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Why do we need to conduct
second level analysis?

Second-level analysis allows us to test
whether an effect is reliable at the group level and
generalize the finding from our sample to the population.

Group level




1st level analysis (within subject)
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Example voxel X
(contrast estimate)

Sub 1 (2.3)
Sub 2 (4.6)
Sub 3 (1.8)
SubN  (3.1)

(General Linear Model)

1 predictor

Numbers in parentheses are example contrast estimates (e.g., beta or A-B)
at voxel X from each subject.
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Types of second-level models

Question Application
Fixed Effects |Is there an effectin Combine repeated
(FFX) these sample subjects? | measures within
subjects

Mixed Effects | Is there an effect in the | Group analysis of
(MFX) population? fMRI

FFX: IBI = IBc;ommon Xgrp TE
MF X: IBi = :Bpopulation Xgrp TUteE

u = between-subject deviation
€ = within-subject error




Mixed effects model in fMRI

15t level GLM (within each subject)

sub ﬁsub sub

Y = measured BOLD time-series at each voxel

X X = Predicted BOLD response based on the experimental condition
sub1 W& B = how strongly the predicted response is expressed in the measured
Y BOLD signal
=> representing the task-related effect.

€ = unexplained variation




Mixed effects model in fMRI

1st level GLM (within each subject) (@srze

ysub = :Bsub Xsub t€

2nd level GLM (between subject variance) \1/

Realign (Es.. Slice timing Smooth

Coregister (... ~ Normalise (... v Segment

Specify 1st-level Review

Specify 2nd-level Estimate

Results

Dynamic Causal Modelling

IBSUb = :Bgrp Xgrp T Ugrp

Display Check Reg Render_... ~ | FMRI

Help Utils.... ~ Batch Quit

—

Bsup = €ach sub’s beta estimate at each voxel from 1st level analysis

(,31, ,32, A 1Y)

B, = Estimated group-level effect at each voxel
=> represents task-related effect at the population level

X = group level regressor values: the group/design (1,0, age etc)

Ugr, = Second level residual (between-subject deviation)

lbox: PPls ImCalc DICOM Import




sub1

Mixed effects model in fMRI

1t level model (within subject variance estimation)

sub :8 sub sub

2nd level model (between subject variance) \l/

Bsub = Bgrp Xgrp i ugrp

ysub > :8sub ’ pgrp > SPM {t}
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statistical inference
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One sample T-test

Test the effect of one condition or a difference between conditions

Null hypothesis Hy: 8,5, =0

SuU b 1 B 1 1 "4 Batch Editor - O w

File Edit View SPM BasiclO

SUb2 ﬁZ 1 D b

Module List Current Module: Factorial design specification

Factorial design spec Help on: Factorial design specification
S u b 3 ﬁ — group 1 + u Directory ...ata¥Sakurai_data¥group
3 .

group grp . One—sample t—test

. .
Multiple covariates
B 1 Masking
N . Threshold masking

.. None
. Implicit Mask Yes
. Explicit Mask
Global calculation

. Omit

E:¥Data¥Sakurai_data¥sub13¥GLM¥con_0001.nii, 1
E:¥Data¥Sakurai_data¥sub14¥GLM¥con_0001.nii,1
E:¥Data¥Sakurai_data¥sub15¥GLM¥con_0001.nii,1
E:¥Data¥Sakurai_data¥sub16¥GLM¥con_0001.nii,1
| E-¥Data¥Sakurai_data¥sub17¥GLM¥con_0001.nii,1

I Specify.

Bn

Subject-specific estimate of the condition related BOLD response

Bgroup
Mean task-related effect at the group level

sub1 B 3.6



One sample T-test

Test the effect of one condition or a difference between conditions

Null hypothesis Hy: B0up = 0 <oim i

- O X
— —_ _ — Realign (Es... Slice timing Smooth
S u b 1 B1 1 Coregister (... ~ | |Normalise (.. Segment

1 Specify 1st-level Review
sub3 ﬁ3 — Xgroup 1 -+ U Specify 2nd-level | Estimate

Res

amic Causal Modeliing

SPM for functional MRI

Check Reg Render.... ~ | FMRI v
PPIs ImCalc DICOM Import
Utils... ~ Batch Quit




One sample T-test
Test the effect of one condition or a difference between conditions

Null hypothesis Hy: 8,5, =0

4\| SPM12 (7771): Menu | |

g —_— g

§PM contrast manager - X
sub 1 B1 Realign (Es... Slice timing Smooth
define contrast...
Sub2 B Coregister (... v Normalise (... Segment Nature
2 contrast(s)
O tcontrast () Fcontrast

