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Hemodynamic Controversies and Challenges



Cerebral Tissue Activation

Local Vasodilatation

Increase in Cerebral Blood
Flow and Volume

Oxygen Delivery Exceeds
Metabolic Need

Increase in Capillary and Venous Blood Oxygenation

Decrease in Deoxy-hemoglobin Deoxy-hemoglobin: paramagnetic
Oxy-hemoglobin: diamagnetic

Decrease in susceptibility-related
intravoxel dephasing

Increase in T2 and T2*

Local Signal Increase in T2 and T2* - weighted sequences

BOLD Contrast



OEF 

Therefore…

Blood PO2

Mechanisms of BOLD

Flow

CMRO2

OEF

Rest Activation

Controversy



task task



1991



Signal = S0 e –TE/T2*

RF pulse

S0

Data collection

TE = echo time
T2* = decay time constant



Characteristics of the BOLD signal: T2* effect.



Contrast at 3T (dR2* = -1.6 1/s)
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Contrast at 1.5T (dR2* = -.8 1/s)

0
0.005
0.01
0.015
0.02
0.025
0.03
0.035
0.04

0 10 20 30 40 50 60 70 80 90 100

TE (ms)

C
on

tr
as

t

60
55
50
45
40
35
30
25
20
15
10
5

T2* T2*

Contrast depends on:
activation-induced changes in T2* and resting T2*



Functional Contrast at Optimal TE
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Controversy



region

Signal
Neuronal 
Activation

Hemodynamics

Measured Signal

Magnitudes
Latencies
Correlations
Fluctuations
Transients
Undershoots

Noise

Thermal
System
Motion
Physiologic
Respiration
Cardiac

tSNR ≅ 100
fCNR ≅ 10 to < 1

voxel

Inhibition
Excitation
Frequencies
Transients
Spontaneous Activity

layer

Challenge
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http://www.thebrain.mcgill.ca

Visual Cortex Organization



BOLD





Toe movement

Finger movement

Left Right





Menon, R. S., S. Ogawa, et al. (1997).  J Neurophysiol 77(5): 2780-7.

R. D. Frostig et. al, PNAS 87: 
6082-6086, (1990).

Ocular Dominance Column Mapping

Optical Imaging

Cheng, et al. (2001) 
Neuron,32:359-374

0.47 x 0.47 in plane resolution

0.54 x 0.54 in plane resolution

Controversy



Perfusion



EPISTAR FAIR

. . .

. . . Perfusion
Time Series

- - - -

Perfusion Contrast



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.



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. 



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



Spin-echo



Spin-echo vs Gradient-echo
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magnetization T2

T2*
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Controversy



Spin-Echo
TE = 105 ms

TR = ∞

Gradient-Echo
TE = 50 ms

Gradient-Echo
functional
TE = 50 ms

Spin-Echo
functional

TE = 105 ms

3T



0

0.2

0.4

0.6

0.8

1

1.2

0 20 40 60 80 100 120 140

In
tr

av
as

cu
la

r
Co

nt
rib

ut
io

n

TE (ms)

1.0

1.5

2.0

2.5
3.0

3.5
4.0

0.5

Spin-echo, %HbO2 = 60

0

0.2

0.4

0.6

0.8

1

0 20 40 60 80 100 120 140
In

tr
av

as
cu

la
r

Co
nt

rib
ut

io
n

TE (ms)

1.0

1.5

2.0

2.5
3.0

3.5
4.0

0.5

Gradient-echo, %HbO2 = 60

Source of most contrast in venograms..

Field strength dependence of intravascular signal 



Pros and Cons of Spin-Echo

• Increased specificity (esp at high 

fields where IV signal is low)

• Less sensitive to rapidly flowing 

blood

• Less signal dropout.

• Less slices per TR

• Lower fCNR by x 2 to 4. 

• Acquisition window still T2*

• Very large IV signal still present

at most field strengths.

I would only use 3D SE at 7T if also imaging at high resolution
and interested in something like columns or layers.



Velocity Nulling



…so let’s remove the 
intravascular signal...

Velocity Nulled (or diffusion 
weighted) fMRI. 



8 µm to 380 µm5 µm to 8 µm

5 µm

8 µm to 380 µm5 µm to 8 µm

5 µm

no diffusion weighting diffusion weighting



J. L. Boxerman, P. A. Bandettini, K. K. Kwong, J. R. Baker, T. L. 
Davis, B. R. Rosen, R. M. Weisskoff, The intravascular contribution 
to fMRI signal change: monte carlo modeling and diffusion - weighted 
studies in vivo. Magn. Reson. Med. 34, 4-10 (1995). 



b = 0

b = 160b = 50

b = 10

Challenge



VASO



local specificity - highway metaphor

BOLD

CO2-emission:



specific contrast candidates

graphical depiction of review articles [Uludaĝ and Blinder 2017] and [Huber et al., 2017]

drawn based on Duvernoy, 1981 Brain Res



functional response

[Huber et al., ISMRM, 2017]



additional information in layer fMRI

tapping without touch left tappingtouch onlyright tapping

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

slow tapping



Finger Mapping in Motor and Sensory Cortex with VASO

Challenge
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P. A. Bandettini, K. K. Kwong, T. L. Davis, R. B. H. Tootell, E. C. Wong, P. T. Fox, J. W. Belliveau, R. M. 
Weisskoff, B. R. Rosen, (1997). “Characterization of cerebral blood oxygenation and flow 
changes during prolonged brain activation.” Human Brain Mapping 5, 93-109.

