
Post processing: Kinetics 
and M0

Michael A. Chappell
michael.chappell@eng.ox.ac.uk

www.ibme.ox.ac.uk/QuBIc

Institute of Biomedical Engineering & Oxford Centre for Functional MRI of the Brain
University of Oxford.

ASL post-proc.: Kinetics and M0 : M.A. Chappell

FSL & BASIL

• FSL: The FMRIB Software Library (v5.0)

➡ www.fmrib.ox.ac.uk/fsl

• BASIL: a toolset for resting ASL quantification:

➡ CBF quantification.
➡ Calibration / M0 estimation
➡ Registration.
➡ Partial volume correction.

➡ Command line tools

oxford_asl, basil, asl_reg, asl_calib
➡ Graphical User Interface (beta in v5.0.4/5.0.5)

Asl / Asl_gui
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Command line instructions here for future reference...

What Have I Got Here!?

• What I have...

• What I want...

• What should I do? I just want to do something simple/easy!

I must have absolute perfusion (ml/100g/min)
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asl_file --data={ASLdata.nii.gz} --ntis=1 --iaf=tc --diff --out={diffdata.nii.gz}
asl_file --data={ASLdata.nii.gz} --ntis=1 --iaf=tc --diff --mean={diffdata_mean.nii.gz}

Example (simple)

• What I have...
➡ASL data!

• What I want...
➡A perfusion image (in this 

subject).

• What should I do?
➡Tag-control subtraction
➡Average

Tag (labelled)Control Perfusion
(difference)

- =

Tissue - bloodTissue + blood 2 * blood
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Example

• What I have...
➡ASL data
➡ (calibration images)

• What I want...
➡ Perfusion in ml/100g/min

• What should I do?
➡Tag-control subtraction.  
➡Kinetic model inversion.
➡M0 calculation.

- =

✓
←
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Kinetic Model InversionIntroduce
tracer

Tissue
(voxel)

ΔM(t) = F ⋅ AIF(t) * r(t)

Arterial Input 
Function

Residue
Function
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Kinetic Model Inversion

Arterial Input 
Function

Time

Tracer
concn

Tells us about the 
delivery of the 

tracer
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Kinetic Model Inversion

Residue
Function

‘time’

Tracer
Remaining

100%

Tells us what happens 
to the tracer after is 

has arrived.
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Kinetic Model Inversion

Tissue
(voxel)

LABEL

T1 decay

AIF

pASL

Parameters:
Bolus arrival time

Bolus duration
T1 decay (in blood)
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Kinetic Model Inversion

Tissue
(voxel)

LABEL

T1 decay

AIF

cASL/pcASL

Parameters:
Bolus arrival time

Bolus duration
T1 decay (in blood)
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Kinetic Model Inversion

‘Well mixed’
T1 decay

r(t)‣Rapid exchange:
single well mixed 
compartment
‣No spins leave the 

compartment
‣Decay with T1

Parameters:
T1 decay (tissue)
Bolus arrival time

Bolus duration
T1 decay (in blood)
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Kinetic Model Inversion

‘Well mixed’

LABEL

T1 decay

AIF

=

CTC

ΔM(t) = F ⋅ AIF(t) * r(t)

*

r(t)

Parameters:
Perfusion - F

T1 decay (tissue)
Bolus arrival time

Bolus duration
T1 decay (in blood)
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Kinetic Model Inversion

LABEL

T1b decay ‘Well mixed’
T1t decay

• The ‘simple’ model

➡ Only one T1 value (blood)

➡ Spins never leave tissue

• The ‘standard’ model:

➡ Separate T1 for blood and tissue 
(T1t < T1b).

➡ Spins leave voxel at rate 
determined by perfusion and 
partition coefficient.

r(t)

Buxton et al., MRM 40(3), 1998.
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Kinetic Model Inversion

LABEL

T1b decay ‘Well mixed’
T1t decay

Buxton et al., MRM 40(3), 1998.