S u b 3 B3 Specify 1st-level Review

o Specify 2nd-level Estimate I m SUb1

. : ==l sub2

BN Results °
Dynamic Causal Modelling
1 - #) 4 SUbN
‘ ‘ Design matrix
Reset | Cancel OK meter estimabili
P | | | parameter estimability

Pass the statistical threshold




One sample T-test

Test the effect of one condition or a difference between conditions

_ —_ T 5PM contrast manager
Brat1 = Burb1 -
1 _ define contrast...
Nature vs Urban
:Bnat2 - :BurbZ 1 -
B X O tcontrast () F-contrast
IBnat3 - :8urb3 - group group 1 U
: . et
IBnatN = BurbN - 1 —

Null hypothesis: Hy: B¢ - Bup = 0

Reset | Cancel| OK |

Nature > Urban

sub1



One sample T-test with covariate
Test the effect of covariate on task-related brain response

— — — _— . —_ age "4 Batch Editor _ O
B 1 Xeovt| 28 L4 1l e
BZ 1 XCOV2 3 5 actorial design spec §§§:§a§;§actorial design spe:cificaticarl'wraLdata¥gmup¥mmde|
. One—sample t-test
— .. Scans 5 files
B3 - 'BQfOUP Xgroup 1 + Bage Xeovz| 21T UN cimii
: Getrin Overall man
B N 1 XCOVN m:lstll[:r:eg covariates
— — — — — - . Threshold masking
Bage gi
Effect of the second-level covariate on the first-level estimates 25
e.g., how first level effects vary with age or behavioral scores
Xcovariate

Subject-specific covariate values
e.g., age, behavioral score, questionnaire score

Bage > 0 => task-related effect increases with age

Bage < 0 => task-related effect decreases with age
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One sample T-test with covariate
Test the effect of covariate on task-related brain response

=B group Xgroup

Bage

g —

Xcov1

Xcov2
Xcov3

N Xcovl\l

age
28
35
21

0 1] whether the task-related effect increases with age

0 -1] whether the task-related effect decreases with age

1 0] the task-related effect at the mean age (when mean-centered)

4. SPM contrast manager

define conftrast...

brain activity increases with age

o t-contrast (‘_\ F-contrast

contrast(s)

-

Desig

Reset | Cancel| OK |

T |

parametereslimatllily

covariate

[0 1] these brain regions response increases with age



Two sample T-test

Test the difference between two independent groups

g =— — —_—

young | B sub1 1 sub1 0
young | B2 | _ sub2 1 sub2 0
elderly | B = :Byoung Xyoung sub3 0 + ,Be/der/yXelderly sub3 1 | +uy
elderly | B4 young sub4 0 elderly sub4 1

—

o -
"4\ Batch Editor - a X

File Edit View SPM BasiclO

Null hypothesis
HO: IByoung = :Belderly

. Threshold masking

sub1 sub3
young elderly -




Two sample T-test

Test the difference between two independent groups

B . — = 4. SPM contrast manager — X
young B1 sub1 1 define contrast
young
yOU ng BQ _ ﬁ X oun Sub2 1 + B X _ young vs elderly
e|der|y 183 young AY g sub3 0 elder/y € | O tcontrast O F-oontast
elderly | B4 sub4 0 elderly || -
Null hypothesis -
. — Reaet‘ Canoel‘ OK ‘ parameter estimabll
HO' :Byoung - IBelderly -

elderly

[1-1] test greater task-related effect in young group than in elderly group

sub1 sub3 [-1 1] test greater task-related effect in elderly group than in young group
young elderly




The other options
One-way ANOVA

One-way ANOVA — within subject =

odule List
actorial design spec

Full factorial model

Flexible factorial model

exible factoria
= u
Multiple regression —
One of the following options must be selected:
1 * One—sample t—test
a I re - e S * Two-sample t-test

=> Research question and experimental design
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Multiple comparisons problem

N

N

N

<1 :Bsub = :Bgrp Xgrp t Ugrp

If we run 100 independent test,
we could have 5 false positives
on average (type | error)

a=0.05—>

Approx 100k — 300k voxels

With 100,000 tests at a = .05, we could expect up to
~5,000 false-positive voxels under the simplified
example

— Multiple-comparison correction is necessary



Example of correction

uncorrected Family wise error corrected
p <.001 p <.05



Uncorrected
threshold

Voxel-level correction

Voxels above a-level threshold u, are significant

/N

ve Vo 1A

\_ss

™ 4

NV

7

voxel1

voxel2

voxel3|voxel4

voxel5

voxel6

voxel7|voxel8

Without correction, voxel 2,5, and 6 are significant

Statistic value



Corrected
threshold

Voxel-level correction

Voxels above a-level threshold u, are significant

u
a I<

7

N

voxel1

voxel2

voxel3|voxel4|voxel5

voxel6

voxel7|voxel8

With correction, just voxel2 is significant

How do we set the corrected threshold?

