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Brain perfusion is the biological process that ensures
the delivery of oxygen and nutrients to the cerebral
tissues by means of microcirculation.
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Using the GLM, the dataset of interest is modelled as a
linear combination of pre-defined parameters.
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Source: “The General Linear Model for fMRI analyses” by FIL Methods Group, SPM Course, 2013.
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Independent and identically distributed errors, i.e. given
e ~ N(0,02I), we can use Ordinary Least Squares:
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Source: “The General Linear Model for fMRI analyses” by FIL Methods Group, SPM Course, 2013.

Independent and identically distributed errors, i.e. given
e ~ N(0,02I), we can use Ordinary Least Squares:

Otherwise, given e ~ N (0, V), Weigthed Least Squares:
Bus = XTVIX)'XTVLY, Var(Bys) = XTV71X)~L
(2)
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Hypothesis testing

Under the null hypothesis:

H() : C,@(v) =0.

Assuming the normality of the error, the t-statistic at voxel
v is defined by:

cf ™)

— ~ 77\’717- (3)
Var(c,B(,,))
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Random-effects assumptions

RFX analyses assume that the within-subject variance

IS:

» negligible by comparison to the between-subject

variance; or

» roughly constant across subjects.
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Random-effects or Mixed-effects analyses
In functional MRI there is no consensus:

» Superiority of MFX, [Beckmann 2003, Mumford 2006, Thirion
2007].

» Validity of RFX for one-sample t-tests in BOLD fMRlI,
[Mumford 2009].

» Invalidity of RFX [Chen 2012].

Both approaches are in use in the neuroimaging
community:

» Random-effects analyses (SPM')
» Mixed-effects analyses (FSL2, AFNI®).

What about ASL?

1

www.fil.ion.ucl.ac.uk/spm/
2fsl.fmrib.ox.ac.uk/fsl/fslwiki/
3afni.nimh.nih.gov/afni/
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Detecting perfusion abnormalities using the
GLM

Individual analyses

» Modelling and estimation using the GLM.

» Difference between random-effects and
mixed-effects analyses.

Note: For ease of calculation, the models will be
presented in the following without covariates.
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» Modelling and estimation using the GLM.

» Difference between random-effects and
mixed-effects analyses.

Note: For ease of calculation, the models will be
presented in the following without covariates.
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GLM: subject level

g7

Repetition 1 Repetition 2 Repetition r

Var(By)
Given a voxel, for each subject s we have:
Yy = X, B + ¢, (4)

where

v

Y, vector of observations;

X, subject-level design matrix;
Bs parameters to be estimated,;
€5 residual error

v

v

v
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GLM: subject level

g7

Reti.tion 1 Repeli-tion 2 Repetition r \7;1'(65)
Given a voxel, for each subject s we have:
1
Y, = ﬁv + €. (5)

where

v

Y, vector of observations;

X, subject-level design matrix;

Bs parameters to be estimated,;

e residual error, e, ~ N(0, 02). [Aguirre 2002]

v

v

v
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GLM: subject level

ge

Repetition 1 Repetition 2 Repetition

Var(Bs)

Assuming ¢, ~ N(0,02), by ordinary least squares we
have:

“ N

A 1 < . &
Bs = ; Z;ys,,-, and Var(ﬁs) = 7
=
where
> y,,; is the i element of vector Y,

» 52 the estimated within-subjet variance.