General Kinetic Model for Quantitative Perfusion Imaging with ASL 

1 T1 (set) ----- 1.3 

387 

r(sec) 
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Pulsed ASL: Standard Model 
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FIG. 1. Theoretical curves of pulsed ASL signal versus time calculated from Eq. [3]. Parameters for the solid curve in each plot are f = 0.8 
ml/min-ml, At = 0.5 s, T = 1 .O s, and T, = 1 .O s. Each panel illustrates the effect of varying one of these parameters: perfusion f (upper 
left), transit delay At (upper right), tissue relaxation time T, (lower left), and duration of arrival of tagged blood T (lower right). After the initial 
transit delay At, the ASL curve is proportional to local perfusion at all time points, but the early times are also sensitive to the local value 
of At and the later times are sensitive to the local T,. 

map of TIt (3, 13). Mathematically, the dependence on A t  
is weaker with the continuous labeling method than with 
the pulsed method, as can be seen in Figs. 1 and 2 by 
comparing the signal offset at a fixed measurement time 
due to a change in At. However, A t  still remains as a 
problem for quantitation because it is a local parameter. 
Furthermore, with the continuous labeling method, the 
labeling band is typically farther from the imaging slice, 
and so A t  is likely to be longer (9, 13). For this reason, 
with either technique, it is critical to correct for the 
effects of At. Recently, Alsop and Detre (13) proposed a 
method for doing this by inserting a delay before imaging 
after the end of the long labeling pulse. The effect can be 
seen from Eq. [ 5 ] ,  which reproduces their equations. 
For t > 7 + At, the At term is completely canceled if 
Tlb = Tl', and even if this condition is not satisfied, the 
dependence on A t  is greatly reduced. This can also be 
seen in Fig. 2 (upper right panel). In this example, the 
curves for tissues with transit delays of 300, 500 and 900 
ms all produce approximately the same signal if a delay 
greater than 900 ms is inscrted after tagging and before 
imaging. Thus, to compensate for a range of transit delays 
to the imaged region, a delay before imaging equal to or 
greater than the longest transit delay is required. This 
results in some loss of signal for tissues with shorter 
transit delays, due to relaxation. 

The Double Subtraction Strategy for Quantitative 
Perfusion Measurements with Pulsed ASL 

For pulsed as well as continuous ASL, the measured 
signal depends strongly on the transit time from the 
tagging region to the image plane. For this reason, a 
pulsed ASI. measurement made at only a single inversion 
time is not sufficient to accurately calculate perfusion. 
Measurements are required at multiple inversion times to 
provide sufficient data so that the kinetic model can be 
used to estimate the local value of A t  as well as f. The 
form of Eq. [3] suggests that the minimum number of 
measurements required is two. In Eq. [3], the signal is 
directly proportional to the product of perfusion and a 
shifted time t - At, which is simply the amount of blood 
that has entered the voxel by time t. The other primary 
factors affecting the signal depend only on properties of 
the blood (M,,, and T,J.  These are thus global factors and 
do not depend on local tissue properties, so a uniform 
scaling correction to account for relaxation in blood can 
be applied to the raw signal images. The final parameter 
is the dimensionless factor qp, which accounts for the 
difference of blood and tissue T,s and for the clearance of 
magnetization by venous flow, However, for early times, 
qp is essentially constant with a value very near 1. It is 
only at later times that Q has a significant effect on the 
signal, and then only if the tissue TI is substantially 
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Kinetic Model Inversion

LABEL

T1b decay ‘Well mixed’
T1t decay

Buxton et al., MRM 40(3), 1998.
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Continuous ASL: Standard Model 

Buxton et al. 
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FIG. 2. Theoretical curves of continuous ASL signal versus time calculated from Eq. [5]. Parameters for the solid curve in each plot are 
f = 0.8 ml/min-ml, At  = 0.5 s, T = 3.0 s, and T, = 1 .O s. Each panel illustrates the effect of varying one of these parameters: perfusion 
f (upper left), transit delay At (upper right), tissue relaxation time T, (lower left), and duration of arrival of tagged blood r (lower right). As 
with pulsed ASL, after the initial transit delay At, the ASL curve is proportional to local perfusion at all time points. However, the peak, 
steady-state signal is also sensitive to the local values of At and T,. By inserting a delay after the end of labeling that is longer than the 
longest At, the sensitivity to A t  is much reduced (13). 

different from that of blood, Tlb. Furthermore, by assum- 
ing that the magnetization begins to relax with the relax- 
ation time of thc tissue as soon as the water enters the 
voxel, we are undoubtedly overestimating the role of 
tissue TI. Although perfusion also enters the factor q, in 
the form of an apparent relaxation time TI ' ,  it has a 
negligibly small effect. A typical human CBF of 60 ml/ 
100 g/min corresponds to f = 0.01 s ', and with h = 0.9 
(32) and TI of approximately 1 s, the difference between 
TI' and TI is only approximately 1%. 

