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Abstract

Pseudo-continuous arterial spin labelling (pCASL) is the MRI method of

choice for non-invasive perfusion measurement in research and clinical prac-

tice. Knowledge of the labelling efficiency, α, is essential for accurate quan-

tification of cerebral blood flow (CBF). Typically, a theoretical α value is

used, based on an idealistic model and an assumption of spins flowing per-

pendicularly to the labelling plane. The aim of this work was to investigate

the effect of violating this assumption, and to characterize the influence of

labelling plane angulation with respect to the vessel direction on labelling

efficiency and measured CBF.

The effect of labelling plane angulation on labelling efficiency was demon-

strated using a numerical simulation of spins at different velocities. Acqui-
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sitions from healthy volunteers were used to test the effect of a range of

angulation offsets. Additional sub-optimal positions of the labelling plane

with respect to the vertebral arteries, at locations where the direction of flow

changes significantly from the head-foot direction, were also considered.

No significant change in the measured CBF was seen when the labelling

plane was angled up to 60◦ to the labelled vessel or when it was placed in

sub-optimal positions. This study shows that in adult subjects, the efficiency

of pCASL is robust to the angulation and positioning of the labelling plane

beyond the range of potential operator error.

Keywords: arterial spin labelling (ASL), pseudo-continuous ASL (pCASL),

labelling efficiency, perfusion, cerebral blood flow (CBF)

Abbreviations:

ASL arterial spin labelling

CBF cerebral blood flow

pCASL pseudo-continuous arterial spin labelling

α labelling efficiency

ICA internal carotid artery

VA vertebral artery

1. INTRODUCTION

Arterial spin labelling (ASL) enables non-invasive mapping of cerebral

blood flow (CBF) and has become an established investigative method in

both research and clinical practice [1]. Most early applications of ASL used

a pulsed ASL (PASL) labelling scheme, due to the simplicity of its imple-

mentation and low power deposition [2; 3]. In addition, PASL provides high
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labelling efficiency, which is robust with respect to vascular anatomy and

arterial flow rates. However, a recent consensus paper on ASL [4] has recom-

mended using pseudo-continuous arterial spin labelling (pCASL) [5] rather

than PASL, due to the intrinsically higher signal-to-noise ratio of the pCASL

perfusion-weighted images. As a result, pCASL is currently considered the

method of choice for non-invasive perfusion imaging using MRI.

Quantification of CBF using pCASL requires knowledge of the labelling

efficiency, α. Standard practice is to use a single value of α based on Bloch

equation simulations of blood water spins traveling perpendicularly to the

labelling plane [5; 6]. However, factors such as placement of the labelling

plane can reduce α and result in incorrect CBF quantification which, in turn,

might mislead the diagnosis. Previous studies have investigated the effect of

position of the labelling plane in relation to imaging volume [7], or anatomical

landmarks [8], and a method of direct labelling efficiency measurement has

also been proposed [9]. However, the angulation of the labelling plane with

respect to the arterial vessels and its effect on labelling efficiency and CBF

quantification has not been studied.

Sub-optimal angulation might result from pCASL implementation restric-

tions, e.g. if the labelling plane angle is fixed to that of imaging volume, or

can occur in the vertebral arteries if the labelling plane position and angula-

tion are chosen by primarily considering the anatomy of the internal carotid

arteries. This also often arises in elderly patient populations, where it might

be impossible to plan the labelling plane perpendicular to all feeding arterial

vessels simultaneously due to anatomical variations and age/pathology re-

lated changes. In addition, the presence of two ’kinks’ in segment V3 of the
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vertebral arteries, close to where the labelling plane is usually placed, may

also lead to reduced labelling efficiencies and consequential incorrect CBF

quantification. Understanding the sensitivity of pCASL to the position and

angulation of the labelling plane with respect to the direction of the arte-

rial vessels will improve reliability and build confidence amongst radiologists

requesting and radiographers performing this technique.

