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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.

sub 1

sub 2

sub 3

・
・

sub N

Group level



beta
4.6

beta
2.3

beta
1.8

Contrast image

voxel 

X

nature

The effect of seeing 

a picture of nature 

X X X



Types of second-level models

MFX: βi = βpopulation Xgrp + ui + ϵi

FFX: βi = βcommon Xgrp + ϵi

u = between-subject deviation

ϵ = within-subject error

Question Application 

Fixed Effects 

(FFX)

Is there an effect in 

these sample subjects?

Combine repeated 

measures within 

subjects

Mixed Effects 

(MFX)

Is there an effect in the 

population?

Group analysis of 

fMRI

sample

population



Mixed effects model in fMRI

Ysub = βsub Xsub + ϵsub

1st level GLM (within each subject)

Y = measured BOLD time-series at each voxel

X = Predicted BOLD response based on the experimental condition

β = how strongly the predicted response is expressed in the measured 

BOLD signal

=> representing the task-related effect.

ϵ = unexplained variation

sub1 

β1 3.6 

Y

X



Mixed effects model in fMRI

βsub = βgrp Xgrp + ugrp

1st level GLM (within each subject)

2nd level GLM (between subject variance)

βsub = each sub’s beta estimate at each voxel from 1st level analysis

(β1, β2, ･･･, βN)

βgrp = Estimated group-level effect at each voxel

=> represents task-related effect at the population level

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

ugrp = second level residual (between-subject deviation)

Ysub = βsub Xsub + ϵ



Mixed effects model in fMRI

βsub = βgrp Xgrp + ugrp

1st level model (within subject variance estimation)

2nd level model (between subject variance)

Ysub → βsub → βgrp → SPM {t}

subN βN

sub3 β3

sub2 β2

sub1 β1

sub1  
voxel z βgrp

statistical inference

Ysub = βsub Xsub + ϵsub



01 02 03

Overview

Second-level GLM

Second-level 

designs

Multiple 

comparisons

problem

Topics



One sample T-test

βN

Subject-specific estimate of the condition related BOLD response

βgroup

Mean task-related effect at the group level

Null hypothesis H0: βgroup = 0

sub1 β 3.6 

β1 

β2 

β3 

βN 

・
・

1

1

1
・
・

1

= βgroupXgroup

sub1 
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ugrp+

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

Null hypothesis H0: βgroup = 0

sub1 

β1 

β2 

β3 

βN 

・
・

1

1

1
・
・

1

= βgroupXgroup

sub1 

sub2 

sub3 
・
・

u+

Test the effect of one condition or a difference between conditions

sub1

sub2

・
・

subN

Pass the statistical threshold



sub1 

nature urban 

or Null hypothesis: H0: βnat - βurb = 0

=

βnat1 βurb1 

βnat2 βurb2 

βnat3 βurb3 

-

-

-
・
・

βnatN βurbN-

1

1

1
・
・

1

βgroupXgroup

βnat1 βurb1 

- =

βnat1 βurb1 -

Test the effect of one condition or a difference between conditions

One sample T-test

+u

Nature > Urban



One sample T-test with covariate

Xcov1

Xcov2

Xcov3

XcovN

・
・

+ βage

βage

Effect of the second-level covariate on the first-level estimates

e.g., how first level effects vary with age or behavioral scores 
Xcovariate

Subject-specific covariate values

e.g., age, behavioral score, questionnaire score 

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

age
28

35
21

β1 

β2 

β3 

βN 

・
・

1

1

1
・
・

1

= βgroupXgroup

βage < 0 => task-related effect decreases with age

Test the effect of covariate on task-related brain response

+uN



One sample T-test with covariate

Xcov1

Xcov2

Xcov3

XcovN

・
・

+ βage

age
28

35
21

β1 

β2 

β3 

βN 

・
・

1

1

1
・
・

1

= βgroupXgroup

Test the effect of covariate on task-related brain response

[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)