Thus, after a global correction for relaxation in blood, 
the signal will show an approximately linear increase 
with time, after the initial transit delay At, with a slope 
equal to zMoJ. And because Mob is a global parameter, a 
map of the slope is, in fact, an uncalibrated map of 
perfusion. Absolute calibration requires a separate mea- 
surement of Mob (ie. ,  the image signal of a voxel filled 
with fiilly relaxed blood). The slope of the curve can be 
measured with a minimum of two pulsed ASL measure- 
ments, if the TI of the first measurement is after At, and 
the second TI is before the end of the tag reaches the 
slice. We refer to this as a double-subtraction strategy 
because a pulsed ASL measurement at one TI requires a 
subtraction of tagged and control images, and the snbse- 
quent subtraction of two ASL signals at two TIs (after 
correction for decay in blood) yields a measure of the 
slope. 

Relaxing the Assumptions of the Standard Model 

As an illustration of the use of the general model, the 
effects of adopting more realistic forms for c(t), df), and 
m(t) are illustrated in Fig. 3. Specifically, we illustrate 
three different departures from the standard model rep- 
resented by Eq. 121: 

1. The delivery function is replaced by a smoother 
input function c(t), appropriate for delivery de- 
scribed by a range of transit times. In Fig. 3 (top), the 
smoothed versions of c(t) are shown on the left for 
both pulsed and continuous labeling. The resulting 
signal curves shown on the right were calculated by 
numerically calculating the convolution in Eq. [I]. 
Both the standard model curves and the curves with 
modified c ( f )  are shown. The time when a typical 
pulsed ASL measurement is made ( t  = 1 s) is indi- 
cated, along with the time when a measurement is 
made with continuous labeling using the approach 
of Alsop and Detre (131, in which a delay is inserted 
before imaging. For the more conventional contin- 
uous labeling approach, imaging would occur at the 
peak of the continuously labeled signal. Because the 
perfusion estimate is proportional to the signal mag- 
nitude at these measurement times, the difference 
between the two curves resulting from different 
forms of c(t) indicates the magnitude of error in the 
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Kinetic Model Inversion

white
noise

⊕

Parameters:
Perfusion - F
Bolus arrival time
Bolus duration
T1tissue

T1blood

Model
Data

Single-TI/PLD Multi-TI/PLD

Analytic solution Non-linear fitting
(least squares)

Bayesian inference (BASIL)    
Chappell et al., IEEE TSP 57(1), 2009.
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Example

• What I have...
➡ASL data
➡ (calibration images)

• What I want...
➡ Perfusion in ml/100g/min

• What should I do?
➡Tag-control subtraction.
➡Kinetic model inversion.
➡M0 calculation.

What you need to know about your data:

pASL (pulsed) pcASL (continuous)

Post-labeling delay(s)

Labeling duration

Inversion time(s)

Bolus duration (TI1)
(if QUIPSS/Q2TIPS)L

a
b

e
li

n
g or

✓
← T1 (tissue and blood?)

Bolus arrival time

M
o

d
e

l 
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Kinetic Model Inversion

1. The entire labeled bolus is delivered to the target tissue.  This is the case when 
PLD>ATT for PCASL, or (TI-TI1)>ATT for QUIPSS II PASL. 

2. Labeled blood water is well mixed with tissue before outflow occurs   Because 
the tissue water pool is much larger than the blood water pool, and water 
exchange between blood and tissue is rapid, this is typically a good assumption 
(Zhou J , Wilson D, et al. JCBFM, 21:440, 2001). 

3. The relaxation of the labeled spins are governed by blood T1.  While this 
assumption is not likely to be strictly true, the errors introduced by this 
assumption, which are related to the difference in T1 between blood and tissue, 
are typically relatively small. 

Under these assumptions CBF in each voxel can be calculated for PCASL using (10): 

CBF = !"""⋅!⋅(!"!"#$%!"!!"!"#$!)⋅!
!"#

!!,!"##$

!⋅!⋅!!,!"##$⋅!"!"⋅(!!!
! !
!!,!"##$)

![ml/100!g/min]  

and for QUIPSS II PASL using (37): 

CBF = !"""⋅!⋅(!"!"#$%"&!!"!"#$!)⋅!
!"