In this work we investigated the quantitative effect of imperfect labelling

plane angulation and position that might arise in clinical practice with re-

spect to both internal carotid and vertebral arteries on α using simulations

and in vivo acquisitions. We used a simple model of the angulation effect

on α, in which the effective velocity of blood water spins is a function of the

angle the vessel makes to the normal of the labelling plane. To evaluate the

validity of this approximation, α was simulated using a Bloch equation sim-

ulator. In vivo measurements were performed and assessed against predicted

values. As a proof of principle and to achieve an effect larger than the test-

retest variability of pCASL CBF, the labelling train flip angle was reduced in

a subset of acquisitions. A ’worst-case-scenario’ in which the labelling plane

is placed exactly parallel to the vertebral vessels was also considered.

2. MATERIALS AND METHODS

2.1. Theory

In ASL, α is defined as the normalized maximum difference in longitudinal

magnetization of the blood between the control and label conditions [10]:

α =
Mz,C − Mz,L

2M0

(1)
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where Mz,C and Mz,L are the longitudinal magnetizations of arterial blood

immediately after passing through the control and labelling planes respec-

tively, and M0 is the fully relaxed magnetization. For perfect inversion after

labelling (Mz,L = −M0) together with completely unperturbed magnetiza-

tion after control (Mz,C = M0), α = 1.

In pCASL, the inversion of flowing spins is realized by using a long train

of short RF pulses and field gradients [5]. The amplitude of the RF pulses

and the mean field gradient are chosen to ensure best inversion for spin

velocities in the relevant range (e.g. 20-38 cm/s, based on the velocity of

blood in supplying arteries with the highest flow contribution through the

cardiac cycle [11]). Since the normal to the labelling plane designates the

direction of the pCASL gradients, any deviation of the vessel orientation from

the normal results in the component of the spin velocity along the gradient

direction, Veff , being reduced:

Veff (ξ) = |V | cos ξ (2)

where V is the spin velocity and ξ is the angle the vessel makes with respect

to the normal of the labelling plane (Figure 1a-b). This reduction in spin

velocity along the gradient direction may consequently reduce the labelling

efficiency.

2.2. Simulations

To estimate the theoretical labelling efficiency, a Bloch equation simulator

was implemented in Matlab (The Mathworks Inc., Natick, MA 2016), similar

to that described previously [6]. Spins were simulated over a flow distance of

5
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20 cm with a laminar cross-sectional flow profile and maximum flow velocity

was varied in the range 1 to 100 cm/s, with a step size of 1 cm/s. The pCASL

gradients (gradient during RF pulse, Gmax = 6 mT/m; average gradient,

Gave = 0.6 mT/m) and RF pulse train (Hanning shaped RF pulses of 0.5 ms

duration, 1 ms spacing, flip angle (FA) =18◦) were matched to the standard

vendor ’balanced’ [6] implementation on a Philips Achieva 3T scanner. The

effective labelling plane angulation ξ was set to 0◦ and 30◦, to represent ideal

placement and a maximum likely error made by an operator in a typical

acquisition, respectively. Additionally, pCASL pulse trains were simulated

as above but with ξ at the more extreme value of 60◦, and also with FA = 8◦

for ξ = 0◦ and 60◦. While 60◦ does not represent angulation or FA = 8◦ a

pulse train likely to occur in practice for a pCASL acquisition, it serves as

a ’proof of principle’ case which is expected to show significant differences

compared to the standard pulse train, and thus help to provide validation of

the simulation predictions. T1/T2 of the arterial blood were assumed to be

1.65s/0.165s [4; 12].

