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What is Blood Oxygenation Level 

Dependent (BOLD) signal
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Resolution of brain imaging methods
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Resolution of brain imaging methods



Classical activation study: pain network 

activation in empathy

Singer et al. Science 303 (2004) 1157-1162



Human visually responsive areas 

mapped with fMRI

Vanni, Duodecim 120 (2004) 2655-2662



Human ocular dominance columns

Yacoub et al. Neuroimage 37 (2007) 1161-1177

-7 T magnet (Varian), 0.5 x 0.5 

x 3 mm voxels

-Hahn Spin Echo

-8-10 runs á 7 min (2-2.5 h/ 

session)

-bite-bar

-post-processing

1 mm

Day 1 Day 2 Day 3



How does fMRI create images of 

neuronal activity?

• It creates images of changes in 

deoxyhemoglobin concentration correlated 

with neuronal activity

• Blood Oxygenation Level Dependent 

contrast (BOLD)

– deoxygenated blood paramagnetic

– oxygenated blood diamagnetic



BOLD contrast generation

Gradient-echo MR image

Oxygenated blood

Deoxygenated blood

corrupted

MR signal

Saline

Blood in test tube

From Huettel, Song, McCarthy (eds) Functional magnetic resonance imaging. Sinauer 2004



Blood oxygen level dependent contrast

• 100% inhaled oxygen 

(a) shows veins as 

dark stripes

• 90% oxygen with 10% 

carbon dioxide (b) 

show decreased 

BOLD contrast, 

because blood flow 

has increased 

Ogawa et al. PNAS 87 (1990) 9868-9872



BOLD contrast
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From Huettel, Song, McCarthy (eds) Functional magnetic resonance imaging. Sinauer 2004

initial dip

overperfusion

undershoot



Neurovascular coupling



BOLD reflects synaptic activity

Logothetis et al. Nature 412 (2001) 150-157

Visual cortex

of monkeys

Comparison of

synaptic activity (LFP),

action potentials (MUA)

And BOLD



BOLD reflects synaptic activity

Logothetis et al. Nature 412 (2001) 150-157



From blood flow to BOLD

From Huettel, Song, McCarthy (eds) Functional magnetic resonance imaging. Sinauer 2004



Astrocytes and neurovascular coupling

• Contact hundreds of 

neuronal dendrites

• Sense > millon 

synapses

• At least one process 

with endfeet 

surrounding blood 

vessels

Oberheim et al. TINS 29 (2006) 547-553; Koehler et al. TINS 32 (2009) 160-169

Human astrocyte



Astrocytes and neurovascular coupling

Koehler et al. TINS 32 (2009) 160-169

Neural activation Vasodilation

Astrocyte



Coupling of synaptic activation and 

BOLD signal

• Astrocytes key players in neurovascular 

coupling

– Tight regulation

– Multiple pathways

• Blood flow – BOLD connection is a 

monotonous function

– Blood volume changes cause compressive non-

linearity



Why excessive perfusion?

• Increased oxygen gradient between blood 

vessels and tissue 

• Adequate oxyden diffusion to most distant 

neuron (mitochondria)

Koehler et al. TINS 32 (2009) 160-169



Measuring BOLD signal



Canonical hemodynamic response 

function (hrf)

Event, impulse response Epoch, block



Functional magnetic resonance imaging 

(fMRI) is a time series of MR images

one slice

image matrix,

e.g. 64 x 64



fMRI time series



Definition of voxel dimensions

Field of view (cm)
Matrix size (N x N)

Slice thickness (mm)



fMRI time series, single time point

- time point

- volume

- stack



Partial volume effect

• A single voxel contains a mixture of 

different tissues

Gray matter

White matter



Partial volume effect

• A single voxel contains a mixture of 

different tissues

Cerebrospinal 

fluid

Brain



BOLD signal
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BOLD signal



Canonical hrf is not perfect model

Handwerker et al., Neuroimage 21  (2004) 1639-1651



Spatial resolution of BOLD signal



Distribution of arterioles

Rodriguez-Baeza

et al. Anat. Record 252 

(1998), 176-184 

1 Cortical arterioles

2 Pial arterias

3 Precapillary vessels

Scale bar = 190 μm



Distribution of arterial vessels

Reina-De La 

Torre et al.

