
7.91 Functional MRI of the Human Brain

Analyzing fMRI data: 
The General Linear Model
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which	
  regions	
  increase	
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  in	
  response	
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Question:	
  which	
  brain	
  regions	
  are	
  engaged	
  in	
  high-­‐level	
  language	
  processing?

which	
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  in	
  your	
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Visual	
  
processing

Cognitive	
  control,	
  
attention,	
  

“intelligence”

Question:	
  which	
  brain	
  regions	
  are	
  engaged	
  in	
  high-­‐level	
  language	
  processing?
which	
  regions	
  respond	
  more	
  to	
  sentences	
  than	
  to	
  nonwords?

Finding	
  the	
  “language	
  regions”	
  in	
  your	
  brain

What	
  do	
  these	
  two	
  conditions	
  have	
  in	
  common?	
  
What	
  do	
  sentences	
  have	
  that	
  nonwords	
  do	
  not?

Question:	
  which	
  brain	
  regions	
  are	
  engaged	
  in	
  high-­‐level	
  language	
  processing?

The	
  structure	
  of	
  our	
  data

Experiment: S

N	
  

Time	
  

Data	
  

…

Question:	
  which	
  brain	
  regions	
  are	
  engaged	
  in	
  high-­‐level	
  language	
  processing?
which	
  regions	
  respond	
  more	
  to	
  sentences	
  than	
  to	
  nonwords?

The	
  structure	
  of	
  our	
  data



The	
  structure	
  of	
  our	
  data

• Voxel:	
  the	
  building	
  block	
  of	
  a	
  volume	
  (a	
  “cube”,	
  ~1mm3-­‐8mm3)

• Functional	
  data:	
  a	
  series	
  of	
  volumes	
  collected	
  over	
  time
• Anatomical	
  data:	
  a	
  single	
  volume	
  of	
  structural	
  information

Question:	
  which	
  brain	
  regions	
  are	
  engaged	
  in	
  high-­‐level	
  language	
  processing?

Experiment: S

N	
  

Time	
  

Data	
  

…

• Volume:	
  a	
  3D	
  picture	
  of	
  a	
  brain	
  (a	
  stack	
  of	
  2D	
  pictures,	
  “slices”)

which	
  regions	
  respond	
  more	
  to	
  sentences	
  than	
  to	
  nonwords?

(brain	
  activity	
  throughout	
  the	
  task,	
  measured	
  via	
  the	
  BOLD	
  signal)

• Volume:	
  a	
  3D	
  matrix	
  (a	
  stack	
  of	
  slices,	
  or	
  2D	
  matrices)

The	
  structure	
  of	
  our	
  data

• Voxel:	
  a	
  single	
  entry	
  (x,y,z)	
  in	
  a	
  volume

• Functional	
  data:	
  a	
  4D	
  matrix	
  of	
  BOLD	
  signals	
  (a	
  stack	
  of	
  3D	
  matrices)
• Anatomical	
  data:	
  a	
  3D	
  matrix	
  of	
  structural	
  information

Question:	
  which	
  brain	
  regions	
  are	
  engaged	
  in	
  high-­‐level	
  language	
  processing?

Experiment: S

N	
  

Time	
  

Data	
  

…

which	
  regions	
  respond	
  more	
  to	
  sentences	
  than	
  to	
  nonwords?

The	
  entry	
  (x,y,z,t)	
  stores	
  the	
  signal	
  from	
  voxel	
  (x,y,z)	
  at	
  time	
  t.

In	
  MATLAB:

The	
  structure	
  of	
  our	
  data

• Voxel:	
  a	
  single	
  entry	
  (x,y,z)	
  in	
  a	
  volume

• Functional	
  data:	
  a	
  4D	
  matrix	
  of	
  BOLD	
  signals	
  (a	
  stack	
  of	
  3D	
  matrices)
• Anatomical	
  data:	
  a	
  3D	
  matrix	
  of	
  structural	
  information

• Volume:	
  a	
  3D	
  matrix	
  (a	
  stack	
  of	
  slices,	
  or	
  2D	
  matrices)

Question:	
  which	
  brain	
  regions	
  are	
  engaged	
  in	
  high-­‐level	
  language	
  processing?

Experiment: S

N	
  

Time	
  

Data	
  

…

which	
  regions	
  respond	
  more	
  to	
  sentences	
  than	
  to	
  nonwords?

The	
  entry	
  (x,y,z,t)	
  stores	
  the	
  signal	
  from	
  voxel	
  (x,y,z)	
  at	
  time	
  t.

In	
  MATLAB:

The	
  entry	
  (x,y,z,t)	
  stores	
  the	
  signal	
  from	
  voxel	
  (x,y,z)	
  at	
  time	
  t.
• Functional	
  data:	
  a	
  4D	
  matrix	
  of	
  BOLD	
  signals	
  (a	
  “movie”	
  of	
  3D	
  matrices)

The	
  structure	
  of	
  our	
  data

• Voxel:	
  a	
  single	
  entry	
  (x,y,z)	
  in	
  a	
  volume
• Anatomical	
  data:	
  a	
  3D	
  matrix	
  of	
  structural	
  information

• Volume:	
  a	
  3D	
  matrix	
  (a	
  stack	
  of	
  slices,	
  or	
  2D	
  matrices)

Question:	
  which	
  brain	
  regions	
  are	
  engaged	
  in	
  high-­‐level	
  language	
  processing?