31/51



Detecting
perfusion
abnormalities in
Arterial Spin
Labelling

Camille Maumet

Detecting
perfusion
abnormalities

ASL

Group
Single-subject
General Linear

Model: MFX and
RFX

Hypothesis
testing

RFX and MFX

Detections in ASL
Methods
Experiment
Results

Conclusions

GLM: between-group

Bpatients Vﬂf(Bpanmu ) Beontrols Var(Beontrols)

The subject parameters (f5)1<s<n,+1 €an be combined
using:

B
= X¢ Be + 76
Boy-+na
where
» X¢ is the group-level design matrix;
» [c the group parameters;
> . the residual error term.
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GLM: between-group

&0

@(Bparimu )

Bparienrx

— |

Bmmml: Var Bcnn/rols

The subject parameters (f5)1<s<n,+1 €an be combined

using:

where

A

B

/8n1+1

_B”ll‘i‘nZ_

|

ﬁcontrols:| + 6. (7)

ﬁpatt’enm

> ¢ the residual error term, 7, ~ A0, 0% ).
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GLM: between-group

&8

Bparienrx Vaf(Bparimu )

—

Bmmml: Var Bcnn/rols

The subject parameters (f5)1<s<n,+1 €an be combined

using:
AT
B
6”!14—1
_/Bn1+n2_
where

O = e

|

Bcontrols:| + YGe- (8)
Bpatients

2

. s 2 Us
> 6. the residual error term, g, ~ N(O, oGt 7).
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Contrast of interest

&8 00

/Bpa!wm- Var( 5pa/1em: Bczmlml s

We are interested in the null hypothesis:

HO : Beontrols = /Bpatients-

HO: cBg =0.

Var( /85 ontrols)

(10)
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Group . . .
Single-subject We are interested in the null hypothesis:

General Linear
I%/Ig;i(el. Apatiee HO : Beontrols = /Bpatients- (9)

Hypothesis

testing HO . CBG = O (10)

RFX and MFX

Detections in ASL Corresponding to the patient versus control group
Methods
Experiment ContraSt-

Results

Conclusions c = [1 - l] (1 1)
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. 2 .
Goneral Linoar Assuming g ., ~ N(0,0¢,. ;), by weighted least squares
Model: MFX and we have:

RFX
Hypothesis
testing 1 n 1 ny+ny
RFX and MFX AREX _ = Z ~ ARFX' _ 1 Z ~ 1 2
Detections in ASL controls n BS’ patients ny BS’ ( )
Methods s=1 s=n;+1
Experiment The associated sampling variances are:
Results
Conclusions 6-2 (}2

Var( 3 Ge)l (A Ge2

RFX _ C, RFX _ C,
Var( controls) - Tl, Var( patients) - Tz (13)
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Mixed-effects (MFX) between-group analysis

8 &

B]mtiems Var ( Br/urxenr.\‘ ) ﬂcommls

Var(Beontrols)

Assuming ¢, .; ~ N(0, U(z},i + "72) by weighted least
squares we have:

ni

. 1 . 1
MFX
controls — an Zws,l /Bs; where Wsi = 2 57
j=1 "0l o 0Gi T 7
ny+ny
QAMFX
patients — Zn1+n2 Z Ws2 ﬁs
j=n1+1 Wi2 o= n+1
(14)
The associated sampling variances are:
Var(Bh ) = e Var(A ) =
controls) — n ) patients) — +
Zsl 1 Ws,1 Z?l:nlnil Ws,2
(15)
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Random-effects (RFX) analysis

S8 &0

Var( 5¢ ontrols)

/Bpalic‘ﬂl&

Var( Bpm[em: )

chltml s

Assuming g, ~ N (0, a%;c), by ordinary least squares we

have:

QRFX

controls —

Zﬁs,

s=1

QRFX

pati

ent

The associated sampling variances are:

Var(

QRFX

controls

)=

2
Gc

Y

\//gr(

ORFX

patient

) =

= Bnrf—l’

(16)
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Mixed-effects (MFX) analysis

N RN )

,Bpmienn Var ( ﬁpunenrr ) Beontrols Var ( ﬂc ontrols)

2
Assuming %~ N(0,0% + 075), by weighted least

squares we get:

~ 1 ~ ~
MFX _ § : AMFX
controls — an W - Ws71 BS, patient 5,,14_1

(18)
where wy = —
The associated sampling variances are:
& +1
. . B :
Var( gIOFnXtrols) = ny ’ Var( %jtgents) =0g + .
oo W r
(19)
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Random-effects and Mixed-effects analyses

Control group and patient estimates and sampling variances with RFX and MFX.