!!,!"##$

!⋅!⋅!"!⋅!"!"
![ml/100!g/min]  

where λ is the brain/blood partition coefficient in ml/g, SIcontrol  and SIlabel  are the time-
averaged signal intensities in the control and tag images respectively, T1, blood is the 
longitudinal relaxation time of blood in seconds, α is the labeling efficiency, SIPD is the 
signal intensity of a proton density weighted image, and τ is the label duration.  PLD, TI 
and TI1 are as defined above.  The factor of 6000 converts the units from ml/g/s to 
ml/(100g)/min, which is customary in the physiological literature.  See Table 3 for a 
summary of parameters for use in CBF quantification.  Single TI PASL without the 
QUIPSS II modification cannot be reliably converted into CBF. 
 
To scale the signal intensities of the subtracted ASL-images to absolute CBF units, the 
signal intensity of fully relaxed blood spins is needed.  Although several approaches can 
yield estimates of this value, we recommend using a separately acquired proton density 
(PD) image (represented by SIPD in the above equations) to obtain this scaling factor on 
a voxel-by-voxel basis. The factor λ scales the signal intensity of tissue to that of blood.  
The use of a PD image for this scaling serves two additional important functions.  By 
dividing by this image, signal variations caused by RF coil inhomogeneity, as well as 
differences in transverse relaxation are largely corrected as well. The PD image should 
have an identical readout module as the ASL-scan, with a long TR to provide proton 
density weighting. If TR is less than 5s, the PD image should be multiplied by the factor 

1/ 1− e!!"/!!,!"##$% , where T1,tissue is the assumed T1 of gray matter, in order to 

compensate for T1 relaxation.  No labeling or BS should be applied for this scan. Care 
should be taken that the absolute scaling between the signal intensities in this 
acquisition and the ASL scans is known. Note that since this PD image goes in the 
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signal intensity of fully relaxed blood spins is needed.  Although several approaches can 
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compensate for T1 relaxation.  No labeling or BS should be applied for this scan. Care 
should be taken that the absolute scaling between the signal intensities in this 
acquisition and the ASL scans is known. Note that since this PD image goes in the 

Analytical solutions - Simple model (ASL ‘white paper’):

Fixed value:
T1blood = 1650 ms (3T)

time

cASL label

imagingPost-labeling 
delay (PLD)

pASL label

Inversion time (TI)

Label duration (τ)

time

imagingQUIPSS II 
TI1

pcASL pASL QUIPSS II
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Analytical solutions - Standard model (‘Buxton’):

386 Buxton et al. 

Thus, the standard model can be summarized as: 

c(t)  = 0 O < t < A t  
(pulsed) A t <  t <  r +  A t  ff -;: Tlb 

ff e - h t / T ~ h  (continuous) 
0 r + A t < t  [21 

r( t )  = e Jtlh 

m ( t )  = e-”” 

any single time delay, an observed signal difference be- 
tween two tissues could reflect differences in A t  as well 
as perfusion. The lower left plot shows that the tissue 
relaxation time primarily affects the later part of the 
curve. Finally, the lower right plot shows that the width 
of the arrival time distribution leads to a sharp decrease 
in the signal after the last of the labeled blood has ar- 
rived. If r is sufficiently long, the signal will reach a 
natural maximum where the delivery of magnetization is 
balanced by clearance. This maximum signal, calculated 
from Eq. [3], is: 

The Pulsed ASL Signal 

Applying Eq. [I] with the assumptions represented by 
Eq. [21 leads to the following expression for the pulsed 
ASL difference signal: 

SM(t) = 0 0 < t < A t  
= ZM,,Dflt - At)a e-fiT1h gp( t )  A t  < t < T + At 
= 2 ~ , , f  T a e-‘’T1h q,(t) r + A t < t  

[3] 

with 

ekt(e-kht - e-kt)  

qp ( t )  = A t <  t <  T i -  A t  
k( t  - At)  

- = - + -  1 l f  
TI’ TI A 

The motivation for writing the expression for AM(t) in the 
form of Eq. [3] is that the factors related to different 
relaxation times and venous clearance are lumped into 
the term q,(t), which is dimensionless and typically has 
a value near 1. As k approaches zero, q!, approaches 1. 
Equation [3] is the standard model for the pulsed ASL 
signal and is equivalent to equations presented previ- 
ously (21, 24, 25).  