Experiment: S

N	
  

Time	
  

Data	
  

…

which	
  regions	
  respond	
  more	
  to	
  sentences	
  than	
  to	
  nonwords?

In	
  MATLAB:

The	
  entry	
  (x,y,z,t)	
  stores	
  the	
  signal	
  from	
  voxel	
  (x,y,z)	
  at	
  time	
  t.
• Functional	
  data:	
  a	
  4D	
  matrix	
  of	
  BOLD	
  signals	
  (a	
  “movie”	
  of	
  3D	
  matrices)

The	
  structure	
  of	
  our	
  data

• Voxel:	
  a	
  single	
  entry	
  (x,y,z)	
  in	
  a	
  volume
• Anatomical	
  data:	
  a	
  3D	
  matrix	
  of	
  structural	
  information

• Volume:	
  a	
  3D	
  matrix	
  (a	
  stack	
  of	
  slices,	
  or	
  2D	
  matrices)

Question:	
  which	
  brain	
  regions	
  are	
  engaged	
  in	
  high-­‐level	
  language	
  processing?

Experiment: S

N	
  

Time	
  

Data	
  

…

which	
  regions	
  respond	
  more	
  to	
  sentences	
  than	
  to	
  nonwords?

In	
  MATLAB:

The	
  structure	
  of	
  our	
  data:	
  Exercises	
  1-­‐4



Finding	
  the	
  “language	
  regions”	
  in	
  your	
  brain

1. For	
  each	
  voxel,	
  look	
  at	
  its	
  signal	
  time-­‐series	
  (activity	
  across	
  time)	
  
2. Average	
  the	
  signal	
  across	
  volumes	
  collected	
  while	
  reading	
  sentences	
  
3. Average	
  the	
  signal	
  across	
  volumes	
  collected	
  while	
  reading	
  nonwords	
  
4. Compare	
  the	
  two	
  averages:	
  does	
  the	
  voxel	
  show	
  a	
  S	
  >	
  N	
  pattern?

Experiment: S

N	
  

Time	
  

Data	
  

…

Question:	
  which	
  brain	
  regions	
  are	
  engaged	
  in	
  high-­‐level	
  language	
  processing?
which	
  regions	
  respond	
  more	
  to	
  sentences	
  than	
  to	
  nonwords?

Analysis:	
  an	
  intuitive	
  approach

Finding	
  the	
  “language	
  regions”	
  in	
  your	
  brain

Experiment: S

N	
  
Data	
  

Question:	
  which	
  brain	
  regions	
  are	
  engaged	
  in	
  high-­‐level	
  language	
  processing?
which	
  regions	
  respond	
  more	
  to	
  sentences	
  than	
  to	
  nonwords?

Mean(sentences)	
  =	
  100 Mean(nonwords)	
  =	
  98

Time

BO
LD
	
  s
ig
na
l

Finding	
  the	
  “language	
  regions”	
  in	
  your	
  brain

Experiment: S

N	
  
Data	
  

Question:	
  which	
  brain	
  regions	
  are	
  engaged	
  in	
  high-­‐level	
  language	
  processing?
which	
  regions	
  respond	
  more	
  to	
  sentences	
  than	
  to	
  nonwords?

Mean(sentences)	
  =	
  100 Mean(nonwords)	
  =	
  98

Time

BO
LD
	
  s
ig
na
l

explained	
  variations unexplained	
  variations

Finding	
  the	
  “language	
  regions”	
  in	
  your	
  brain

Experiment: S

N	
  
Data	
  

Question:	
  which	
  brain	
  regions	
  are	
  engaged	
  in	
  high-­‐level	
  language	
  processing?
which	
  regions	
  respond	
  more	
  to	
  sentences	
  than	
  to	
  nonwords?

BOLD	
  signal	
  =	
  task-­‐related	
  activity	
  changes	
  +	
  noise	
  (other	
  changes)

Finding	
  the	
  “language	
  regions”	
  in	
  your	
  brain

Experiment: S

N	
  
Data	
  

Question:	
  which	
  brain	
  regions	
  are	
  engaged	
  in	
  high-­‐level	
  language	
  processing?
which	
  regions	
  respond	
  more	
  to	
  sentences	
  than	
  to	
  nonwords?

• The	
  difference	
  in	
  response	
  to	
  S	
  and	
  N	
  might	
  be	
  due	
  to	
  chance	
  (not	
  real)	
  
• To	
  test	
  how	
  likely	
  the	
  difference	
  is	
  to	
  be	
  real,	
  we	
  take	
  noise	
  into	
  account	
  
• The	
  simplest	
  way	
  is	
  to	
  compute	
  a	
  t-­‐value:	
  
!
!
!
• We	
  know	
  how	
  likely	
  it	
  is	
  to	
  get	
  different	
  t-­‐values	
  by	
  chance.	
  To	
  believe	
  
our	
  results	
  are	
  real,	
  we	
  want	
  a	
  t-­‐value	
  that	
  is	
  very	
  unlikely	
  to	
  get	
  by	
  chance.