2.3. Imaging protocol

Eight healthy volunteers (4 females, mean/SD age 28/3 years) under-

went scans after providing written consent. Imaging was performed on a

3T Philips Achieva (Philips Healthcare, Best, The Netherlands), using a 32

channel head coil and the standard pCASL vendor implementation (soft-

ware version R3.1, unless indicated otherwise). The core protocol included:

(i) phase contrast vessel survey; (ii) T1-weighted MPRAGE (TI=812ms,

TR/TE=6.8/3.1ms, TFE factor=230, FOV=200x200x180mm, spatial reso-

lution=1x1x1mm, SENSE acceleration factor=2); (iii) phase contrast quan-
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titative flow scan (PC QFlow,VENC = 60 cm/s, non-gated with 20 averages -

flow velocities averaged over cardiac cycle); and (iv) pCASL (labelling dura-

tion=1.65s, post labelling delay=1.8s, GE-EPI readout: FOV=240x240mm,

acquisition matrix=64x64 TR/TE=4000/15ms, background and fat suppres-

sion enabled, 20 slices). Proton density weighted images with identical read-

out as pCASL, but with TR=9s and no background suppression, were also

acquired for CBF quantification. PC and proton density images were ac-

quired three times, distributed in time approximately equally during the

scanning session.

The experimental protocol consisted of two parts. In the first part, per-

formed in all volunteers, the pCASL labelling plane was carefully positioned

using the vessel survey, centred on the right internal carotid artery, between

the carotid bifurcation and the lower ’kink’ on the vertebral artery ( i.e. in-

ferior to V3). The angulation (ξ) of the labelling plane to the vessels was

set to either 0◦, 30◦ (Figure 1c) or 60◦ (Figure 1d). Acquisitions with each

of these configurations were performed twice with 20 repetitions (20 control-

label pairs) with the order of acquisition being randomized for each volunteer.

The second part of the protocol aimed to investigate the agreement of simula-

tion predictions for reduced FA and the consequences of ’worst case scenario’

position, along vertebral arteries (ξ = 90◦). Therefore, volunteers were split

into two groups for which the protocol consisted of either (i) two scans with

reduced flip angle of the labelling train (FA = 8◦) and two labelling plane

angles ξ = 0◦ and 60◦ (4 volunteers) or (ii) additional scans with the stan-

dard FA = 18◦ but with the labelling plane positioned parallel to the flow

direction at two locations on the vertebral artery: upper and lower V3 ’kinks’
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(Figure 1e and Figure 1f, respectively).

3. Post processing

Data were motion corrected by registering all raw images to a volunteer

template (the mean image acquired with FA = 18◦ and ξ = 0◦) using DTI-

TK [13] software. Each dataset was then pairwise subtracted, averaged (all

acquired repetitions for given ξ and FA) and CBF maps were calculated

according to the general kinetic model given by equation 1 in the ISMRM

ASL consensus paper [4]. Cortical voxels were defined for further analysis

using FSL [14] FAST binary segmentation [15] and restricting to the right

hemisphere only. Internal carotid artery (ICA) and vertebral artery (VA) ter-

ritories were further segmented manually using ITK-SNAP [16]. Watershed

regions were avoided when defining the vascular territories. Mean velocities

in supplying vessels at the level of the labelling plane were estimated by

drawing ROIs on each acquired PC scan and then averaging the calculated

values per subject. An example of the segmentation of the feeding arteries

for velocity measurement, as well as the segmentation into right cortex and

ICA/VA territories, is shown in Figure 2.

3.1. Relative efficiency estimation

The effect of labelling plane angulation on α was estimated relative to the

standard labelling train with perfect angulation (when the labelling plane is

perpendicular to the flow direction). For each combination of labelling plane

angulation and pCASL flip angle (ξ,FA) a relative labelling efficiency was

calculated as the ratio of the simulated labelling efficiency for the ξ and FA

8
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pair, αξ,FA and that of ξ = 0◦ and FA = 18◦:

αrel,SIM (ξ, FA) =
α(ξ, FA)

α(0◦, 18◦)
(3)

For in vivo data, relative efficiency was calculated as the ratio between mea-

sured CBF values:

αrel,MEAS (ξ, FA) =
CBF (ξ, FA)

CBF (0◦, 18◦)
(4)

Since α is simply a scaling factor, this approach aimed to remove other

variables in CBF quantification. Additionally, the maximum blood velocities

measured from QFlow scans in the right ICA and VA were used as input

parameters to simulate the relative labelling efficiencies for a given velocity.