The measured signal difference thus is proportional to 
the local perfusion f but is also affected by several pa- 
rameters in addition to perfusion. In Fig. 1, theoretical 
curves illustrating the dependence of the pulsed ASL 
signal on several relevant parameters are shown. These 
ASL curves depend on the longitudinal relaxation time 
of arterial blood, and measurements of TIL have ranged 
from approximately 1.1 s at 1.4 T and room temperature 
(29) to 1.9 s at 4 . 7  T and body temperature (30). For the 
calculations in this paper, we assumed a value of 1.3 s. 
The upper left plot shows that the amplitude of the curve 
is proportional to f, arid the upper right plot shows how 
the transit delay At shifts the curve along the time axis. 
Because the signal rises quickly after the delay, measure- 
ments at only one delay are potentially strongly sensitive 
to variations in A t  across the imaged plane. As a result, at 

where 

E(p) = p 1/11 8) 

The function E(P) varies slowly and is equal to e when 
p = 1. 

The Continuous Labeling ASL Signal 

The signal measured with the steady-state technique can 
also be calculated from Eqs. [I]  and [ a ] :  

A M ( t )  = 0 Q < t < A l  
= ZM,,, f TI‘ 01 e-’tiT1h 

= 2~,,  f T ~ ’  a e-AtiT1h 

At  < t < r + A t  
q d t )  l.51 

T + A t  < t 
q,,(t) - I t  - 7 - h t i  / 7’1 ’ 

with 

q,,(t) = 1 - e ‘ f  W/11’ A t <  t <  r +  At 
r + A t < t  - - 1 - e - ~ / T ~  

Wo have expressed bM(t )  using a dimensionless term 
q,,(t) to isolate terms related to the approach to the steady 
state. If t and T are much longer than Tl’, qsq is approxi- 
mately 1. Under these conditions, the signal reaches a 
steady state that depends on f ,  T7’, and Af .  This peak 
steady-state signal is idcntical to the maximum pulsed 
ASL signal (Eq. 141) except for the factor of ~ ( p ) .  That is, 
the maximum steady-state signal is stronger than the 
maximum dynamic signal by about a factor of e. This 
theoretical signal advantage of continuous over pulsed 
ASL has been discussed previously (31). 

As with the pulsed ASL signal, the continiious labeling 
signal depends on several parameters in addition to the 
local perfusion f, as illustrated in Fig. 2. For the original 
steady-state method the signal would be measured at the 
peak of the curve. The apparent relaxation time (Tl’) 
enters directly as a multiplicative factor in Eq. [5], and 
the strong dependence of the signal on TI‘ is evident in 
Fig. 2. To remove the TI’  dependence of the signal, this 
parameter is typically measured in another series of ex- 
periments, and the map of ASL signal is divided by the 

pASL label

Inversion time (t) time

imagingQUIPSS II 
τ

pASL QUIPSS II

A less neat analytic solution for perfusion (f)
Simplify by assuming qp=1

Buxton et al., MRM 40(3), 1998.
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oxford_asl -i {ASL_diff_data.nii.gz} -o {result_dir}
--casl --tis 2.4 --bolus 1.4 --bat 1.3 --artoff --fixbolus 

Example 1

• What I have...
➡ASL data
➡ (calibration images)

• What I want...
➡ Perfusion in ml/100g/min

• What should I do?
➡Tag-control subtraction.  
➡Kinetic model inversion.
➡M0 calculation.

- =

✓
← pcASL with 

labeling duration: 1.4 s
post-label delay: 1.0 s

Assume
T1 (blood): 1.6 s
T1 (tissue): 1.3 s
BAT         : 1.3 s
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> asl_file --data=sti_data.nii.gz --ntis=1 --iaf=tc --diff --out=sti_diffdata.nii.gz
> oxford_asl -i sti_diffdata.nii.gz -o out1

 --casl --tis 2.4 --bolus 1.4 --bat 1.3 --artoff --fixbolus

Example 1

pcASL with 
tagging duration: 1.4 s
post-label delay: 1.0 s

Assume
T1 (blood): 1.6 s
T1 (tissue): 1.3 s
BAT         : 1.3 s
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> asl_file --data=sti_data.nii.gz --ntis=1 --iaf=tc --diff --out=sti_diffdata.nii.gz
> oxford_asl -i sti_diffdata.nii.gz -o out1

 --casl --tis 2.4 --bolus 1.4 --bat 1.3 --artoff --fixbolus

Example 1

Perfusion (arbitrary units)

out1/native_space/perfusion.nii.gz
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Example

• What I have...
➡ASL data
➡ (calibration images)

• What I want...
➡ Perfusion in ml/100g/min

• What should I do?
➡Tag-control subtraction.  
➡Kinetic model inversion.
➡M0 calculation.