Analysis:	
  a	
  somewhat	
  better	
  approach

t	
  	
  =	
  
Mean(S)	
  -­‐	
  Mean(N)	
  

noise
=	
  

explained	
  variations

unexplained	
  variations

Finding	
  the	
  “language	
  regions”	
  in	
  your	
  brain

Experiment: S

N	
  
Data	
  

Question:	
  which	
  brain	
  regions	
  are	
  engaged	
  in	
  high-­‐level	
  language	
  processing?
which	
  regions	
  respond	
  more	
  to	
  sentences	
  than	
  to	
  nonwords?

t	
  	
  =	
  
Mean(S)	
  -­‐	
  Mean(N)	
  

noise

Time

BO
LD
	
  

si
gn
al

less	
  likely	
  
to	
  be	
  due	
  
to	
  chance

more	
  likely	
  
to	
  be	
  due	
  to	
  
chance



Finding	
  the	
  “language	
  regions”	
  in	
  your	
  brain

Experiment: S

N	
  
Data	
  

Question:	
  which	
  brain	
  regions	
  are	
  engaged	
  in	
  high-­‐level	
  language	
  processing?
which	
  regions	
  respond	
  more	
  to	
  sentences	
  than	
  to	
  nonwords?

The	
  difference	
  between	
  the	
  response	
  to	
  sentences	
  and	
  to	
  nonwords	
  
might	
  be	
  due	
  to	
  chance.	
  	
  
The	
  more	
  noisy	
  our	
  data	
  are,	
  the	
  __________	
  this	
  difference	
  should	
  be	
  in	
  
order	
  for	
  us	
  to	
  believe	
  that	
  it	
  is	
  real.	
  
!
A. Bigger	
  
B. Smaller	
  
C. I	
  don’t	
  know	
  

Finding	
  the	
  “language	
  regions”	
  in	
  your	
  brain

Experiment: S

N	
  
Data	
  

Question:	
  which	
  brain	
  regions	
  are	
  engaged	
  in	
  high-­‐level	
  language	
  processing?
which	
  regions	
  respond	
  more	
  to	
  sentences	
  than	
  to	
  nonwords?

n.s.

n.s.

Finding	
  the	
  “language	
  regions”	
  in	
  your	
  brain

Experiment: S

N	
  
Data	
  

Question:	
  which	
  brain	
  regions	
  are	
  engaged	
  in	
  high-­‐level	
  language	
  processing?
which	
  regions	
  respond	
  more	
  to	
  sentences	
  than	
  to	
  nonwords?

A	
  voxel	
  I	
  took	
  from	
  outside	
  the	
  language	
  system

A	
  voxel	
  I	
  took	
  from	
  the	
  language	
  system

n.s.

n.s.

What	
  do	
  we	
  know	
  about	
  fMRI	
  data?

Stimuli: S

N	
  

Neural	
  activity:

BOLD	
  signal	
  
prediction:

When	
  neurons	
  are	
  active,	
  the	
  fMRI	
  BOLD	
  signal	
  will	
  rise…	
  
!
A. immediately	
  	
  
B. 1-­‐3	
  seconds	
  after	
  the	
  neural	
  activity	
  
C. 6-­‐12	
  seconds	
  after	
  the	
  neural	
  activity	
  
D. 25-­‐30	
  seconds	
  after	
  the	
  neural	
  activity	
  

What	
  do	
  we	
  know	
  about	
  fMRI	
  data?

Stimuli: S

N	
  

Neural	
  activity:

BOLD	
  signal	
  
prediction:

Finding	
  the	
  “language	
  regions”	
  in	
  your	
  brain

Experiment: S

N	
  
Data	
  

Question:	
  which	
  brain	
  regions	
  are	
  engaged	
  in	
  high-­‐level	
  language	
  processing?
which	
  regions	
  respond	
  more	
  to	
  sentences	
  than	
  to	
  nonwords?

n.s.

n.s.

A	
  voxel	
  I	
  took	
  from	
  outside	
  the	
  language	
  system

A	
  voxel	
  I	
  took	
  from	
  the	
  language	
  system



What	
  do	
  we	
  know	
  about	
  fMRI	
  data?

Stimuli: S

N	
  

Neural	
  activity:

BOLD	
  signal	
  
prediction:

!
!

The	
  time	
  series	
  of	
  language	
  voxels	
  should	
  look	
  like	
  a	
  combination	
  of	
  the	
  two	
  
signals	
  above,	
  with	
  the	
  upper	
  (S)	
  having	
  more	
  weight	
  than	
  the	
  lower	
  (N)

BOLD	
  signal:

Finding	
  the	
  “language	
  regions”	
  in	
  your	
  brain

Experiment: S

N	
  

Question:	
  which	
  brain	
  regions	
  are	
  engaged	
  in	
  high-­‐level	
  language	
  processing?
which	
  regions	
  respond	
  more	
  to	
  sentences	
  than	
  to	
  nonwords?

(de)Constructing	
  BOLD	
  signals

We	
  can	
  approximate	
  the	
  signal	
  time-­‐series	
  of	
  a	
  voxel	
  by	
  combining	
  these	
  3	
  signals:

Baseline	
  signal:

Response	
  to	
  S:

Response	
  to	
  N:

MATLAB	
  demonstration	
  
(classDemoLinearCombinations.m)

(de)Constructing	
  BOLD	
  signals

We	
  can	
  approximate	
  the	
  signal	
  time-­‐series	
  of	
  a	
  voxel	
  by	
  combining	
  these	
  3	
  signals:

β1	
  =	
  97.8

β2	
  =	
  1.20

β3	
  =	
  0.56

• These	
  signals	
  we	
  use	
  to	
  construct	
  the	
  approximation	
  are	
  called	
  predictors.	
  
