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What Accompanies Brain Activation?
Metabolic, Hemodynamic, and Other Measurables

Effect Increase Decrease Underlying Mechanism Magnetic Resonance Measure Relative Detectability

Deoxyhemoglobin 10 - 30%
Oxygen Delivery Exceeds Metabolic 

Need
Blood Oxygen Sensitive Dependent 

Contrast (BOLD) 100

CBF 30-50% Vasodilatation & Capillary Perfusion Arterial Spin Labelling (ASL) 25

CBV 10-15% Dilatation & Capillary Recruitment Vascular Space Occupancy (VASO) 25
Middle cerebral artery (MCA) 

flow velocity 10-15% Global autoregulation Phase Contrast or Inflow Sensitive MRI 10

CMRO2 10-15% Oxidative metabolism
Ratio of change in CBF/BOLD, calibrated 
by global stress of change in CBF/BOLD 10

Venous Oxygen Saturation 10-15% Decresed oxygen extraction fraction
Possible T1 change in blood & tissue 

(Zero-TE sequences) 8

Glucose 5-12% Increased Glucose metabolism 1H MRS 5

Lactate 10-30% Increased glycolysis in Astrocytes 1H MRS 5
Glutamate (excitatory 

neurotrasmitter) 2-5% 1H MRS 5
GABA (inhibitory 
neurotrasmitter) occasionally 5-10% 1H MRS 4

Cerebral Spinal Fluid (CSF) 
volume small

displacement by increase blood 
volume T1-wieghting 2

Cerebral Spinal Fluid (CSF) flow small
displacement by increase blood 

volume Phase Contrast MRI, T1-weighting 2

Elasticity Change 6-10% increased blood volume MR Elastography 2

Na+ moves intracellularly Action potential Na+ fMRI 1

Aspartate 3-4% 1H-MRI 1

Creatine Kinase (CK) 30% 31P magnetization transfer MRS 1
Nicotinamide adenine 

dinucleotide (NAD) reduced NAD+ electron shuttle in glycolosys 31P MRS and 1H MRS 1

Temperature 0.1 degree Celsius MR Phase or Diffusion Coefficient 0.5

Cell Swelling 3% Ion flux draws water into neuons Decrease in Diffusion Coefficient 0.5

Neuronal Currents? transient/small Dendritic currents with spiking MR magntude or phase 0.01?



Previous Lecture: 

• Overview of physiology that accompanies brain 
activation.

• Basics of BOLD Contrast and Acquisition
• Vein effects and Spin-echo vs Gradient-echo fMRI
• Effects of Respiration and Blood Pressure



This Lecture: 

• Dynamics, Nonlinearities, and Latencies of BOLD Contrast

• Resting State fMRI

• Perfusion Imaging (Arterial Spin Labelling)

• CMRO2 Imaging

• Blood Volume Imaging (Vascular Space Occupancy)



Duty Cycle (on/off rate)

P. A. Bandettini,, Functional MRI using the 

BOLD approach: dynamic characteristics 

and data analysis methods, in  "Diffusion 

and Perfusion: Magnetic Resonance 

Imaging" (D. L. Bihan, Ed.), p.351-362, 

Raven Press, New York, 1995.



L.D. Lewis, K. Setsompop, B.R. Rosen, J.R. Polimeni.
Fast fMRI can detect oscillatory neural activity in humans, Proc. Natl. Acad. Sci. 
U.S.A. 113 (43) E6679 E6685, https://doi.org/10.1073/pnas.1608117113 (2016).

Duty Cycle

Higher amplitude at high duty cycle than predicted by a linear system

https://doi.org/10.1073/pnas.1608117113
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Stimulation Duration



measured
linear

S
ig

n
a

l

0.25 s 0.5 s 1 s 2 s 20 s
time (s)

Stimulus 

timing

BOLD 

Response

R. M. Birn, Z. Saad, P. A. Bandettini, (2001) “Spatial heterogeneity of the nonlinear dynamics in the 
fMRI BOLD response.” NeuroImage, 14: 817-826.

Brief stimuli produce larger responses than expected

Stimulation Duration Effects

Different stimulus “on” periods
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Logothetis et al, Nature 412, 150-157 (2001)

Bandettini & Ungerleider, Nature 
Neuroscience 4, 864-866 (2001)

(Non-) Linearity of the BOLD 
Response: Neuronal in Origin?

Are Nonlinearities Neuronal or Hemodynamic?



Early Evidence for Neuronal 
Source of  Nonlinearity

MEG vs fMRI: varying from sharp 
to smooth onset and cessation

Tuan, A. S.; Birn, R. M.; Bandettini, P. A.; 

Boynton, G. M. Differential Transient MEG 

and fMRI Responses to Visual 

Stimulation Onset Rate. International 

Journal of Imaging Systems and 

Technology 2008, 18 (1), 17–28.



Above about 1s stim, HRF is linear, allowing deconvolution



Jittered Event-Related Designs



• For detection and mapping, 
sensitivity increases with 
Average ISI -> block design.

