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Where Are We?
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Functional MRl Methods

Blood Volume Imaging
BOLD Contrast

Arterial Spin Labeling



Blood Volume Imaging

Susceptibility Contrast agent bolus injection and
time series collection of T2* or T2 - weighted
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Blood Volume

MR! Image showing
activation of the
Visual Cortex

From Belliveau, et al.
Science Nov 1991
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BOLD Contrast in the Detection of Neuronal Activity

Cerebral Tissue Activation
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Local Vasodilation
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Alternating Left and Right Finger Tapping

~ 1992
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Correlation analysis, Fourier analysis, t-test, f-test...
SPM, AFNI, brain voyager, FIASCO, FSL, free surfer...

Quality of results and importance of the findings depends on
type of question asked, experimental method, and analysis method...



The BOLD Signal

Blood Oxygenation Level Dependent (BOLD) signal changes
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First Event-related fMRI Results

Difference Signal
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Blamire, A. M., et al. (1992). “Dynamic mapping of the human visual cortex by high-speed
magnetic resonance imaging.” Proc. Natl. Acad. Sci. USA 89: 11069-11073.
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Anatomic Functional




Single Shot EPI

T2* decay
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Imaging System Components

Magnet RF Receiver

Viewing Console

Gradient Power RF Transmitter Scan Controller
Systems



Local gradients solved the problem

August, 1991
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Imaging System Components
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General Electric 3 Tesla Scanner




Blood Perfusion
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Refinements

BOLD Contrast Interpretation

Paradigm Design and Processing



Refinements

BOLD Contrast Interpretation

Paradigm Design and Processing



The Neuroscientists’ Challenge:

...t0 make progressively more precise inferences using fMRI
without making too many assumptions about non-neuronal
physiologic factors.
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BOLD Contrast:
Strategies for Better Interpretation

¢ Pulse sequence modulation
¢ Neuronal activation modulation
¢ Alternative measurement comparison



Perfusion
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.



Anatomy

BOLD

Perfusion
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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.
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Motor Cortex

Auditory Cortex

S. M. Rao et al, (1996) “Relationship between J. R. Binder, et al, (1994). “Effects of stimulus
finger movement rate and functional magnetic  rate on signal response during functional
resonance signal change in human primary magnetic resonance imaging of auditory
motor cortex.” J. Cereb. Blood Flow and Met. cortex.” Cogn. Brain Res. 2, 31-38

16, 1250-1254.




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

Contrast Response

Normalized Response
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BOLD vs LFP Activation

S. M. Rao et al, (1996) “Relationship between finger
movement rate and functional magnetic resonance
signal change in human primary motor cortex.” J.
Cereb. Blood Flow and Met. 16, 1250-1254.
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MRI Signal
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P. A. Bandettini, Functional MRI
temporal resolution in '"Functional
MRI" (C. Moonen, and P. Bandettini.,
Eds.), p. 205-220, Springer - Verlag,.
1999.
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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 S, 93-109.
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R. L. Savoy, et al., Pushing the temporal resolution of fMRI: studies of very brief visual stimuli, onset

variability and asynchrony, and stimulus-correlated changes in noise [oral], 3'rd Proc. Soc. Magn.
Reson., Nice, p. 450. (1995).



Motor Cortex
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Dynamic Nonlinearity Assessment

Different stimulus “ON” periods

measured
BOLD = Imear
Response .57
0]
Stimulus
025s 05s 1s 2S 20 s —

time (s)

Brief stimuli produce larger responses than expected

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



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



Results — visual task

Nonlinearity

Magnitude

Latency

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



Sources of this Nonlinearity
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BOLD Correlation with Neuronal Activity

BOLD Signal: ePts

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

BOLD Signal Change (SD Units)
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P. A. Bandettini and L. G.
Ungerleider, (2001) “From neuron

to BOLD: new connections.”
Nature Neuroscience, 4: 864-866.
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EHEERE

BOLD Contrast Interpretation

Paradigm Design and Processing
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Neuronal Activation Input Strategies

1. Block Design

2. Parametric Design W fdﬂﬂ

3. Frequency Encoding Wmm
4. Phase Encoding WWW\
il

5. Event Related Hm““”' H

6. Orthogonal Design M
7. Free Behavior Design
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P. A. Bandettini, A. Jesmanowicz, E. C.
Wong, J. S. Hyde, Processing strategies
for time-course data sets in functional MRI
of the human brain. Magn. Reson. Med.
30, 161-173 (1993).
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P. A. Bandettini, A. Jesmanowicz, E. C. Wong, J. S. Hyde, Processing strategies for time-course data
sets in functional MRI of the human brain. Magn. Reson. Med. 30, 161-173 (1993).