Anat. Record 

251 (1998), 

87-96 

Temporal Occipital



Resolution of fMRI

• Ultimate theoretical spatial resolution 

– gradient-echo imaging 0.7 mm3

– Spin echo imaging 0.44 mm3 

(arterial feeding volume)

• Resolution in practice more limited

Weber et al. Cerebral Cortex 18  (2008) 2318-2330



The ”simple” reasons for loss of spatial 

resolution and specificity

• Motion during acquisition or between runs

• Poor coregistration with anatomical image

• Smoothing in preprocessing

• Normalization between subjects

• Region of interest analysis

• Partial volume effects



What limits the resolution in practice

• 1) Signal to noise -ratio (SNR)

– Voxel volume ~ MR signal / unit time

– Careful design and pilot studies necessary

• 2) Magnetic field inhomogeneity

– Distorts the EPI volume, especially close to air cavities

– Dependent on acquisition time (long in EPI imaging)

– Shimming helps, automatic

– Magn. field mapping and distortion correction possible



Anisotropic and patchy horizontal connections

• Anisotropy follows 
cortical 
magnification in 
V1

• Double labelled 
cells indicate 
resiprocal 
connections

0.1 mm0.5 mm

Angelucci et al., J Neuroscience 22 (2002) 8633-8646

~3 mm



Neural point spread in monkey cortex

Grinvald et al., J Neuroscience 14 (1994) 2545-2568



Tissue specificity - why spin echo helps

Huettel et al. Functional magnetic resonance imaging (2004) Sinauer

Large vessels have more 

homogenous deoxyHb dependent 

magnetic field gradient

Refocusing phase coherence results 

in T2* signal loss (= ∆ BOLD ↓ )

Small vessels have stronger 

gradient from deoxyHb 

Diffusion to different field strength 

prevents full refocusing

Result: more residual BOLD signal 

around small vessels



Spin echo increases spatial accuracy

Nurminen, Kilpeläinen, Laurinen, Vanni:  J Neurophysiol 102 (2009) 2900-2909



All direct quantitative comparisons 

should be made within single voxels in 

balanced designs 

BOLD signal strength varies accross runs, 

brain areas and subjects



Study design



When considering study design

• What do you want to study?

• How does the system reflect your effect of 

interest? 

• How many subjects, individual or group 

analysis?



Effect 

significance

Difference of mean signals

Variability
=



How many subjects?

Friston et al., Neuroimage 10 (1999) 1-5

Desmond et al., J Neurosci Methods 118 (2002) 115-128



Statistics assumes a canonical BOLD 

response

Event, impulse response Epoch, block

Neural event

Hemodynamic 

response

Prolonged activation

From Huettel, Song, McCarthy (eds) Functional magnetic resonance imaging. Sinauer 2004



Design types

• Blocked

– Best detection power, worst estimation power

– Assumes constant effect, suffers from 
habituation

• Pseudorandom Events

– Less detection power, better estimation power

– No habituation

• Parametric and conjunction expansions 



Why a model estimate is the only possibility 

for quanifying variable data

From Huettel, Song, McCarthy (eds) Functional magnetic resonance imaging. Sinauer 2004

Block Event related or multifocal fMRI



Design types

Liu, Neuroimage 21 (2004) 401-413

Maxmal length sequence: original and shifted versions are nearly orthogonal 



Design detection power and hrf 

estimation efficiency

Liu, Neuroimage 21 

(2004) 401-413Detection power
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Block design has the best 

detection power

Liu, Neuroimage 21 (2004) 401-413



Detection power, optimal design

From Friston et al. (Eds) Statistical Parametric Mapping. Acad. Press, 2007 



From Friston et al. (Eds) Statistical Parametric Mapping. Acad. Press, 2007 

Detection power in event related designs



Wager & Nichols Neuroimage 18 (2003) 293-309

Optimization of event related designs 

with a genetic algorithm



General linear model

Y = Xβ + ε



Design matrix, block design
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Design matrix, concepts
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Design matrix, concepts

EOI 1-5
ti
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N 1-2

5 runs

Mean 1-5



Multifocal fMRI
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Design matrix



Multifocal fMRI

Time

R
eg

resso
rs

Timing for multiple regions



Parametric designs

• Dependence of signal on some variable, 

such as contarst, adaptation, etc.

• Linear or non-linear

• Main effect and a parametric variation



Parametric design

Büchel et al., Neuroimage 8 (1998) 140-148



Unknown Y = f(parameter)

How can you model a non-linear 

parametric effect of unknown form?



Example parametric design

Pihlaja et al., Human Brain Mapping 29 (2008) 1001-1014



Design matrix, polynomial model
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Non-linear regressors in 

parametric designs

Büchel et al., Neuroimage 8 (1998) 140-148

Y = Xmain * βmain + Xlinear * βlinear +Xquadratic * βquadratic

Y = X0 * β0 + X1 * β1 +X2 * β2

y = ax2 + bx + c

^

^ ^ ^

^ ^

^

^



Example parametric design, estimated 

BOLD signal change

Pihlaja et al., Human Brain Mapping 29 (2008) 1001-1014



A negative finding in fMRI does not 

mean that the phenomenon does not exist

You may have missed it with poor 

SNR, poor model, or poor 

experimental design