3.2. Statistical analysis

A single factor ANOVA was used to test for differences in the mean CBF

values when acquisition conditions were varied. Three groups of tests were

performed: (i) constant FA = 18◦ and three different angulations (ξ = 0◦, 30◦

and 60◦) in each ROI; (ii) constant FA = 18◦ and three different positions on

VA in the VA ROI; (iii) constant FA = 8◦ and ξ = 0◦ and 60◦ together with

FA = 18◦ and ξ = 0◦ in each ROI. A pairwise t-test was used to investigate

differences in cases where statistically significant difference between groups

was determined by ANOVA. An F-test was used to test for differences in the

variance of the signal in each ROI with each labelling plane orientation. A

p-value < 0.05 was considered statistically significant.

4. RESULTS

Figure 3 shows the simulated labelling efficiency as a function of the flow

velocity in the vessel for different combinations of ξ and FA. Overall, for the
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pulse trains studied, the inversion process is remarkably robust to the angle

between the vessel and the normal to the labelling plane. For the highest

velocities, labelling efficiency increases with ξ. The simulations suggest that

for blood velocities above ∼ 53cm/s, ξ = 60◦ should show greater labelling

efficiency than ξ = 0◦ for the standard labelling train FA = 18◦; when the

labelling train FA = 8◦, this velocity threshold reduces to ∼ 16cm/s.

Figure 4 shows αrel,SIM and αrel,MEAS plotted against the maximum ve-

locity measured in vivo in the internal carotid and vertebral arteries. In

Figure 4a αrel,SIM was estimated using the Bloch Equation simulations and

equation 3; in Figure 4b, αrel,MEAS was computed from mean regional CBF

values and equation 4. In the range of measured velocities, simulated αrel,SIM

(Figure 4a) for ξ = 30◦ is very similar to that of ξ = 30◦ (αrel,SIM ∼ 1, range

from 0.98-1.01) and slightly higher than when ξ = 60◦ (αrel,SIM < 1, range

0.89 - 0.98) for pCASL FA = 18◦. However, for FA = 8◦, αrel,SIM is higher

for ξ = 60◦ (range 0.73 - 0.83) than ξ = 0◦ (0.54 - 0.80). The same trend can

be observed for αrel,MEAS calculated from quantified regional CBF (Figure

4b) measured in vivo .

Figure 5 shows mean CBF values for all different conditions measured in

different territories. There was no statistically significant difference in CBF

between group means as determined by one-way ANOVA for (i) FA = 18◦

with three different angulations (ξ = 0◦, 30◦ and 60◦) or (ii) FA = 18◦

with three different VA positions (ξ = 0◦, positioned below the ’lower kink’

and at the ’upper kink’ and ’lower kink’ levels, where the labelling plane

is approximately parallel to the blood flow direction i.e. theoretically ξ ∼

90◦) in any of ROIs. However, there was a statistically significant difference

10
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between group means for (iii): FA = 8◦ (ξ = 0◦ and 60◦) and FA = 18◦

(ξ = 0◦) in all ROIs (p < 0.005). A further investigation with pair-wise t-tests

revealed a statistical significant difference between each of the pairs compared

in (iii) (p < 0.005). There were no statistically significant differences in

variance of the signal in vertebral artery territory ROI with each labelling

plane orientation.

5. DISCUSSION

This study investigates the influence of both the position and the angu-

lation of the pCASL labelling plane, in relation to the anatomy of the brain

feeding vessels, on the labelling efficiency in healthy adult subjects. The con-

sensus paper recommends positioning the labelling plane either perpendicular

to the vessels or by following other anatomical landmarks [4]. However, if

the labelling plane is fixed parallel to the imaging volume, prioritising the

labelling plane position to be perpendicular to the vessels may result in sub-

optimal FoV angulation. Alternatively, positioning the labelling plane based

on the recommended distance of 8.5cm from the AC-PC line [7] or at the base

of the skull [17] could result in large inter-patient variation in the labelling

plane angulation and position with respect to the vessel anatomy. More re-

cent work [8] suggests that positioning the labelling plane with respect to

anatomical landmarks (between C2 and C3 cervical vertebrae or above the

carotid artery bifurcation and below the V3 segment of the vertebral arter-

ies) is beneficial and avoids the ’kinks’ of the V3 segment. However, in an

elderly population, and in patients with torturous vessels or vascular disease,

this might still result in a sub-optimal angle, the effect of which has not

11
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previously been studied.

