinetic model and their meaning.

Symbol Description

r Position vector of the voxel of interest

t Time since the start of the VEPCASL pulse train

c(r, t) Normalised concentration of labeled blood

d3r Elemental volume

δt(r) Blood transit time from the labeling plane to the voxel at position r

τ VEPCASL labeling duration

κ(r) Vessel interior flag (1 inside vessels, 0 outside)

S(ri, t) ASL signal intensity in voxel i

S0 Calibration factor giving the ASL signal intensity per unit blood volume

td Time delay caused by dispersion

D(r, td) Dispersion kernel

p(r) Dispersion kernel time to peak

s(r) Dispersion kernel sharpness

Г Gamma function which normalises the dispersion kernel to unit area

T(δt, td) Signal attenuation due to T1 decay

T1b Longitudinal relaxation time of arterial blood

R(t, δt, td) Signal attenuation due to imaging RF pulses

TR Repetition time (i.e. separation of imaging RF pulses)

α Imaging RF pulse flip angle

N (r, t, td) Previous number of RF excitation pulses experienced by the blood

t0 Time at which the first imaging RF pulse is played out

δt,min Time at which labeled blood first arrives in the imaging region

v(ri) Volume of blood within vessels in voxel i

A(ri) Scaling factor proportional to blood volume (A = S0v(ri))
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Table 2

Chosen values for the prior distributions on each parameter based on some initial experience fitting to 2D 

VEPCASL angiography data. Note that the prior on A has a mean of zero to prevent large values being 

estimated in noisy voxels. s is also tightly constrained to discourage very small sharpness fits which 

approximate a flat curve in noisy voxels. Note that the priors on parameters A and σ depend on the scaling of 

the images and thus will vary between scanners and coils.

Parameter (X) Mean (μX) Standard Deviation (σX) Units

A 0 30 Arbitrary Scanner Units

δt 500 500 ms

s 10 2 s−1

p 10 10 ms

σ 2 0.5 Arbitrary Scanner Units
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