• For Estimating the event 
related response shape from 
an ROI, sensitivity increases 
with shorter SD.



The HRF Mathematical Models…

Physiologic models..

The pre-undershoot issue lost appeal (not repeatable), but the post undershoot 
was heavily debated…flow, CMRO2, volume? Still not fully resolved.

Undershoots



-depends on location, task, timing, and pulse sequence 

Task timing

Polimeni and Lewis, Progress in Neurobiology, (2021)

Stimulus & Echo Time

Havlicek et al, NeuroImage, (2017)

Stimulus

Bandettini et al, HBM (1997)

Diffusion weighting Buxton et al, ISMRM (1996)

Mysteries of linearity, undershoots, transients
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Latency Across the Brain
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Exploiting Dynamics for a Cognitive Task



11026–11031 PNAS September 26, 2000 vol. 97 no. 20



P. A. Bandettini, (1999) "Functional MRI" 205-220.

MREG: 100 images/s

1 s on, 1 s off

Kinds of Temporal Resolution



Temporal vs. Image SNR in a phantom and human



J. Bodurka, F. Ye, N Petridou, P. A. Bandettini, Mapping the MRI 
voxel volume in which thermal noise matches physiological 
noise – implications for fMRI. NeuroImage, 34, 542-549 (2007) 



Signal / Physiologic Noise

Resolution, Speed, Surface Coils, Field Strength, etc..

Optimal for fMRI



Mag. Res. Med. 1995,   

task *activation* resting state *correlation*

Resting State fMRI



Buckner et al. 2013

Seed-based Correlation



How is functional connectivity measured?

Seed-based Map of correlation with seed

Parcellation-based

Tahedl et al, Frontiers in Neurology, 2018

Other Displays

Matrix of Parcel-wise correlation



Tahedl et al, Frontiers in Neurology, 2018

How is functional connectivity measured?

Independent Component Analysis



Example of Networks 
Derived Using ICA 

L. Heine, et al, Frontiers in Psychology, 2012



Diverse Functional 
Parcellation Approaches

D. Zhi, et al, HBM, 2022

Heirarchical clustering
K-means clustering
Ward’s linkage
Region growing
Euclidean distance
Principle Component Analysis
Spectral clustering
Eigenvector discretizing
…

https://biomedia.doc.ic.ac.uk/brain-parcellation-survey/



What contributes to spontaneous fluctuations?

Spontaneous Neuronal Activity
 -conscious thought
 -unconscious processes*
 -arousal, vigilance

Respiration 
 -chest wall B0 

 -variable end tidal CO2 related flow/BOLD changes
Cardiac Pulsation

Thermal Noise
Motion
Scanner Instability

* “…low dimensionality of spontaneous neural patterns may reflect slow transitions between generic 
priors tuned for low dimensional, general-purpose, behavioral patterns. … dynamics across sequences 
of brain states may reflect the maximization of the entropy of explanations (or …the exploration of the 
brain’s dynamic repertoire) that generative models use in the absence of data, to explain, to remain 
flexible.”   G. Pezzulo et al. TICS 2021



Unconscious Processes

Motor cortex mostly in left-right sync, but hands are not

D. J. Newbold et al. Neuron, 2020



Blood Perfusion
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Blood Perfusion
Contrast

Processing
Acquisition

Applications

Williams, D. S., Detre, J. A., Leigh, J. S. & Koretsky, A. S. (1992) “Magnetic resonance imaging of perfusion using  
spin-inversion of arterial water.” Proc. Natl. Acad. Sci. USA 89, 212-216.

Edelman, R., Siewert, B. & Darby, D. (1994) “Qualitative mapping of cerebral blood flow and functional 
localization with echo planar MR imaging ans signal targeting with alternating radiofrequency (EPISTAR).” 
Radiology 192, 1-8.

Kim, S.-G. (1995) “Quantification of relative cerebral blood flow change by flow-sensitive alternating inversion 
recovery (FAIR) technique: application to functional mapping.” Magn. Reson. Med. 34, 293-301.

Kwong, K. K. et al. (1995) “MR perfusion studies with T1-weighted echo planar imaging.”Magn. Reson. Med. 
34,878-887.



1992…Perfusion using Arterial Spin Labeling



BOLD Rest  Activation

P. A. Bandettini, E. C. Wong, Magnetic resonance imaging of human brain function: principles, 
practicalities, and possibilities, in  "Neurosurgery Clinics of North America: Functional Imaging" (M. 
Haglund, Ed.), p.345-371, W. B. Saunders Co., 1997. 

Perfusion



Anatomy

BOLD

Perfusion

P. A. Bandettini, E. C. Wong, Magnetic resonance imaging of human brain function: principles, 
practicalities, and possibilities, in  "Neurosurgery Clinics of North America: Functional Imaging" (M. 
Haglund, Ed.), p.345-371, W. B. Saunders Co., 1997. 