- =

✓

←
✓
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M0 Calculation

‘Well mixed’

LABEL

T1 decay

AIF

=

∆M(t)

ΔM(t) = 2⋅α⋅M0a⋅CBF ⋅ AIF(t) * r(t)

*

r(t)

∝	  2.αM0a

M0a -M0a
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oxford_asl ... -c {calibration_image.nii.gz} -s {structural_image.nii.gz}
asl_calib --mode longtr ...
asl_calib --mode satrecov ...

M0 Calculation

• Cannot measure M0a 
directly.

• indirect via brain ‘tissue’ 
magnetization.
➡Calculate M0t.

(M0 of ‘tissue’)

➡M0t to M0a.

S = M 0 1− Ae
− t T1t( )

S = M 0 1− e
−TR T1( )

Steady state magnetization (proton density)

With pre-saturation:

With background suppression:
No static tissue - need separate calibration images 
i.e. a control image with BGS off.

M 0a =
M 0t

λ

Account for relative proton densities:

ASL post-proc.: Kinetics and M0 : M.A. Chappell

oxford_asl ... -c {calibration_image.nii.gz} -s {structural_image.nii.gz}
asl_calib --mode longtr ...
asl_calib --mode satrecov ...
fslmaths {perfusion.nii.gz} -div [M0a] -mul 6000 {perfusion_calib.nii.gz}

M0 Calculation

• Cannot measure M0a 
directly.

• indirect via brain ‘tissue’ 
magnetization.
➡Calculate M0t.

(M0 of ‘tissue’)

➡M0t to M0a.

• Practicalities
➡Reference ‘tissue’?
➡Voxelwise?

Voxelwise Reference ‘tissue’

Calculate M0t     

Reference tissue mask
(CSF or WM)

M0t → M0a     

Single global M0a valuevoxelwise M0a value
(coil sensitivity correction)

Perfusion (ml/100g/min) = (Perfusion / M0a) * 6000

ASL post-proc.: Kinetics and M0 : M.A. Chappell

M0 Calculation

1. The entire labeled bolus is delivered to the target tissue.  This is the case when 
PLD>ATT for PCASL, or (TI-TI1)>ATT for QUIPSS II PASL. 

2. Labeled blood water is well mixed with tissue before outflow occurs   Because 
the tissue water pool is much larger than the blood water pool, and water 
exchange between blood and tissue is rapid, this is typically a good assumption 
(Zhou J , Wilson D, et al. JCBFM, 21:440, 2001). 

3. The relaxation of the labeled spins are governed by blood T1.  While this 
assumption is not likely to be strictly true, the errors introduced by this 
assumption, which are related to the difference in T1 between blood and tissue, 
are typically relatively small. 

Under these assumptions CBF in each voxel can be calculated for PCASL using (10): 

CBF = !"""⋅!⋅(!"!"#$%!"!!"!"#$!)⋅!
!"#

!!,!"##$

!⋅!⋅!!,!"##$⋅!"!"⋅(!!!
! !
!!,!"##$)

![ml/100!g/min]  

and for QUIPSS II PASL using (37): 

CBF = !"""⋅!⋅(!"!"#$%"&!!"!"#$!)⋅!
!"

!!,!"##$

!⋅!⋅!"!⋅!"!"
![ml/100!g/min]  

where λ is the brain/blood partition coefficient in ml/g, SIcontrol  and SIlabel  are the time-
averaged signal intensities in the control and tag images respectively, T1, blood is the 
longitudinal relaxation time of blood in seconds, α is the labeling efficiency, SIPD is the 
signal intensity of a proton density weighted image, and τ is the label duration.  PLD, TI 
and TI1 are as defined above.  The factor of 6000 converts the units from ml/g/s to 
ml/(100g)/min, which is customary in the physiological literature.  See Table 3 for a 
summary of parameters for use in CBF quantification.  Single TI PASL without the 
QUIPSS II modification cannot be reliably converted into CBF. 
 