The deviations from ideal perpendicular labelling plane angulations in

this work are modelled by reduction of the spin velocity. The results of

simulations for this model of efficiency dependence on angulation show only

very small αrel,SIM differences for ξ = 30◦ and some efficiency reduction for

ξ = 60◦ up to blood velocities of 50 cm/s, but still within a test-retest error

of CBF measurement with pCASL of 20% [18]. This can be explained by

the fact that the proportional reduction in velocity will be 13% and 50%

respectively at these two angles. Much larger, measurable, reduction of rela-

tive efficiency can be observed when the FA of the labelling train is reduced

to 8◦, with αrel,SIM of ξ = 60◦ higher than that of ξ = 0◦ or 30◦ (Figure

4a). These observations are confirmed in vivo for the measured range of

velocities (15-50 cm/s) and therefore this proof of concept experiment con-

firms the validity of the presented angulation model assumptions. However,

the quantitative agreement between the modelled αrel,SIM and the measured

αrel,MEAS is poorer for FA = 8◦ than for FA = 18◦. This may be due to

the lower SNR of the measured CBF caused by a lower labelling efficiency

affecting the αrel,MEAS measurement accuracy.

An equivalent approach to simulate the influence of the labelling plane an-

gulation, rather than reduction of velocity, would be to reduce the Gmax/Gave

gradients to 5.2 /0.52 mT/m or 3 / 0.3 mT/m for ξ = 30◦ and ξ = 60◦ respec-

tively. However, the advantage of velocity reduction approach is that it is

conceptually simpler and allows prediction of the behaviour of the efficiency

vs velocity curve without additional simulations.

In vivo measurements show no statistically significant differences between
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CBF for 3 different angulation angles, which implies high robustness of

pCASL to angulation of the labelling plane. Also, there were no statisti-

cally significant differences between CBF when the plane was positioned at

the V3 ’kink’ points on the vertebral arteries, compared to the ideal location.

This is initially surprising, as it suggests that the labelling plane angulation

can be taken up to 90◦. This would result in zero velocity through the gradi-

ent and a lack of flow driven inversion, if the labelling plane were infinitively

thin. However, inversion of the blood water protons clearly still occurs. This

happens for two reasons: (i) the finite thickness of the labelling plane and

(ii) perturbation of magnetisation vector during the transit though the kink.

Firstly, the labelling plane thickness (∼ 13mm for the RF pulse/gradient com-

bination used in this work) is much greater than a vessel diameter. Therefore,

some spin inversion occurs during the approach to and exit from the straight

part of the ’kink’. Secondly, the blood water experiences excitation pulses

while traveling along the direction of the labelling plane, which affects the

magnetisation vector. The relative degree of these two effects depends on

the time the blood takes to move through the ’kink’, which in turn depends

on blood velocity as well as ’kink’s’ length. The spread of the data and stan-

dard deviation in the VA territory is highest for the ’lower kink’ labelling

position. Although not statistically significant (F-test p>0.05), possibly due

to a small group size, this suggests that careful positioning on the vertebral

arteries is more important than on carotid arteries. The standard deviation

is also elevated in the ICA territory when the labelling plane is positioned

on the ’kinks’. This is most likely a result of a large anatomical variation

of the vertebral vessels between subjects resulting in similar variation of the

13
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angle of the labelling plane to the ICA. Further, the variable distance, and

therefore transit time, between the labelling plane and the brain tissue in the

imaging plane will also contribute to the increased standard deviation.