Blood Perfusion

GK Aguirre et al, (2002) NeuroImage 15 (3): 488-500

Better than BOLD for long duration activation…



24 hr

ASL

Perfusion vs. BOLD: Low Task Frequency

Wang et al., 2002
GK Aguirre et al, (2002) NeuroImage 15 (3): 488-500



R. D. Hoge, et al, PNAS 96: 9403-9408, 1999

Activation-induced CMRO2  Changes

Visual Activation = green
Hypercapnia = white

Basic Idea: 
• BOLD during Activation < BOLD during comparable flow change 

with no activation (i.e. global CO2 stress).
• The reason is the during activation CMRO2 increases, pulling 

oxygen from blood. 
• From the above difference, one can calculate activation-induced 

CMRO2 changes.



H. Lu, et al, MRM 50: 263-274, 2003

Blood Volume Changes:

Vascular Space Occupancy “VASO” fMRI

Null blood based on T1 difference between blood and tissue

..more blood -> less signal.



Simultaneous VASO and BOLD

Lu et al. MRM 2003
Huber et al., MRM, 2014

VASO BOLD

VASO: Vascular space imaging (blood volume changes)
BOLD: blood oxygenation level dependent (amount of doxy-Hb)

Simultaneous VASO & BOLD: 
Our primary pulse sequence for high-res fMRI:



Functional Structure Changes < 0.8 mm

right tapping

resol. 4mmresol. 3mmresol. 2mmresol. 1mmresol. 0.75mm



sequence 
MRI 

contrast

fMRI signal 

change

VASO

GE-BOLD

SE-BOLD

T2-prep

diffw T2-prep

A) B)

P.A. Bandettini, L. Huber, E. S. Finn, Current Opinion in Behavioral Sciences, 2021

fMRI Sensitivity vs Specificity



What Accompanies Brain Activation?
Metabolic, Hemodynamic, and Other Measurables

Effect Increase Decrease Underlying Mechanism Magnetic Resonance Measure Relative Detectability

Deoxyhemoglobin 10 - 30%
Oxygen Delivery Exceeds Metabolic 

Need
Blood Oxygen Sensitive Dependent 

Contrast (BOLD) 100

CBF 30-50% Vasodilatation & Capillary Perfusion Arterial Spin Labelling (ASL) 25

CBV 10-15% Dilatation & Capillary Recruitment Vascular Space Occupancy (VASO) 25
Middle cerebral artery (MCA) 

flow velocity 10-15% Global autoregulation Phase Contrast or Inflow Sensitive MRI 10

CMRO2 10-15% Oxidative metabolism
Ratio of change in CBF/BOLD, calibrated 
by global stress of change in CBF/BOLD 10

Venous Oxygen Saturation 10-15% Decresed oxygen extraction fraction
Possible T1 change in blood & tissue 

(Zero-TE sequences) 8

Glucose 5-12% Increased Glucose metabolism 1H MRS 5

Lactate 10-30% Increased glycolysis in Astrocytes 1H MRS 5
Glutamate (excitatory 

neurotrasmitter) 2-5% 1H MRS 5
GABA (inhibitory 
neurotrasmitter) occasionally 5-10% 1H MRS 4

Cerebral Spinal Fluid (CSF) 
volume small

displacement by increase blood 
volume T1-wieghting 2

Cerebral Spinal Fluid (CSF) flow small
displacement by increase blood 

volume Phase Contrast MRI, T1-weighting 2

Elasticity Change 6-10% increased blood volume MR Elastography 2

Na+ moves intracellularly Action potential Na+ fMRI 1

Aspartate 3-4% 1H-MRI 1

Creatine Kinase (CK) 30% 31P magnetization transfer MRS 1
Nicotinamide adenine 

dinucleotide (NAD) reduced NAD+ electron shuttle in glycolosys 31P MRS and 1H MRS 1

Temperature 0.1 degree Celsius MR Phase or Diffusion Coefficient 0.5

Cell Swelling 3% Ion flux draws water into neuons Decrease in Diffusion Coefficient 0.5

Neuronal Currents? transient/small Dendritic currents with spiking MR magntude or phase 0.01?



Signal

Neuronal Activity

Hemodynamics

Measured Signal

Noise

Magnitudes
Latencies
Shape
Transients
Undershoot
NMR Phase
Location

Thermal
System
Motion
Physiologic
Respiration
Cardiac

Inhibition / Excitation
Oscillations
Transient / Tonic
Spontaneous
Feedforward / Feedback

MR Parameters

Gradient-echo
Spin-echo, asymmetric spin-echo
Multi-echo
Perfusion
BOLD
Diffusion gradients
Inflow weighting 
Resolution Dependence
Field strength

Physiology

layers

regions

voxel

Hematocrit
Blood pH
Blood 
flow/perfusion
Blood Volume
Blood Oxygenation
Blood pCO2
Blood Pressure
Neurovascular 
coupling
CMRO2
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