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The use of fMRI
for the Investigation of Brain Function

Where?

o £ 1 7
When* ~% ¥
How much?

How to get the brain to do what we want it to

do in the context of an fMRI experiment?
(limitations: limited time and signal to noise, motion, acoustic noise)



A Primary Challenge:

...t0 make progressively more precise inferences using fMRI
without making too many assumptions about non-neuronal
physiologic factors.




Questions

. What determines fMRI spatial resolution?

2. What determines fMRI temporal resolution?

. What determines fMRI interpretation and
quantification?

. What are the primary areas of {MRI methodology
that require improvement?

. How far can fMRI methodology improvement be
taken?



Contrast in Functional MRI

e Blood Volume

— Contrast agent injection and time series
collection of T2* or T2 - weighted images

* BOLD

— Time series collection of T2* or T2 - weighted
images

* Perfusion
— T1 weighting
— Arterial spin labeling
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MRI 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

Local Vasodilation

]

Increase in Cerebral Blood ‘ Oxygen Delivery Exceeds
Flow and Volume Metabolic Need

4

Increase in Capillary and Venous Blood Oxygenation

!

Decrease in Deoxy-hemoglobin

3

Decrea_\se in susceptlblllty-related Increase in T2 and T2*
intravoxel dephasing ‘ 1

Deoxy-hemoglobin: paramagnetic
Oxy-hemoglobin: diamagnetic

Local Signal Increase in T2 and T2* - weighted sequences
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The BOLD Signal

Blood Oxygenation Level Dependent (BOLD) signal changes
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Alternating Left and Right Finger Tapping

~ 1992






Perfusion / Flow Imaging
EPISTAR FAIR
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Questions

etermines MR
etermines MR

hat d

| spatial resolution?
| temporal resolution?

etermines TMR]

quantification?

| interpretation and

. What are the primary areas of f{MRI methodology
that require improvement?

. How far can fMRI methodology improvement be
taken?



Single Shot Imaging

T2* decay

WU AUUTL
__EPI Readout Window

~ 20 to 40 ms



Multishot Imaging

| i T2* decay
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Multi Shot EPI

Excitations 1 2 4 8
Matrix Size 64 x 64 128 x 128 256 x 128 256




Partial k-space imaging

T2* decay

VWWULNUUIUUUI

RN




Single - Shot EPI at 3T:
Half NEX, 256 x 256, 16 cm FOV




Fractional Signal Change
2.5 mm? 1.25 mm?

70 |
60 | ——64 x 64 (2.5 mm)

50 | —128 X 128 (1.25 mm
—192 X 192 (0.83 mm

30 |
20 |
10 |

Number of Voxels

o;..4...8...12..16 20
0.83 mm? 0.62 mm? Fractional Signal Change



Perfusion

BOLD Rest Activation
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Anatomy

BOLD

Perfusion
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Hemodynamic Specificity

Arterial inflow
(BOLD TR <500 ms)
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ODC Maps using

* Identical in size,
orientation, and
appearance to those

obtained by optical '"Malonek D, Grinvald A. Science 272, 551-4 (1996).
imaging' and 3Horton JC, Hocking DR. J Neurosci 16, 7228-39 (1996).
histology3,4_ “Horton JC, et al. Arch Ophthalmol 108, 1025-31 (1990).
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Questions

etermines MR
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| spatial resolution?
| temporal resolution?

etermines TMR]

quantification?

| interpretation and

. What are the primary areas of f{MRI methodology
that require improvement?

. How far can fMRI methodology improvement be
taken?



MRI Signal
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Time Course Comparison Across Brain Regions
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Regions of Interest Used for
Hemi-Field Experiment
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S~ Hemisphere
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Hemi-field with 500 msec asynchrony
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1.6
Percent
MR 08
Signal
Strength 0
-0.8
-1.6
-2.4

Average of 6 runs

Standard Deviations Shown

10
Time (seconds)

20




Right Hemifield
Left Hemifield
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| spatial resolution?
| temporal resolution?

etermines MR

quantification?

| interpretation and

. What are the primary areas of f{MRI methodology
that require improvement?

. How far can fMRI methodology improvement be
taken?



Motor Cortex Auditory Cortex




Hoge, et al.

CMRO,-related BOLD signal deficit:

= hypercapnia

CBF - visual stimulation BOLD
20} | |

9
@ 3]
s 19 S
2 £
£ 5 2
2

SR IVORT BT . — cg)
LL

0 m

0O 200 400 600 800 1000 1200 1400 0O 200 400 600 800 1000 1200 1400
Time (seconds) Time (seconds)

Simultaneous Perfusion and BOLD imaging

during graded visual activation and hypercapnia N=12



Hoge, et al.

CBF-CMRO, coupling
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Characterizing Activation-induced CMRO, changes
using calibration with hypercapnia



Hoge, et al.