Interestingly, labelling efficiency increases with ξ for high flow velocities,

which can be present in certain pathologies, such as sickle cell anaemia.

However, if the velocity of the flow is known a priori in high flow cases, a

correct (lower) labelling efficiency should be used in the final CBF calculation,

or alternatively, the labelling train appropriately adapted.

High robustness of the pCASL labelling train to labelling plane angulation

observed in this study results from the approximately flat shape of efficiency

vs velocity curve in the broad region of velocities. Therefore, even for large

angulations, which result in significant reduction of effective velocity, pCASL

still provides good labelling efficiency.

5.1. Limitations

One limitation of this study is the low sample size and recruitment re-

stricted to young, healthy volunteers. However, the study was intended as a

proof of principle investigation, and even from this limited number of volun-

teer data sets, it is clear that predictions of the simulations match well with

the in vivo results.

The effect of tilting the labelling plane was modelled as an effective reduc-

tion of the spin velocity. This simple model was used to illustrate the effect

when considering straight vessels with constant velocity of flow. However, if

the vessel tortuosity is such that blood flow effectively descends around the

V3 segment of the vertebral arteries, as can occur in elderly persons, then

the model is less able to describe the net effect of a tilted labelling plane. In

14
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such a scenario, more complex simulations would be required.

Another study limitation is the use of manual ROI identification, as-

suming standard territories of ICAs and VAs. Although less common, non-

standard configurations of the Circle of Willis (CoW) could have been present

in our volunteers (for example, a fetal origin of the PCA) which would influ-

ence the regional findings. While time of flight angiograms were not acquired

as part of our protocol due to time limitations, the results of the regional

analysis follows the predictions made by simulations based on the measured

velocities. Therefore, we conclude that non-standard CoW configurations

did not contribute to the results.

The exact prediction of the effect of labelling plane angulation on ξ are

specific to the design of the pCASL gradient and pulse train, which in turn

is specific to a vendor or implementation. However, the shape of curve of

the efficiency change with velocity are similar for all designs, and therefore

the presented results are likely to be valid in general, especially for the small

range of labelling plane orientation angles more likely found in day-to-day

practice.

6. CONCLUSIONS

In summary, this study shows that in healthy adult subjects, the effi-

ciency of pCASL using a standard, vendor-implemented labelling pulse train

is highly robust to angulation of the labelling plane and feasible angulation

errors are unlikely to contribute to CBF quantification errors.
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8. FIGURES CAPTIONS

Figure 1. Theoretical (a,b) and practical (c-f) orientations of the labelling

plane. Spins traveling though the labelling plane within an artery perpen-

dicular to the labelling plane (a) and in one that makes an angle with the

normal to the labelling plane (b). The position of the labelling plane on a

vessel survey for ξ = 30◦ (c), 60◦ (d) and parallel to the vertebral arteries:

V3 ’top kink’ (e) and V3 ’bottom kink’ (f).

Figure 2. Slice position of PC QFlow (a) and segmentation of feeding arteries

for velocity measurement (c). Example segmentation of voxels within cortex,

internal carotid artery and vertebral artery (d) for a single slice (b).

Figure 3. Simulated efficiency for different and flip angles for a range of

velocities. Labelling plane was set at ξ = 0◦ and T1 and T2 were set to 1.65s

and 0.165s, respectively. Scanner default settings of the pCASL train was

used: Gmax = 6 mT/m, Gave = 0.6 mT/m, Δ = 1ms, δ = 0.5ms.

Figure 4. Relative efficiency as a function of the blood velocity measured in

vivo in carotid and vertebral arteries. Relative efficiency estimated based on

simulations (a) and in vivo data (b).
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Figure 5. CBF values for different ROIs and acquisitions, averaged for all

volunteers. The boxes represent the 25th and 75th percentile, the line across

is the median and whiskers are the spread of the data. * t-test p<0.05 when

compared to FA = 18◦, ξ = 0◦, # t-test p< 0.05 when compared to FA = 8◦,

ξ = 0◦.
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