• Each	
  predictor	
  is	
  associated	
  with	
  a	
  weight	
  called	
  a	
  beta-­‐weight.	
  
• To	
  create	
  a	
  linear	
  combination	
  of	
  predictors,	
  which	
  approximates	
  a	
  true	
  signal,	
  
we	
  multiply	
  each	
  predictor	
  by	
  its	
  beta-­‐weight	
  and	
  then	
  sum	
  the	
  results.	
  

(de)Constructing	
  BOLD	
  signals

We	
  can	
  approximate	
  the	
  signal	
  time-­‐series	
  of	
  a	
  voxel	
  by	
  combining	
  these	
  3	
  signals:

β1	
  =	
  97.8

β2	
  =	
  1.20

β3	
  =	
  0.56

β2 estimates	
  a	
  voxel’s	
  increase	
  in	
  activity	
  in	
  response	
  to	
  reading	
  sentences	
  
β3 estimates	
  a	
  voxel’s	
  increase	
  in	
  activity	
  in	
  response	
  to	
  reading	
  nonwords

(de)Constructing	
  BOLD	
  signals

We	
  can	
  approximate	
  the	
  signal	
  time-­‐series	
  of	
  a	
  voxel	
  by	
  combining	
  these	
  3	
  signals:

In	
  MATLAB:
• predictors	
  are	
  column	
  vectors:	
  x1,	
  x2,	
  x3	
  
• Beta-­‐weights	
  are	
  scalars	
  (numbers)	
  
• An	
  approximation	
  is	
  created	
  by	
  simple	
  multiplication	
  and	
  addition

β1

β2

β3



(de)Constructing	
  BOLD	
  signals

β1 β2 β3

We	
  can	
  approximate	
  the	
  signal	
  time-­‐series	
  of	
  a	
  voxel	
  by	
  combining	
  these	
  3	
  signals:

β1 β2 β3× × ×+ + =× × ×+ + =

(de)Constructing	
  BOLD	
  signals:	
  Exercises	
  5-­‐9

(de)Constructing	
  BOLD	
  signals

We	
  can	
  approximate	
  the	
  signal	
  time-­‐series	
  of	
  a	
  voxel	
  by	
  combining	
  these	
  3	
  signals:

For	
  every	
  point	
  in	
  time:	
  	
  	
  	
   	
   	
   signal(t)	
  −	
  prediction(t)	
  =	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  error(t)	
  

β1

β2

β3

(de)Constructing	
  BOLD	
  signals

We	
  can	
  approximate	
  the	
  signal	
  time-­‐series	
  of	
  a	
  voxel	
  by	
  combining	
  these	
  3	
  signals:

For	
  every	
  point	
  in	
  time:	
  	
  	
  	
   	
   	
   signal(t)	
  −	
  prediction(t)	
  =	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  error(t)	
  
Example:	
  signal(t)	
  >	
  prediction(t)	
  	
  	
  	
  signal(t)	
  −	
  prediction(t)	
  >	
  0	
  	
  	
  	
  	
  	
  	
  	
  	
  error(t)	
  >	
  0	
  

β1

β2

β3

(de)Constructing	
  BOLD	
  signals

We	
  can	
  approximate	
  the	
  signal	
  time-­‐series	
  of	
  a	
  voxel	
  by	
  combining	
  these	
  3	
  signals:

For	
  every	
  point	
  in	
  time:	
  	
  	
  	
   	
   	
   signal(t)	
  −	
  prediction(t)	
  =	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  error(t)	
  
Example:	
  signal(t)	
  <	
  prediction(t)	
  	
  	
  	
  signal(t)	
  −	
  prediction(t)	
  <	
  0	
  	
  	
  	
  	
  	
  	
  	
  	
  error(t)	
  <	
  0	
  

β1

β2

β3

(de)Constructing	
  BOLD	
  signals

In	
  the	
  analysis	
  we	
  demonstrated,	
  what	
  is	
  the	
  input	
  (things	
  we	
  know)	
  
and	
  what	
  is	
  the	
  output	
  (things	
  we	
  are	
  looking	
  for)?	
  
!
A. INPUT:	
  a	
  voxel’s	
  true	
  BOLD	
  signal	
  
	
  	
  	
  	
  	
  	
  OUTPUT:	
  predictors	
  and	
  beta	
  weights	
  that	
  best	
  approximate	
  the	
  signal	
  
!
B. INPUT:	
  a	
  voxel’s	
  true	
  BOLD	
  signal	
  and	
  our	
  predictors	
  

OUTPUT:	
  beta	
  weights	
  that	
  combine	
  with	
  the	
  predictors	
  to	
  give	
  the	
  best	
  
approximation	
  of	
  the	
  true	
  signal	
  
!