Beontrols Bputient Var (/Bcommlx) Var (/Bpatiem)
=2
1 I N 62 B
RFX L35 Bt %ec &2
m s=1 m
52
1 < 1 . 1 2 T+
MFX an 1 2 52 Bs /3"1"!‘1 an 1 O'GJ” -
=1 67 s=10g+ = s=1 ., 62
62+-L o5t
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Subjects and imaging protocol

25 patients diagnosed with brain tumours and 61 control
subjects participated in this study.

Imaging protocol:

» PICORE Q2TIPS Pulsed ASL, 60 repetitions
» MPRAGE T1 3D
» T2 FLAIR

For the patients only:
» T1 3D Gadolinium
» Dynamic Susceptibility Contrast imaging (DSC)
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Validation: Ground Truth

1. Segmentation of the tumour:

T1 Gadolinium T2 FLAIR

Tumour and
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segmentation
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Validation: Ground Truth

1. Segmentation of the tumour:
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2. Combination with T2 perfusion information:

“Ground truth”
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T1 Gadolinium

Tumour
segmentation

Validation: Ground Truth

1. Segmentation of the tumour:

T2 FLAIR

DSC CBF

Tumour and
oedema
segmentation

2. Combination with T2 perfusion information:

“Ground truth”

3. Visual assessment and manual corrections by a
clinician.
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Assumptions of RFX analyses

» Assumption 1: Within-subject variance negligible by
comparison to the between-subject variance.
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» Assumption 2: Within-subject variance roughly
constant across subjects.
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Assumptions of RFX analyses

» Assumption 2: Within-subject variance roughly
constant across subjects.

Within-subject standard deviation in two control
subjects:

Average within-subject variance

0.16

0.14

012

0.08

0.06

0.04

0.02

Controls.

Patients
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Results: RFX versus MFX

ROC curves of the homoscedastic and heteroscedastic models
100

True Positive Rate

Random-effects analysis
FWHM (mm?) 0 4 6 8 10

ROC Area 0.46 0.49 0.49 0.49 0.48

Mixed-effects analysis
FWHM (mm®) O 4 6 8 10

ROC Area 0.63 0.70 0.72 0.72 0.69

10 model
Heteroscedastic model
a

o 10 20 40 70 8 w0 100
False Positive Rate

ROC curves for perfusion abnormality
detections.
[Maumet et al., Neurolmage 2013]

Area under the ROC curve.
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Conclusion

We demonstrated on a dataset of PICORE Q2TIPS ASL
images that:
» the assumptions of RFX analyses were violated.

» using an MFX analysis was essential in the

detection of perfusion abnormalities at the patient
level.
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Conclusion

We demonstrated on a dataset of PICORE Q2TIPS ASL
images that:
» the assumptions of RFX analyses were violated.

» using an MFX analysis was essential in the

detection of perfusion abnormalities at the patient
level.

» According to the literature, the difference between
RFX and MFX is less pronounced when comparing 2
groups.
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Conclusion

We demonstrated on a dataset of PICORE Q2TIPS ASL
images that:
» the assumptions of RFX analyses were violated.

» using an MFX analysis was essential in the

detection of perfusion abnormalities at the patient
level.

» According to the literature, the difference between
RFX and MFX is less pronounced when comparing 2
groups.

» Further investigation using other ASL sequences are
needed.
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the assumptions of RFX analyses were violated.

using an MFX analysis was essential in the
detection of perfusion abnormalities at the patient
level.

According to the literature, the difference between
RFX and MFX is less pronounced when comparing 2
groups.

Further investigation using other ASL sequences are
needed.

Software packages: RFX (SPM), MFX (FSL, AFNI).
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