Statistic value



Family-Wise Error Rate (FWE)

FWE-corrected p <.05

Keep the probability of having at least one false-
positive voxel across the whole brain at 5%.

v

Bonferroni correction

a =0.05/100,000 (number of voxel)
= 0.0000005



FWE - Random field theory (RFT)

High
Middle

Low

Near O

Neighboring voxels are spatially correlated,
fewer independent information
Search volume + smoothness controls FWE

V

More appropriate FWE-corrected threshold

Bonferroni

P
Each voxel
separate

B High
] Middle

B Low

Near O
et

Treats each voxel as independent
Corrects for the total number of voxels

V

Very conservative



FWE - Random field theory (RFT)

[#] SPM12 (7771): Menu — O *®

Realign (Esti... ~ Slice timing

Coregister (.. ~  Normalise (... - Segment

Specify 1st-level Review
High

Specify 2nd-level Estimate

Results

Low

Near O

Dynamic Causal Modelling

SPM for functional MRI

B T T

‘4 SPM12 (7771): Stats: Results - m] x

SPM uses RFT for FWE correction osly masking e
pvalue adustmenttocontrol || FWE | none




False Discovery Rate (FDR)

FDR controls the expected proportion of false positives at 5% among the
voxels declared significant : FDR controlled at g =.05”

|

Benjamini—Hochberg (BH) procedure

1. Rank all voxel-wise p-values from smallest to largest.

voxel 3 voxel5 voxel1 voxel 2 voxel 4

p=.001 p=.003 p=.012 p=.033 p=.064

2. Compare each p value with its BH threshold

BH threshold = rank

number of test

xq

3. Find the largest p-value that passes the threshold

@ @ ® @ ®

BH threshold p=.010 p=.020 p=.030 p=.040 p=.050




Cluster-level correction

We can use an uncorrected voxel-wise threshold (e.g., p <. 001)
—> then apply cluster-level correction
a cluster = contiguous supra-threshold voxels

Could clusters of these sizes occur by chance?

/ Ho: The observed cluster is not larger than
what would be expected by chance.

4

Only one cluster survived the correction.
=> Significant at the cluster level

FWE cluster-wise corrected p < .05



Cluster-level correction

Voxel level g —
threshold ~ Ya / \ / \
- P A
£ N_J P \AN P ~ space
A e R ———— Kk
voxel1|voxelZvoxel3 voxel4 voxel§ voxeld voxel7|voxel8 —>
Cluster level
cluster2 threshold

cluster1

|dentify clusters consisting of contiguous voxels that exceed the voxel-level threshold
Test whether each cluster exceeds the cluster-extent threshold k,