C. INPUT:	
  a	
  voxel’s	
  true	
  BOLD	
  signal	
  and	
  beta	
  weights	
  
OUTPUT:	
  predictors	
  that	
  combine	
  with	
  the	
  beta	
  weights	
  to	
  give	
  the	
  best	
  
approximation	
  of	
  the	
  true	
  signal



(de)Constructing	
  BOLD	
  signals

We	
  can	
  approximate	
  the	
  signal	
  time-­‐series	
  of	
  a	
  voxel	
  by	
  combining	
  these	
  3	
  signals:

× × ×+ + =+ + =β1 β2 β3

Finding	
  the	
  “language	
  regions”	
  in	
  your	
  brain

Experiment: S

N	
  

Question:	
  which	
  brain	
  regions	
  are	
  engaged	
  in	
  high-­‐level	
  language	
  processing?
which	
  regions	
  respond	
  more	
  to	
  sentences	
  than	
  to	
  nonwords?

• Find	
  the	
  beta	
  weights	
  that	
  best	
  approximate	
  a	
  voxel’s	
  signal	
  time-­‐series.	
  
The	
  best	
  approximation	
  is	
  the	
  one	
  with	
  the	
  least	
  errors.	
  

• Compare	
  the	
  beta-­‐weight	
  for	
  (estimated	
  response	
  to)	
  sentences	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
to	
  the	
  beta-­‐weight	
  for	
  (estimated	
  response	
  to)	
  nonwords.

Analysis:	
  the	
  approach	
  that	
  works

explained	
  variations +	
  unexplained	
  variations
BOLD	
  signal	
  =	
  task-­‐related	
  activity	
  changes	
  +	
  noise	
  (other	
  changes)

linear	
  combination	
  of	
  
predictors	
  (approximation)

+	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  errors

×+ ×

Matrix	
  notation

β1 β2 β3× + =

×

X × b

β3

β1
β2

(de)Constructing	
  BOLD	
  signals:	
  Exercises	
  10-­‐11

(de)Constructing	
  BOLD	
  signals

A	
  voxel’s	
  BOLD	
  signal	
  at	
  rest	
  is	
  100.	
  
When	
  the	
  participant	
  is	
  reading	
  sentences,	
  the	
  signal	
  increases	
  to	
  120.	
  
When	
  the	
  participant	
  is	
  reading	
  nonwords,	
  the	
  signal	
  increases	
  to	
  110.	
  
When	
  approximating	
  the	
  voxel’s	
  BOLD	
  signal	
  using	
  our	
  three	
  predictors,	
  
what	
  should	
  the	
  beta	
  weights	
  for	
  sentences	
  and	
  nonwords	
  be?	
  
!
A. Sentences:	
  120;	
  	
  	
  Nonwords:	
  110	
  
B. Sentences:	
  0.2;	
  	
  	
  Nonwords:	
  0.1	
  
C. Sentences:	
  20;	
  	
  	
  Nonwords:	
  10	
  
D. Sentences:	
  1.2;	
  	
  	
  Nonwords:	
  1.2

(de)Constructing	
  BOLD	
  signals

At	
  the	
  beginning	
  of	
  the	
  experiment,	
  when	
  the	
  participant	
  is	
  not	
  reading	
  
anything,	
  the	
  predictors	
  that	
  contribute	
  to	
  the	
  approximation	
  are	
  ______.	
  
Twelve	
  seconds	
  after	
  the	
  participant	
  has	
  started	
  reading	
  nonwords,	
  the	
  
predictors	
  that	
  contribute	
  to	
  the	
  approximation	
  are	
  ______.	
  
!
A. baseline	
  +	
  sentences	
  +	
  nonwords;	
  	
  	
  	
  	
  nonwords	
  
B. baseline;	
  	
  	
  	
  	
  nonwords	
  
C. basline	
  +	
  sentences	
  +	
  nonwords;	
  	
  	
  	
  	
  baseline	
  +	
  nonwords	
  
D. baseline;	
  	
  	
  	
  	
  baseline	
  +	
  nonwords	
  
E. baseline	
  +	
  sentences	
  +	
  nonwords;	
  	
  	
  	
  	
  baseline	
  +	
  sentences	
  +	
  nonwords	
  
F. baseline;	
  	
  	
  	
  	
  baseline	
  +	
  sentences	
  +	
  nonwrods



Finding	
  the	
  “language	
  regions”	
  in	
  your	
  brain

Experiment: S

N	
  

Question:	
  which	
  brain	
  regions	
  are	
  engaged	
  in	
  high-­‐level	
  language	
  processing?
which	
  regions	
  respond	
  more	
  to	
  sentences	
  than	
  to	
  nonwords?

Analysis:	
  the	
  approach	
  that	
  works
• Find	
  the	
  beta	
  weights	
  that	
  best	
  approximate	
  a	
  voxel’s	
  signal	
  time-­‐series.	
  
The	
  best	
  approximation	
  is	
  the	
  one	
  with	
  the	
  least	
  errors.	
  

• Compare	
  the	
  beta-­‐weight	
  for	
  (estimated	
  response	
  to)	
  sentences	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
to	
  the	
  beta-­‐weight	
  for	
  (estimated	
  response	
  to)	
  nonwords.

Instead	
  of	
  trial	
  and	
  error:	
  The	
  General	
  Linear	
  Model

GLM:

The	
  General	
  Linear	
  Model	
  (GLM)

Question:	
  which	
  brain	
  regions	
  are	
  engaged	
  in	
  high-­‐level	
  language	
  processing?
which	
  regions	
  respond	
  more	
  to	
  sentences	
  than	
  to	
  nonwords?

What	
  we	
  know:	
  
• BOLD	
  signal:	
  we	
  collect	
  this	
  from	
  the	
  brain	
  (functional	
  data).	
  