sub2

・
・

subN

sub1

covariate

[0 1] these brain regions response increases with age



Two sample T-test

β1 

β2 

β3 

β4 
・
・

= βyoung

Null hypothesis 

H0: βyoung = βelderly

βelderly+

sub1

・
・

sub2

sub3

sub4

0

0

1

1

sub1

・
・

sub2

sub3

sub4

1

1

0

0

Xyoung Xelderly

sub1 sub3 

young elderly 

young

young

elderly

elderly elderly

Test the difference between two independent groups

+uN

young



Two sample T-test

β1 

β2 

β3 

β4 
・
・

= βyoung

Null hypothesis 

H0: βyoung = βelderly

βelderly+

sub1

・
・

sub2

sub3

sub4

0

0

1

1

sub1

・
・

sub2

sub3

sub4

1

1

0

0

Xyoung Xelderly

sub1 sub3 

young elderly 

young

young

elderly

elderly elderly

Test the difference between two independent groups

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

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

elderly

young



The other options

One-way ANOVA

One-way ANOVA – within subject

Full factorial model

Flexible factorial model

Multiple regression

Paired T-test

=> Research question and experimental design 
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Multiple comparisons problem 

Approx 100k – 300k voxels 

βsub = βgrp Xgrp + ugrp

α = 0.05 
If we run 100 independent test, 

we could have 5 false positives

on average (type I error)

With 100,000 tests at α = .05, we could expect up to 

~5,000 false-positive voxels under the simplified 

example

Multiple-comparison correction is necessary

・
・
・



Example of correction

uncorrected 

p < .001 

Family wise error corrected

p < .05 



Voxel-level correction

Statistic valueuα

Voxels above α-level threshold uα are significant

Uncorrected

threshold

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

voxel1 voxel2 voxel3 voxel4 voxel5 voxel6 voxel7 voxel8



Voxel-level correction

Statistic valueuα

Voxels above α-level threshold uα are significant

Corrected

threshold

With correction, just voxel2 is significant

How do we set the corrected threshold?

voxel1 voxel2 voxel3 voxel4 voxel5 voxel6 voxel7 voxel8



Family-Wise Error Rate (FWE)

Keep the probability of having at least one false-

positive voxel across the whole brain at 5%.

FWE-corrected p <.05

Bonferroni correction

α = 0.05/100,000 (number of voxel) 

= 0.0000005



FWE - Random field theory (RFT)

Neighboring voxels are spatially correlated,

fewer independent information

Search volume + smoothness controls FWE

RFT

Treats each voxel as independent

Corrects for the total number of voxels

Bonferroni

Very conservative

More appropriate FWE-corrected threshold 



FWE - Random field theory (RFT)

SPM uses RFT for FWE correction

RFT



False Discovery Rate (FDR)

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

Benjamini–Hochberg (BH) procedure

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

voxel 3 voxel 5 voxel 1 voxel 2 voxel 4

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

2. Compare each p value with its BH threshold

① ② ③ ④ ⑤

3. Find the largest p-value that passes the threshold
① ② ③ ④ ⑤

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

BH threshold =         rank

number of test
X q



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?

H₀: The observed cluster is not larger than 

what would be expected by chance.

Only one cluster survived the correction.

=> Significant at the cluster level

FWE cluster-wise corrected p < .05

Voxel-wise uncorrected p < .001



Cluster-level correction

voxel1 voxel2 voxel3 voxel4 voxel5 voxel6 voxel7 voxel8

uα

Cluster level 

threshold

Voxel level 

threshold

cluster1
cluster2

Identify clusters consisting of contiguous voxels that exceed the voxel-level threshold

Test whether each cluster exceeds the cluster-extent threshold kα

kα
kα

Cluster wise FWE/FDR correction

kα



Examples

The cluster size is equal to or 

larger than 399, it’s significant



Examples

Voxel-wise 

FWE corrected p < .05

Voxel-wise 

uncorrected p < .001

Voxel-wise 

uncorrected p < .001

Cluster-wise 

FWE corrected p < .05

+ No cluster-level 

correction



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 

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

If you want to generalize your result to the population, 

conduct second level analysis



Thank you so much!!!
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