20 minutes continuous activation

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

Magnitude

Latency

+ 2 sec

- 2 sec

Venogram

Latency Variation… DRAINING VEIN EFFECTS!

Controversy







Hemi-Field Experiment

Right Hemisphere Left Hemisphere

Timing
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Bottleneck
In Processing
(upstream)

Delayed
Processing

(downstream)

Hemodynamic Response Modulation
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Even if no hemodynamic variability exists…
Timing



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

Timing
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Brief “off” periods produce smaller decreases than expected.

R.M. Birn, P. A. Bandettini, NeuroImage, 27, 70-82 (2005) 
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Varying the Duty Cycle
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R.M. Birn, P. A. Bandettini, NeuroImage, 27, 70-82 (2005) 

Linearity



Simulation of Hemodynamic Mechanisms
(Balloon model)

0 0.2 0.4 0.6 0.8

1

1.5

Duty Cycle

0 5 10 15

0

0.2

0.4

0.6

0.8

time

0 0.2 0.4 0.6 0.8

1

1.5

Duty Cycle

Li
ne

ar
it
y

BO
LD

 S
ig
na

l

0 5 10 15

0

0.2

0.4

0.6

0.8

time

0 0.2 0.4 0.6 0.8

1

1.5

Duty Cycle
0 0.2 0.4 0.6 0.8

1

1.5

Duty Cycle

0 5 10 15

0

0.2

0.4

time
0 5 10 15

0

0.2

0.4

0.6

time

a

f g h

b c d

e

E(f)=Lin, DV=0E(f)=Lin, DVE(f)=NL, DV=0E(f)=NL , DV

Data

0 0.5 1
Duty Cycle

Li
ne

ar
it

y

0.5

1

1.5

2

25%

50%

75%

Brief ON

Brief OFF
D V

FIn FOut

O2

E(f) = oxygen extraction fraction

V = blood volume

Linearity



Simulation of Neuronal Mechanisms
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R. M. Birn, (2001) NeuroImage, 14: 817-826.

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

P. A. Bandettini et al, (2001) Nature 
Neuroscience, 4:  864-866.

Brief stimuli produce larger responses than expected

Controversy



Logothetis et al. (2001) “Neurophysiological investigation of the 
basis of the fMRI signal” Nature, 412, 150-157

Mechanisms of BOLD: 
Neuronal Correlates

Controversy



How rapidly can one 
switch on and off?

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.



Detection of delta-band oscillations in visual cortex using fast fMRI and simultaneous EEG-fMRI

Laura D. Lewis, Kawin Setsompop, Bruce R. Rosen, Jonathan R. Polimeni

OHBM 2015

0.75

Challenge
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Controversy



Yacoub E, Le 
TH, Ugurbil K, 
Hu X (1999) 
Magn Res Med 
41(3):436-41
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Courtesy of Arno Villringer

The Undershoots

Controversy
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Logothetis et al, Nature, 412, 150-157, 2001

R. Scheeringa, et al. Neuron, 69: 572-583, 2011

-Activation causes enhanced high frequency 
and decreased low frequency oscillations

Controversy
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SUSTAINED RESPONSE MODEL

BLOCK DESIGN & HEMIFIELD VISUAL STIMULATION

ONSET/OFFSET RESPONSE MODEL

Predictive Response Model effect on fMRI Results (III)

Uludag et al. Magn Reson Imaging. 2008 Sep;26(7):863

DIFFERENT RESPONSE SHAPES ARE PRESENT ACROSS DIFFERENT 
REGIONS OF THE BRAIN FOR A SINGLE STIMULUS TYPE



§ 3 Healthy Volunteers: 1M/2F; Age = 27 ± 2.5
§ 3T GE Signa HDx
§ Anatomical Scan: MPRAGE | .9x.9x1.2 mm3 | 192 Slices
§ Functional Scans: GRE-EPI

• TR/TE = 2s/30ms
• In-Plane Res = 64x64 
• #Slices = 32 Oblique

• FOV = 240mm
• Slice Thickness = 3.8 mm 
• Flip Angle = 75°

Experimental Methods (I)
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FUNCTIONAL 
SCANS

100 FUNCTIONAL RUNS/SUBJECT

500 TRIALS/SUBJECT

9 HOURS OF DATA/SUBJECT

Experimental Methods (II)

X 100
(QA Axial EPIs)



Data Analysis
DATA PRE-PROCESSING

Remove Physiological Noise

Head Motion Correction

Slice Timing Correction

Inter-run Coregistration

Discard Initial 5 Volumes

Remove Motion & 1st Der.

Intensity Normalization

DATA AVERAGING

Navg = 1 < -- > Navg = 100

10 Random Permutations per Navg Level

Example Navg = 5

STATISTICAL ANALYSIS

SUSTAINED RESPONSE ONLY (SUS)

ONSET + SUSTAINED + OFFSET 
RESPONSE (SUS)

UNCONSTRAINED MODEL
(UNC)

CLUSTERING ANALYSIS





What factors influence the fMRI signal magnitude and timing?

Physiologic
Baseline: flow, oxygenation, volume, vessel size, metabolism
Change: flow, oxygenation, volume, vessel size, metabolism
Hematocrit
Blood pressure
Cardiac
Respiration
Drug effects (i.e. Caffeine)

MRI
Pulse sequence (i.e. SE, IR, GE…)
Field strength
TE, TR, Flip angle
Voxel size
Diffusion weighting
Magnetization Transfer Pulse

Neuronal
Location 
Timing
LFP / specific frequencies?
Number / Coherence of Neurons ?
Inhibition/Excitation?
Neurotransmitter concentrations?
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