• X:	
  design	
  matrix	
  (each	
  column	
  is	
  a	
  predictor	
  that	
  we	
  built	
  ourselves).	
  
!
What	
  we	
  want	
  to	
  cind:	
  
• b:	
  vector	
  of	
  beta-­‐weights	
  (one	
  weight	
  per	
  predictor	
  in	
  X)	
  that	
  give	
  the	
  
best	
  approximation	
  of	
  the	
  BOLD	
  signal.	
  

!
How	
  we	
  cind	
  it:	
  
• By	
  minimizing	
  the	
  sum	
  of	
  squared	
  errors.

explained	
  variations +	
  unexplained	
  variations
BOLD	
  signal	
  = X	
  ×	
  b 	
  	
  	
  	
  	
  	
  +	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  error

task-­‐related	
  activity	
  changes	
  +	
  noise	
  (other	
  changes)

	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   	
  	
  In	
  practice,	
  the	
  GLM	
  has	
  a	
  
formula,	
  which	
  guarantees	
  to	
  gind	
  these	
  beta-­‐weights.	
  

GLM:

The	
  General	
  Linear	
  Model	
  (GLM)

Question:	
  which	
  brain	
  regions	
  are	
  engaged	
  in	
  high-­‐level	
  language	
  processing?
which	
  regions	
  respond	
  more	
  to	
  sentences	
  than	
  to	
  nonwords?

In	
  MATLAB: 
b = regress(BOLD_signal, X) !!
What	
  to	
  do	
  when	
  we	
  get	
  b:	
  
Is	
  β(sentences)	
  >	
  	
  β(nonwords)	
  ?	
  !
The	
  comparison	
  takes	
  the	
  sum	
  of	
  squared	
  errors	
  (SSE)	
  into	
  account:	
  
• Big	
  errors	
  (poor	
  approximation):	
  β(S)	
  >	
  	
  β(N)	
  probably	
  due	
  to	
  chance	
  
• Small	
  errors	
  (good	
  approximation):	
  β(S)	
  >	
  	
  β(N)	
  is	
  a	
  real	
  difference

explained	
  variations +	
  unexplained	
  variations
BOLD	
  signal	
  = X	
  ×	
  b 	
  	
  	
  	
  	
  	
  +	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  error

task-­‐related	
  activity	
  changes	
  +	
  noise	
  (other	
  changes)

GLM:

The	
  General	
  Linear	
  Model	
  (GLM)

Question:	
  which	
  brain	
  regions	
  are	
  engaged	
  in	
  high-­‐level	
  language	
  processing?
which	
  regions	
  respond	
  more	
  to	
  sentences	
  than	
  to	
  nonwords?

Any	
  predictor	
  that	
  can	
  help	
  approximate	
  the	
  BOLD	
  signal	
  will	
  decrease	
  SSE.	
  
Therefore,	
  we	
  include	
  additional	
  predictors:	
  
• 6	
  head-­‐motion	
  predictors:	
  3	
  translations	
  and	
  3	
  rotations

GLM:

The	
  General	
  Linear	
  Model	
  (GLM)

Question:	
  which	
  brain	
  regions	
  are	
  engaged	
  in	
  high-­‐level	
  language	
  processing?
which	
  regions	
  respond	
  more	
  to	
  sentences	
  than	
  to	
  nonwords?

Any	
  predictor	
  that	
  can	
  help	
  approximate	
  the	
  BOLD	
  signal	
  will	
  decrease	
  SSE.	
  
Therefore,	
  we	
  include	
  additional	
  predictors:	
  
• 6	
  head-­‐motion	
  predictors:	
  3	
  translations	
  and	
  3	
  rotations	
  
• Time	
  derivatives:	
  slight	
  time-­‐shifts	
  of	
  the	
  original	
  S	
  and	
  N	
  predictors

Design	
  matrix	
  (X)

GLM:

The	
  General	
  Linear	
  Model	
  (GLM)

Question:	
  which	
  brain	
  regions	
  are	
  engaged	
  in	
  high-­‐level	
  language	
  processing?
which	
  regions	
  respond	
  more	
  to	
  sentences	
  than	
  to	
  nonwords?

Any	
  predictor	
  that	
  can	
  help	
  approximate	
  the	
  BOLD	
  signal	
  will	
  decrease	
  SSE.	
  
Therefore,	
  we	
  include	
  additional	
  predictors:	
  
• 6	
  head-­‐motion	
  predictors:	
  3	
  translations	
  and	
  3	
  rotations	
  
• Time	
  derivatives:	
  slight	
  time-­‐shifts	
  of	
  the	
  original	
  S	
  and	
  N	
  predictors

×	
   β1	
  
β2	
  
β3	
  
β4	
  
…	
  

β11	
  

MATLAB	
  
demonstration	
  

(classDemoLinearCombinations2.m)



GLM:

The	
  General	
  Linear	
  Model	
  (GLM)

Question:	
  which	
  brain	
  regions	
  are	
  engaged	
  in	
  high-­‐level	
  language	
  processing?
which	
  regions	
  respond	
  more	
  to	
  sentences	
  than	
  to	
  nonwords?

Any	
  predictor	
  that	
  can	
  help	
  approximate	
  the	
  BOLD	
  signal	
  will	
  decrease	
  SSE.	
  
