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Where is the fMRI signal coming
from?



Brain is full of arteries, capillaries and veins
• Arteries (oxygen rich blood from heart) 
à capillaries (exchange of oxygen to 
carbon dioxide)  à veins (back to lungs)

• 100 billion neuros, 20 billion within 
cortex

• 800 mL / min of blood through average 
1400 g brain = 15%-20 % of the blood 
flow in human body. Brain takes 2-3% of 
the body weight but requires 20% of 
blood oxygen

• 4 oxygen molecules in each hemoglobin 
molecule, 280 million hemoglobin 
molecules in each red blood cell
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• fMRI does not measure neuronal activity!

• fMRI measures physiological changes 
correlated with neuronal activity

• BOLD: Blood-Oxygenation-Level Dependent 
contrast

• Activity of neurons increase metabolic
requirements; blood becomes briefly deoxygenated 

• Oxygen travels in hemoglobin
• Vascular system provides glucose and oxygen refill: 

arterial supply of oxygenated hemoglobin increases; 
the amount of the oxygenated blood increases on 
broad area more than needed 

à amount of deoxygenated hemoglobin decreases 
compared to the normal conditions 

à measure with T2* 
à brighter MRI

fMRI and BOLD
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BOLD signal and Hemodynamic
Response?



The change in the MRI signal triggered by neuronal activity

The initial dip
- Might reflect the decreased oxygenation before arteries provide more
- Is not detected in every study; Easier to detect on higher field (≥ 7 T)
- Allen Elster: Questions and Answers in MRI Website: BOLD and Brain Activity, 

http://mriquestions.com/does-boldbrain-activity.html:
”mechanism remains disputed: a) increased early metabolic extraction of blood oxygen, 
and/or b) increased local cerebral blood volume. ”

The positive dominant peak
- Maximal amplitude of HDR
- The overcompensation of used oxygen from arteries to neurons
- Slow signal: 4-6 s delay

The post-stimulus undershoot
- Happens most likely because combination of reduced blood flow and 

increased blood volume
- Easier to detect in block of multiple consecutive events

HDR: Hemodynamic Response
HDR for a short stimuli

HDR for a multiple and 
consecutive events

Fig. 7.10



The Actual Measured Signal
Changes in BOLD activation after presenting single event stimuli for subject from a voxel

Example of BOLD hemodynamic response to a hand squeezing task

The same data as 
on the left but the 
timeseries has cut 
and organized 
timewise

The units are arbitary

Notice also the delay
after the stimulus and 
before the peak

Fig. 7.9

Fig. 7.12



Spatial Resolution

• Spatial Resolution: Ability to 
distinguish different locations 
within an image



Spatial Resolution 2
• Structural images voxels maybe

1 x 1 x 1 mm
• Functional images voxels maybe

3 x 3 x 3 mm (depends on the question)
• BOLD signal is direct measure of the amount

of deoxyhemoglobin in a voxel
• Partial volume effects: combination of 

different tissue types within a voxel (effect
from large arteries / small capillaries)

• à Spatial smoothing for statistics and better
signal-to-noise ratio

MRI

fMRI

Voxel: 3D volume element
30 slices, 64 x 64 voxels per slice à 122800 voxels



Timeseries

Every voxel

Many volumes over time



Temporal Resolution sagittal axial coronal

One volume, takes TR to collect

30 slices, 64 x 64 voxels per slice à 122800 voxels

Many volumes over time

• Determined by TR and by limitations of 
vascular system
• TR = time of repetition (time for a volume)
• HDR rises and falls within 10-15 s
• Duration of the stimulus does not necessarily

correspond with duration of neuronal activity

• fMRI is slow
• neuronal activity is short < 1s
• no snapshot of neuronal activity but an estimate

of slower changes in vascular system

• Good TR?
• Depending on the experiment (0,5 s – 3 s)
• Smaller TR 

à more accurate estimation of HDR shape; 
not necessary effect on amplitude





Linearity of the Hemodynamic
Response



Linear system

• System: for a given input the system will respond 
with same output 

• Input: neuronal activity is a short-duration input
• Output: HDR

Principles of linear system 
1) Scaling +  2) Superposition



1) Scaling

• The magnitude (amplitude) of the system output 
must one proportional to the system input

• Test condition and control condition: 

• neuronal activity in task required twice as much of work 
as in rest condition, so the amplitude of HDR is more in 
activation than in rest

• if no interference, the brain areas are not activating so

2) Superposition

• Total response to a set of imputes is equivalent to 
the summation of the independent responses to 
the inputs

• 1 event creates 1 HDR, 2 events create combined 
response equal to two individual responses added 
together

Fig 7.28





Limitations in Linearity of HDR

- Limitation: short stimuli intervals create more deviation in HDR 
à less linear system, BUT more data and more statistical power

- Limitation coming from refractory period: a time period 
following the presentation of a stimulus during which subsequent 
stimuli evoke a reduced response, around 6 s

à refractory period differs between the brain areas 
à However, offers possibility for further studies in brain science, 
but requires advanced modelling



GLM for fMRI



General Linear Model
• Because the system is linear, the modelling can be linear

! =βX + ε 

http://mriquestions.com/general-linear-model.html

Y = measured signal (BOLD)
X = the stimuli for the subject

Because the system is linear, we hope that modelling it as 
such will explain the brain activity found, so:

Β = find the best ones that leaves the error minimized
Ε = error

So: 1) create a model, 2) fit the model with the data and 
3) do the statistical tests à beautiful activation maps and 
pictures



This is a quick overview 
about the topic, please 
think about this again, 
when you have learned to 
build 1st level models and 
design matrixes…

http://mriquestions.com/general
-linear-model.html

”Stated in words, the GLM says
that Y (the measured fMRI signal
from a single voxel as a function
of time) can be expressed as the
sum of one or more experimental
design variables (X), each
multiplied by a weighting factor
(β), plus random error (ε)”



Summary



• fMRI: 
• neuroimaging technique with MRI scanners 
• measures physiological changes correlated with neuronal 

activity
• Safe when used right, no radiation 

• BOLD: Blood-Oxygenation-Level Dependent contrast

• HDR: Hemodynamic Response
• Linear System: for a given input the system will 

respond with same output 
• GLM: General linear model

! =βX + ε 



Question Time!