Neuronal Activation Input Strategies

1. Block Design

2. Parametric Design W ﬂﬂﬂﬂ
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roc. Natl. Acad. Sci. USA
. pp- 2382-2386, March 1996
Neurobiology

Mapping striate and extrastriate visual areas in human
cerebral cortex

EDGAR A. DEYOE*, GEORGE J. CARMANT, PETER BANDETTINIE, SETH GLICKMAN®, JON WIESER®, ROBERT COXS,
DavID MILLERY, AND JAY NEITZ*
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Neuronal Activation Input Strategies

1. Block Design

2. Parametric Design W ﬂﬂﬂﬂ

3. Frequency Encoding W[Wmm
4. Phase Encoding MWM
il

5. Event Related Hm“““‘ H

6. Orthogonal Design M
7. Free Behavior Design




Sci. USA
8-148%3, December 1996

Detection of cortical activation during averaged single trials of a

cognitive task using functional magnetic resonance imaging
(neuroimaging /single trial /language /prefrontal)

RANDY L. BUCKNERTHY, PETER A. BANDETTINITE, KATHLEEN M. O’CRAVENT!, ROBERT L. SAvoyTl,

STEVEN E. PETERSEN**TT, MARCUS E. RAICHLES** 77, AND BRUCE R. ROSENTE

Time Course Comparison Across Brain Regions
0.75




Event Related Advantages

e Task Randomization

ePost acquisition, Performance-based, data binning
eNatural presentation

eReduction of habituation effects

eOvert responses

eReduction of scanner noise effects

eMore precise estimation of hemodynamic respons



Speaking - Blocked Trial
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tMRI during tasks that involve brief

| motion
Blocked Design

motion
task

BOLD response

Event-Related Design

BOLD response

motion /

task — °

R. M. Birn, P. A. Bandettini, R. W. Cox, R. Shaker, Event - related fMRI of tasks
involving brief motion. Human Brain Mapping 7: 106-114 (1999).



Overt Word Production

10 11 12 13

R. M. Birn, P. A. Bandettini, R. W. Cox, R. Shaker, Event - related fMRI of tasks
involving brief motion. Human Brain Mapping 7: 106-114 (1999).



Speaking - ER-fMRI
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R. M. Birn, P. A. Bandettini, R. W. Cox, R. Shaker, Event - related fMRI of tasks
involving brief motion. Human Brain Mapping 7: 106-114 (1999).




Tongue Movement
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Functional Contrast
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P. A. Bandettini, R. W. Cox. Functional contrast in constant interstimulus interval event - related
fMRI: theory and experiment. Magn. Reson. Med. 43: 540-548 (2000).



Contrast to Noise Images
(ISI, SD)
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P. A. Bandettini, R. W. Cox. Functional contrast in constant interstimulus interval event - related
fMRI: theory and experiment. Magn. Reson. Med. 43: 540-548 (2000).




- ¢ Human Brain Mapping 5:329-340(1997) *
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Selective Averaging of Rapidly Presented

Individual Trials Using fMRI

Anders M. Dale® and Randy L. Buckner
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Detectability — constant I1S|

SD — stimulus duration IS| — inter-stimulus interval
| ]
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Detectability

Detectability vs. Average ISI
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R. M. Birn, R. W. Cox, P. A. Bandettini, Detection versus estimation in Event-
Related fMRI: choosing the optimal stimulus timing. Neurolmage 15: 262-264,
(2002).
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Estimation accuracy vs. average ISI
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R. M. Birn, R. W. Cox, P. A. Bandettini, Detection versus estimation in Event-
Related fMRI: choosing the optimal stimulus timing. Neurolmage 15: 262-264,

(2002).



Varying “ON” and “OFF” periods

* Rapid event-related design with varying IS
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Varying “ON” and “OFF” periods

Estimated Predicted Responses
Impulse Response to 20 s stimulation

Measured
Blocked
Response
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Neuronal Activation Input Strategies

1. Block Design

2. Parametric Design /W ﬂﬂﬂﬂ

3. Frequency Encoding Wm
4. Phase Encoding MWM
il

5. Event Related Hm“““‘ H

6. Orthogonal Design M
7. Free Behavior Design




Free Behavior Design

Use a continuous measure as a
reference function:

eTask performance

¢ Skin Conductance
eHeart, respiration rate..
eEye position

oEEG



The Skin Conductance Response (SCR)

' Orbitofrontal Cortex
. Amygdala

Hypothalamus

Sympathetic Nervous System

Resistance change across
St Cldrd two elec’rroc'ies mduc?ed
by changes in sweating.