—> (Cluster wise FWE/FDR correction



: Examples .,

contrast
contrast
o~
~
5 |
5
10
10
SPMT, .} B 15
SPM(T“)
20 4
20
2 1
: 2 1
2 |
0 ]
5 |
35
40 ;
05 1 15 4 .
Design matrix i' — 05 1 15
4\ SPM12 (7771): Stats: Results — O X Design matrix
Statistics: p-values adjusted for search volume ] ki D
Setevel Cluster-level poaklovel apply masking Statistics: p-values adjusted for search volume
mm mm mm
p c Prwror  Immewr Kt Puar [ (Ze)  Pyeer r threshold {T or p value} 0.001 s;Hevel - 5 clu:wplevel — ; - peak-level — T
0.000 30 0.000  0.000 1551 0.000 0.047 0.409 5.39 4.63 0.000 -24 6 54 FwEcor  IFDR<or £ Pucor Fecor  IEDRorr £ uncor
0oLl 003 8T a8 0:090 36 Ad 40 & extentthreshold {voxels) 399 0.000 5 0.000  0.000 1551 0.000 0.047 0.409 5.39  4.63  0.000 -24
: .45 . ' i -16 -4 5 = -
0.000 0.000 1484 0.000  0.100  0.409 5.09  4.43  0.000 -54 -32 44 0ol 002 AaBL gwad D.0R0  odp A
Jitoz D003 B2 d.2f 0000 [LE 00 S 0.000  0.000 1484 0.000 0.100  0.409 5.09 4.43 0.000 -54 -32
0.000  0.000 893 0.000 0.122 0.409 5.01  4.38  0.000 28 2 54 g2 geda L8 gEd a0 Lol
0.213  0.409  4.77  4.21  0.000 24 16 42 a2 - . / -
0p218  na0d LTl 421 0000 24 As 4z 0.000 0.000 893 0.000 0.122  0.409 5.01 4.38  0.000 28 2
0.000  0.000 1576 0.000 0.269 0.419 4.67 4.13  0.000 ~8 -68 56 Ji2ld  Dedle  Lg1 e 00 2 18
Sofal D0 fedh SR Da000 (18 TeD g 0.000  0.000 1576 0.000 0.269 0.419  4.67 4.13  0.000 -8 -68
; . . ; : z =
0.691 0.524 52 0.175  0.366 0.450  4.52 4.03  0.000 20 12 -6 Gedal o0 4r 2 o.000 IR TeS
0:008° 0,007 399 ‘0,001 0458 0,450 440 906 0,000 12 -10 48 0.008  0.007 399 0.001 0.455 0.450 4.40 3.94  0.000 -12 -10
0.665 0.460 4.15 3.76  0.000 -18 -26 0 0.009° 0,400 4,59 553 0,000 <10 “d
0.489 0.374 79  0.100 0.459 0.450 4.39  3.94  0.000 16 -22 -12 Jebbn A0 dalw 378 0,000 LB e
0.675 0.524 54  0.167 0.673 0.460 4.14  3.75  0.000 0-50 6
0.805 0.607 38  0.243 0.751 0.460 4.05 3.68  0.000 50 8 20
0.349  0.319 103 0.064 0.765 0.464 4.03  3.66  0.000 4 32 32
0.979  0.766  3.58  3.31  0.000 28 26 30
0.438  0.367 87  0.086 0.856 0.569 3.90  3.56  0.000 28 -42 40
0.952  0.848 16  0.452 0.857 0.569 3.90 3.56 0.000 -12 26 -2
0.994 0.848 3 0.771 0.892 0.611 3.84 3.52  0.000 -2 -14 -14
0.970  0.848 12  0.519 0.920 0.629 3.78  3.47  0.000 14 -42 -32
0.957 0.848 15  0.467 0.933 0.629 3.75 3.45 0.000 -36 52 6
0.732  0.534 47  0.196 0.935 0.629 3.75 3.44  0.000 Zg -72 -38
0.931 0.848 20  0.397 0.940 0.629 3.73  3.43 0.000 -38 -60 14
0.851 0.653 32  0.283 0.940 0.629 3.73 3.43 0.000 -52 4 32
0.969  0.726  3.64  3.35 0.000 -58 12 26
0.993 0. 4 0.729  0.977 0.766  3.60  3.32  0.000 -8 -40 -32
table shows 3 local maxima more than 8.0mm apart L
Height threshold: T = 3.31, p = 0.001 (0.999) Degrees of freedom = [1.0, 39. table shows 3 local maxima more than 8.0mm apart

0]
FWHM—13 13.7 13.0 mm mmmm; 6.9 6.8 6.5 {voxels; -
8 = 167936 voxels = 505.5 re ! ! Height threshold: T = 3.31, p = 0.001 (0.999)

Volume: 134348 sels
Voxelsize: 20 2.0 2.0 mm mm mm; (resel = 305.88 voxels) Extent threshold: k = 399 voxels, p =0.001 (0.008)
Page 1 Expected voxels per cluster, <k> = 30.000
Expected number of clusters, <c>=0.01
FWEp: 5.367, FDRp: Inf, FWEc: 399, FDRc: 399

Extent threshold: k = 0 voxels
Expected voxels per oiluster. <k>= 30.000

Expected number of clystersmgrg=73
. FWEc: 399, FDRc: 399

FWEc: 399, FDRc: 399

Degrees of freedom = [1.0, 39.0]

FWHM = 13.7 13.7 13.0 mm mm mm; 696865(vnxels)
Volume: 1343488 = 167936 voxels = 505.5 resels

Voxel size: 2.0 2.0 2.0 mm mm mm; (resel = 305.88 voxels)

The cluster size is equal to or
larger than 399, it’s significant




Examples

Voxel-wise Voxel-wise Voxel-wise
FWE corrected p <.05 uncorrected p < .001 uncorrected p <.001
+

No cluster-level

Cluster-wise correction

FWE corrected p<.05



ROI (region of interest)

, Posteior parietal cortex
Approx 3000voxels

Anterior cingulate cortex
Approx 1100voxels

The number of voxels being tested is much smaller,
the corrected threshold can be less strict than in a whole-brain analysis



Summary

If you want to generalize your result to the population,
conduct second level analysis

Choose the appropriate second-level designs for your research design,
one sample t-test, two-sample, etc.

Correct for multiple comparisons:
voxel-wise FWE - corrected p < .05

or
voxel-wise uncorrected p < .001 with cluster-wise correction p < .05



Thank you so much!!!
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