Computed CMRO, changes
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Duantitative Measurements of Cerebral Metabolic Rate of Oxygen (CMRO2) Using MRI: A Volunteer Study
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Different stimulus “ON” periods

measured
BOLD = Imear
Response .53
0]
Stimulus
025s 05s 1s 2S 20 s T
time (s)

Brief stimuli produce larger responses than expected



Results — visual task

Nonlinearity

Magnitude

Latency




Results — motor task

Nonlinearity

Magnitude

Latency




Different stimulus “ON” periods

measured
BOLD 2
Response &
linear
Stimulus
timing ' U U L .
2S 3s 4 s 8s 16 s

time (s)

Brief stimulus OFF periods produce smaller decreases than expecte



Sources of this Nonlinearity

e Neuronal

 Hemodynamic

— Oxygen extraction

— Blood volume
dynamics

Oxygen Extractio%
ﬂ
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Questions

. What determines fMRI spatial resolution?

2. What determines fMRI temporal resolution?

. What determines fMRI interpretation and
quantification?

. What are the primary areas of f{MRI methodology
that require improvement?

. How far can fMRI methodology improvement be
taken?



Improvement Needed. ..

Neurovascular Coupling
Paradigm Design

Motion Reduction/Correction
Acoustic Noise

Sensitivity

Noise characterization
Image quality

Brain Coverage

Feedback Time/Information



Improvement Needed. ..

Neurovascular Coupling
Paradigm Design

Motion Reduction/Correction
Acoustic Noise

Sensitivity

Noise characterization
Image quality

Brain Coverage

Feedback Time/Information



Neuronal Activation Input Strategies
1. Block Design
2. Frequency Encoding
3. Phase Encoding

4. Single Event

|
— |
— |
mll

5. Orthogonal Block Design |||

6. Free Behavior Design.



Free Behavior Design

Use a continuous measure as a
reference function:

eTask performance

¢ Skin Conductance
eHeart, respiration rate..
eEye position

oEEG



Brain activity correlated with SCR during “Rest”




Improvement Needed...

Neurovascular Coupling
Paradigm Design

Motion Reduction/Correction
Acoustic Noise

Sensitivity

Noise characterization
Image quality

Brain Coverage

Feedback Time/Information



Motion

Recognize?

eEdge effects

eShorter signal change latencies
eUnusually high signal changes
eExternal measuring devices

Correct?

eImage registration algorithms

eOrthogonalize to motion-related

function (cardiac, respiration, movement)

eNavigator echo for k-space alignment
(for multishot techniques)

eRe-do scan

Bypass?
eParadigm timing strategies..
eGating (with T1-correction)

Suppress?

eFlatten image contrast
ePhysical restraint

e Averaging, smoothing



Block-trial

Single-trial (brief stimulus)
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avg

B task/motion

= BOLD signal




Overt Word Production




Motion-Decoupled fMRI:
Functional MRI during of overt word production

e
“single-trial” paradigm

t

“block-trial” paradigm
Motion induced signal changes resemble Motion induced and BOLD signal
functional (BOLD) signal changes changes are separated in time

R.M. Birn, et al.



Tongue Movement
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Improvement Needed. ..

Neurovascular Coupling
Paradigm Design

Motion Reduction/Correction
Acoustic Noise

Sensitivity

Noise characterization
Image quality

Brain Coverage

Feedback Time/Information



Prior EPI Gradients
( 20 sec)

Image
Acquisition
( 20 to 30 sec)

T
Average Time Series  Difference Time Series






Time (sec)









How to deal with Scanner Noise?

¢Clustered volume acquisition
Talavage et al.
¢Silent sequences



Improvement Needed. ..

Neurovascular Coupling
Paradigm Design

Motion Reduction/Correction
Acoustic Noise

Sensitivity

Noise characterization
Image quality

Brain Coverage

Feedback Time/Information



Temporal S/N vs. Image S/N

PHANTOMS SUBJECTS
1400 " T rrrrrrrr o T 1000 — 1 r . T . r 1 . T T 1 T T 7
1200:_ A . I ]
' A - 800 .
Z 000 5 E
N [ A N I |
= 800F 1 "= 600 ’
P r P
) i A ) '
2 600[ ] =9 -
E A E 400_' N
(<P} 3 (<P}
= 400[ - ] — I s )
i As ] 200" Y™ o
200[ ] ! s A, ]
i i D L
0 200 400 600 800 1000 1200 1400 0 200 400 600 800 1000
Image S/N Image S/N

N. Petridou



Mumber of activated voxels detected
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Questions

. What determines fMRI spatial resolution?

2. What determines fMRI temporal resolution?

. What determines fMRI interpretation and
quantification?

. What are the primary areas of f{MRI methodology
that require improvement?

. How far can fMRI methodology improvement be
taken?



Processing Stream with Real Time fMRI

Stimulus | | Response

Pulse
Sequence

Subject j—’ Image
| Scanner Reconstruction

Image Registration/
Motion Detection

Compute & Display

Neuropsychological
Stuff

«<—__| Time Series

Analyses

Investigator




End of Acquisition

<1 s to render

Blocked trials:
20 s on/20 s off
8 blocks

Blocks: 12345678

Color shows
through brain

Correlation > 0.45
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