Therefore,	
  we	
  include	
  additional	
  predictors:	
  
• 6	
  head-­‐motion	
  predictors:	
  3	
  translations	
  and	
  3	
  rotations	
  
• Time	
  derivatives:	
  slight	
  time-­‐shifts	
  of	
  the	
  original	
  S	
  and	
  N	
  predictors

Why	
  stop	
  there?	
  
Why	
  not	
  add	
  a	
  gazillion	
  more	
  predictors?

The	
  General	
  Linear	
  Model	
  (GLM):	
  Exercises	
  12-­‐14

The	
  General	
  Linear	
  Model	
  (GLM):	
  Exercises	
  12-­‐14

GLM:

The	
  General	
  Linear	
  Model	
  (GLM)

Question:	
  which	
  brain	
  regions	
  are	
  engaged	
  in	
  high-­‐level	
  language	
  processing?
which	
  regions	
  respond	
  more	
  to	
  sentences	
  than	
  to	
  nonwords?

Is	
  β(S)	
  >	
  	
  β(N)	
  ?

A	
  voxel	
  I	
  took	
  from	
  the	
  language	
  system

=	
  
explained	
  variations

unexplained	
  variationst	
  	
  =	
  
β(S)	
  -­‐	
  β(N)	
  

error(ish)

t	
  	
  =	
  
Mean(S)	
  -­‐	
  Mean(N)	
  

noise

×	
   β1	
  
β2	
  
β3	
  
β4	
  
…	
  

β11	
  

=	
   +	
  error	
  

β(S)	
  =	
  0.4	
  
β(N)	
  =	
  0.2	
  
SSE	
  =	
  22.82	
  !

highly	
  unlikely	
  to	
  get	
  
these	
  results	
  by	
  chance!

n.s.

GLM:

The	
  General	
  Linear	
  Model	
  (GLM)

Question:	
  which	
  brain	
  regions	
  are	
  engaged	
  in	
  high-­‐level	
  language	
  processing?
which	
  regions	
  respond	
  more	
  to	
  sentences	
  than	
  to	
  nonwords?

A	
  comparison	
  of	
  beta-­‐weights	
  is	
  called	
  a	
  contrast.	
  	
  
Formally,	
  a	
  contrast	
  is	
  a	
  vector	
  indicating	
  which	
  beta-­‐weights	
  we	
  are	
  testing:	
  

β(S)	
  >	
  β(N)	
  	
  
β(S)	
  −	
  β(N)	
  >	
  0	
  

[	
  0	
  	
  1	
  	
  -­‐1	
  	
  0	
  	
  0	
  	
  0	
  	
  0	
  	
  0	
  	
  0	
  	
  0	
  	
  0]

×	
   β1	
  
β2	
  
β3	
  
β4	
  
…	
  

β11	
  

=	
   +	
  error	
  

GLM:

The	
  General	
  Linear	
  Model	
  (GLM)

Question:	
  which	
  brain	
  regions	
  are	
  engaged	
  in	
  high-­‐level	
  language	
  processing?
which	
  regions	
  respond	
  more	
  to	
  sentences	
  than	
  to	
  nonwords?

A	
  comparison	
  of	
  beta-­‐weights	
  is	
  called	
  a	
  contrast.	
  	
  
Formally,	
  a	
  contrast	
  is	
  a	
  vector	
  indicating	
  which	
  beta-­‐weights	
  we	
  are	
  testing

• We	
  can	
  compare	
  one	
  set	
  of	
  beta-­‐weights	
  to	
  another	
  set	
  of	
  beta-­‐weights
Example:	
  some	
  model	
  with	
  5	
  predictors;	
  are	
  β1,	
  β2	
  bigger	
  than	
  β3,	
  β4	
  ?	
  

!
!
!
!
!
!
!
!

	
   	
   	
   	
   	
   	
  	
  	
  	
  	
  	
  	
  [	
  0.5	
  	
  0.5	
  -­‐0.5	
  -­‐0.5	
  0]

β1+ β2
2

>
β3 + β4
2

β1+ β2
2

−
β3 + β4
2

> 0

1
2
β1+
1
2
β2 −
1
2
β3 −
1
2
β4 > 0



GLM:

The	
  General	
  Linear	
  Model	
  (GLM)

Question:	
  which	
  brain	
  regions	
  are	
  engaged	
  in	
  high-­‐level	
  language	
  processing?
which	
  regions	
  respond	
  more	
  to	
  sentences	
  than	
  to	
  nonwords?

A	
  comparison	
  of	
  beta-­‐weights	
  is	
  called	
  a	
  contrast.	
  	
  
Formally,	
  a	
  contrast	
  is	
  a	
  vector	
  indicating	
  which	
  beta-­‐weights	
  we	
  are	
  testing

• We	
  can	
  compare	
  one	
  set	
  of	
  beta-­‐weights	
  to	
  another	
  set	
  of	
  beta-­‐weights
Note:	
  the	
  sum	
  of	
  all	
  positive	
  entries	
  should	
  be	
  1;	
  the	
  sum	
  of	
  all	
  negative	
  
entries	
  should	
  be	
  -­‐1.	
  

GLM:

The	
  General	
  Linear	
  Model	
  (GLM)

Question:	
  which	
  brain	
  regions	
  are	
  engaged	
  in	
  high-­‐level	
  language	
  processing?
which	
  regions	
  respond	
  more	
  to	
  sentences	
  than	
  to	
  nonwords?