Patterson et al. (in press)



Brain activity correlated with SCR during “Rest”

3

J. C. Patterson |l, L. G. Ungerleider, and P. A Bandettini, Task - independent functional brain activity
correlation with skin conductance changes: an fMRI study. NMeuro/mage (in press)



Order to appear: 20

Correlates of Alpha Rhythm in BOLD-fMRI

Matthias Moosmann, Petra Ritter, Andrea Brink, Ina Krastel, Sebastian Thees, Felix
Blankenburg, Birol Taskin, Jan Ruben, Arno Villringer

The group analysis based on four volunteers showed a negative correlation between alpha-power and
fMRI signal in the occipital cortex (figure, left side) and a positive correlation in the thalamus (figure,
right side). These findings were not present for the beta band.

negative positive
correlation correlation

n=4 n=4
pcorr<0.005 - ' pcorr<0.005

Discussion:

Localization of alpha activity in the occipital lobe agrees with previous electrophysiological findings.
The negative correlations of fMRI signal and alpha suggests less energy consumption with higher
degrees of synchronization. Positive correlations in the thalamus suggest the thalamus to be an active
energy consuming generator of alpha synchronization. Our results are in concordance with findings
recently reported by other groups, showing deactivations in the occipital pole and activations in the
thalamus or in the brain stem using PET (Sadato et al. 1998) and fMRI (Goldman et al. 2001).

OHBM 200:



Resting Hemodynamic Autocorrelations

B. Biswal et al., MRM, 34:537 (1995)



Where Are We Going?



e|nterpretation
e Temporal Resolution
e Spatial Resolution



e|nterpretation
e Temporal Resolution
e Spatial Resolution
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Computed CMRO, Changes
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Subject 2
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NMR IN BIOMEDICINE
NMR Biomed. 2001:14:441-447

DOIL:10.1002/mbm.717

Quantitative measurements of cerebral metabolic rate of
oxygen utilization using MRI: a volunteer study

Hongyu An,’ Weili Lin,?* Azim Celik® and Yueh Z. Lee?

a Dl C
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e|nterpretation
e Temporal Resolution
e Spatial Resolution



An approach to probe some neural systems
interaction by functional MRI at neural
time scale down to milliseconds

Seiji Ogawa'*, Tso-Ming Lee', Ray Stepnoski!, Wei Chen$, Xiao-Hong Zhu$, and Kamil Ugurbil®
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11026-11031 PNAS September 26, 2000 vol. 97 no. 20



Sci. USA
8-148%3, December 1996

Detection of cortical activation during averaged single trials of a

cognitive task using functional magnetic resonance imaging
(neuroimaging /single trial /language /prefrontal)

RANDY L. BUCKNERTHY, PETER A. BANDETTINITE, KATHLEEN M. O’CRAVENT!, ROBERT L. SAvoyTl,

STEVEN E. PETERSEN**TT, MARCUS E. RAICHLES** 77, AND BRUCE R. ROSENTE

Time Course Comparison Across Brain Regions
0.75




15
< l+ 2 secC
Latency | ~‘V " f .‘_ 5 cec
Magnitude e ' ' ~1.1 - .

O 2 4 o6 8 10 12 14 16 18 20




Venograms (3T)







Hemi-Field Experiment
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e|nterpretation
e Temporal Resolution
e Spatial Resolution



Ocular Dominance Column Mapping using fMRI

Menon, R. S., S. Ogawa, et al. (1997). “Ocular dominance in human V1 demonstrated by
functional magnetic resonance imaging.” J Neurophysiol 77(5): 2780-7.

B} tﬂﬁ{] Optical Imaging

R\ LR IAC

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




Signal to Noise Ratio

Signal / Physiologic Noise

Optimal for fMRI

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



Thermal S/N

/ / Physiologic S/N

Total S/N

I 1
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¢ Shimming

e Acoustic Noise

e Multishot Techniques
e|ncreased Gradient Performance
eHigher Field Strengths

eSurface Coil Arrays

eCalibration / Quantification
esEmbedded Functional Contrast
eNoise / Fluctuations

eDirect Neuronal Current Imaging
¢Clinical Populations
eNeuronal,Vascular, and Metabolic Informatic
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J. Bodurka, P. A. Bandettini. Toward direct mapping of neuronal activity: MRI detection
of ultra weak transient magnetic field changes, Magn. Reson. Med. (in press).
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