To scale the signal intensities of the subtracted ASL-images to absolute CBF units, the 
signal intensity of fully relaxed blood spins is needed.  Although several approaches can 
yield estimates of this value, we recommend using a separately acquired proton density 
(PD) image (represented by SIPD in the above equations) to obtain this scaling factor on 
a voxel-by-voxel basis. The factor λ scales the signal intensity of tissue to that of blood.  
The use of a PD image for this scaling serves two additional important functions.  By 
dividing by this image, signal variations caused by RF coil inhomogeneity, as well as 
differences in transverse relaxation are largely corrected as well. The PD image should 
have an identical readout module as the ASL-scan, with a long TR to provide proton 
density weighting. If TR is less than 5s, the PD image should be multiplied by the factor 

1/ 1− e!!"/!!,!"##$% , where T1,tissue is the assumed T1 of gray matter, in order to 

compensate for T1 relaxation.  No labeling or BS should be applied for this scan. Care 
should be taken that the absolute scaling between the signal intensities in this 
acquisition and the ASL scans is known. Note that since this PD image goes in the 
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Analytical solutions - Simple model (ASL ‘white paper’):

pcASL pASL QUIPSS II

A ‘voxelwise’ approach:
M0a = M0t / λ = SIPD / λ

Perfusion (ml/100g/min) = (Perfusion / M0a) * 6000

SIPD is a proton density weighted image with ‘long’ TR
For TR < 5s correct using: S = M 0 1− e

−TR T1( )

with λ = 0.9 ml/g

α = 0.85 α = 0.98

ASL post-proc.: Kinetics and M0 : M.A. Chappell

oxford_asl -i {ASL_diff_data.nii.gz} -o {result_dir}
--casl --tis 2.4 --bolus 1.4 --bat 1.3 --artoff --fixbolus
-c {calibration_image.nii.gz} --tr 6 --cref {calibration_reference.nii.gz} 
-s {structural_image} --regfrom {calibration_image)

Example 2

• What I have...
➡ASL data
➡ (calibration images)

• What I want...
➡ Perfusion in ml/100g/min

• What should I do?
➡Tag-control subtraction.  
➡Kinetic model inversion.
➡M0 calculation.

✓

←
✓

Calibration image

Steady state
TR = 6 s

Calibration 
reference

Background suppression on



ASL post-proc.: Kinetics and M0 : M.A. Chappell

> oxford_asl -i sti_diffdata.nii.gz -o out2
--casl --tis 2.4 --bolus 1.4 --bat 1.3 --artoff --fixbolus
-c calibhead.nii.gz --tr 6 --cref calibbody.nii.gz
-s struct.nii.gz --regfrom calibhead.nii.gz

Example 2

pcASL with 
tagging duration: 1.4 s
post-label delay: 1.0 s

Calibration image with TR = 6 s
Calibration reference (body coil)

ASL post-proc.: Kinetics and M0 : M.A. Chappell

> oxford_asl -i diffdata.nii.gz -o out2
--casl --tis 2.4 --bolus 1.4 --bat 1.3 --artoff --fixbolus
-c calibhead.nii.gz --tr 6 --cref calibbody.nii.gz
--s struct.nii.gz --regfrom calibhead.nii.gz

Example 2

Perfusion (ml/100g/min)

out2/native_space/perfusion_calib.nii.gz

Calibration: CSF mask

out2/calibration/refmask.nii.gz
(overlaid on raw data)

ASL post-proc.: Kinetics and M0 : M.A. Chappell

asl_calib -c {calibration_image / control_image} -s {Structural_image} 
-t {asl2struct.mat} --tissref csf -o {out_dir}

--mode longtr --tr 6   /   --mode satrecov --tis 2.4

Example

• What I have...
➡ASL data
➡ (calibration images)

• What I want...
➡ Perfusion in ml/100g/min

• What should I do?
➡Tag-control subtraction.  
➡Kinetic model inversion.
➡M0 calculation.

✓

←
✓

Control image

Saturation recovery
t = 2.4 s

Calibration image

Steady state
TR = 6 s

Calibration 
reference

ASL post-proc.: Kinetics and M0 : M.A. Chappell
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