A	
  comparison	
  of	
  beta-­‐weights	
  is	
  called	
  a	
  contrast.	
  	
  
Formally,	
  a	
  contrast	
  is	
  a	
  vector	
  indicating	
  which	
  beta-­‐weights	
  we	
  are	
  testing

• We	
  can	
  compare	
  one	
  set	
  of	
  beta-­‐weights	
  to	
  another	
  set	
  of	
  beta-­‐weights
Note:	
  the	
  sum	
  of	
  all	
  positive	
  entries	
  should	
  be	
  1;	
  the	
  sum	
  of	
  all	
  negative	
  
entries	
  should	
  be	
  -­‐1.	
  

• We	
  can	
  compare	
  a	
  single	
  beta-­‐weight	
  (or	
  a	
  single	
  set)	
  to	
  0.
Example:	
  some	
  model	
  with	
  5	
  predictors;	
  is	
  β2	
  bigger	
  than	
  0?	
  

!
!

	
   	
   	
   	
   	
   	
  	
  	
  	
  	
  	
  	
  [	
  0	
  	
  1	
  	
  0	
  	
  0	
  	
  0	
  ]

β2 > 0

1. Extract	
  the	
  signal	
  time-­‐series	
  from	
  a	
  given	
  voxel	
  
2. Run	
  a	
  GLM	
  (the	
  signal	
  and	
  your	
  design	
  matrix	
  are	
  the	
  input)	
  to	
  gind	
  beta-­‐

weights	
  that	
  best	
  approximate	
  the	
  true	
  signal	
  
3. Compute	
  the	
  Sum	
  of	
  Squared	
  Errors	
  (SSE)	
  
4. Degine	
  your	
  contrast	
  and	
  test	
  it:

GLM:

The	
  General	
  Linear	
  Model	
  (GLM)

Question:	
  which	
  brain	
  regions	
  are	
  engaged	
  in	
  high-­‐level	
  language	
  processing?
which	
  regions	
  respond	
  more	
  to	
  sentences	
  than	
  to	
  nonwords?

t	
  	
  =	
  
β(S)	
  -­‐	
  β(N)	
  

error(ish)

[	
  0	
  	
  1	
  	
  -­‐1	
  	
  0	
  	
  0	
  	
  0	
  	
  0	
  	
  0	
  	
  0	
  	
  0	
  	
  0]

Repeat	
  for	
  all	
  voxels.	
  
Signigicant	
  voxels	
  are	
  
those	
  that	
  have	
  t-­‐values	
  
that	
  are	
  highly	
  unlikely	
  
to	
  get	
  by	
  mere	
  chance.	
  

×	
   β1	
  
β2	
  
β3	
  
β4	
  
…	
  

β11	
  

=	
   +	
  error	
  

The	
  General	
  Linear	
  Model	
  (GLM)

Question:	
  which	
  brain	
  regions	
  are	
  engaged	
  in	
  high-­‐level	
  language	
  processing?
which	
  regions	
  respond	
  more	
  to	
  sentences	
  than	
  to	
  nonwords?

Answer:

The	
  General	
  Linear	
  Model	
  (GLM)

You	
  can	
  also	
  use	
  the	
  same	
  data	
  to	
  ask	
  other	
  questions,	
  using	
  other	
  contrasts:

Which	
  regions	
  respond	
  more	
  to	
  
nonwords	
  than	
  to	
  sentences?	
  

β(N)	
  >	
  β(S)	
  

Which	
  regions	
  respond	
  to	
  
sentences?	
  

β(S)	
  >	
  0	
  

The	
  General	
  Linear	
  Model	
  (GLM):	
  exercise	
  15



Summary

• Predictor:	
   a	
   “mock	
   signal”	
   indicating	
   the	
   expected	
   change	
   in	
   brain	
   activity	
  
throughout	
   the	
   experiment	
   caused	
   by	
   a	
   hypothesized	
   process	
   (cognitive,	
  
physiological,	
  etc.)	
  

• Beta-­‐weight:	
   a	
  weight	
   indicating	
  how	
  much	
   a	
  predictor	
   contributes	
   to	
   the	
   true	
  
BOLD	
  signal,	
  i.e.,	
  how	
  much	
  the	
  signal	
  changes	
  due	
  to	
  the	
  hypothesized	
  process,	
  
holding	
  everything	
  else	
  in	
  the	
  model	
  constant.	
  

• Error:	
   the	
   difference	
   between	
   the	
   true	
   BOLD	
   signal	
   and	
   the	
   combination	
   of	
  
predictors	
  that	
  best	
  approximates	
  it.	
  These	
  are	
  changes	
  (variations)	
  in	
  the	
  true	
  
signal	
  that	
  we	
  cannot	
  explain	
  with	
  the	
  predictors.	
  

• Contrast:	
  the	
  difference	
  between	
  two	
  (groups	
  of)	
  betas	
  
• Contrast	
  t-­‐value:	
  the	
  number	
  which	
  results	
  from	
  dividing	
  the	
  contrast	
  value	
  by	
  a	
  

measure	
  of	
  error	
  (“taking	
  the	
  error	
  into	
  account”).
t	
  	
  =	
  

β(S)	
  -­‐	
  β(N)	
  

error(ish)

explained	
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