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0. MR signal & k-space

1. The BOLD contrast

* Biophysical mechanisms
* Spatiotemporal dynamics

2. fMRI data acquisition
* Image acquisition
* Dependence on field strength

3. Non-BOLD fMRI

e ASL—measuring blood flow
* VASO — measuring blood volume

4. fMRI data analysis

* Pre-processing
* Analysis: event-related activity
e Analysis: spontaneous activity
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0. MR signal & k-space

Magnetic resonance imaging 0
= Most MRI applications measure *H nuclei from water '

= |maging involves ﬁ
— Strong static field (B,) to separate nuclear magnetic states 9 |

— RF pulses to excite the nuclei d O

- Magnetic field gradients to differentiate the signal across space

B, RF signal opace
RF pulse DD
—) = e — AN
A M

AN\

Magnetic field gradients
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e Signal encoding in k-space
* Position is encoded via varying magnetic field gradients (slice, frequency, phase)
* Acquired MR signal exists inside a Fourier (=frequency) space
* Retrieving 2D/3D profiles is possible via Fourier transforms

Frequency encoding
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p(y) =y -n-AG,y-1

Phase encoding

: jﬂ p(x,y,2) - e~V EEX oA YT L Gxdydy
sample
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Spin relaxation B
0

b4 g
= After excitation, MR signal disappears in a few hundred milliseconds § 2 Y S
= T, or longitudinal relaxation (typically a few seconds) b‘ : 63 |
= Spins return to equilibrium state ggg 69
= T,” or transverse relaxation (tens of milliseconds) A
= Spins get dephased by local fluctuations in B,
= Exponential decay in RF signal ;

Upon excitation Time t< T2* Time t>T2* = 50", “ﬁ,

......................................................................................................... X spins
in phase
/‘ﬂ @ Signal spins moving out
@ M,,) ﬂ of phase

/U T2

time

€,
&,
G
G
Free Induction Decay (FID)
3

(relative to w, precession)
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1. The BOLD contrast

* Biophysical mechanisms
* Spatiotemporal dynamics
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1. The BOLD contrast: biophysical mechanisms

Magnetic properties of Hemoglobin (pauling & corvell, 1936) Diamagnetic materials .  Paramagnetic materials
= Most brain tissues are diamagnetic (oppose external field) (enhance external field)
= Hemoglobin has two states

= Diamagnetic when oxygenated AT | e
" Paramagnetic when deoxygenated > creates Byinhomogeneites ——  — —— = —————
* . - i /’\

> affects T,” relaxation ——— et

Ex:
- water
Hemoglobin molecule - most head tissues
’3 a3 ,.L\
Red blood e ST ¢ 3
i ‘ lls‘&\\ QU Oxyhemoglobin 1 Deoxyhemoglobin
" 8 ; > ¥ y i
Red blood 1= / (Hb) ; (dHb)
cells contain 2 |
several hundred i
thousand hemoglobin a
molecules, which 3
transport oxygen Oxygen binds to heme on Fe2+ i
the hemoglobin molecule -8 ; Fe2+
oxygen —
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Blood oxygen level-dependent (BOLD) contrast (0gawa et al. 1992)
= Signal read at a long echo-time (TE) = to allow dephasing

VC BOLD Signal Intensity
A
Higher
[dHB]/[Hb]
Lower I
[dHB]/[Hb] :
Echo Time
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Does the BOLD functional MRI signal increase or decrease with brain activity?

local 4neuronal activity = 40, consumption = 4[dHB] ¥BOLD

— _/
~

Field shift due to venous compartment (Ogawa et al. 1993)

2% [cos?(0) — %] - Bo Inside cylinder
AB(I‘] = I:Ax . 2 a? . .
Sesin®(8) - & -cos{2¢]] -By  Outside cylinder

y where Ay is the susceptibility difference between the intra

o, and extravascular compartment, a is the radius of the cylin-
X / der
Blood Vessel 2 e
containing . 4
Deoxy-Hemoglobin - ,,/ ‘
/ 5 x (Empirical) T," dependence on [dHb] (Boxerman et al. 1995)
£
>

1
— = A CBV [dHb]#
T;
A is a field-strength and sample-specific constant, CBV is the
local blood volume, B is a constant (1<B<2)
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Does the BOLD functional MRI signal increase or decrease with brain activity?

local 4neuronal activity = 40, consumption = 4[dHB] ¥BOLD
= 4 cerebral blood flow (CBF) = ¥[dHB] 4BOLD
= 4 cerebral blood volume (CBV) = 4[dHB] ¥BOLD

Neurovascular coupling

Components: neurons, glial cells (esp. astrocytes), muscle cells, vessels
Interactions: electrical, metabolic, vascular

Neuroscience campu.g Genevi
Platform biotech
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Neurovascular coupling Negative feedback

Neuronal activity Feedforward
J Neuronal activity
Various hypotheses ' Energy demand ¥
Increase CBF
(Attwell et al., 2010) i)
Increase CBF ¢
¢ Energy supplied

— Energy supplied

Arteriole
smooth
muscle

Example for glutamate:

Astrocyte
Smooth muscle cell

Synapse

O
—> Glutamate

Gial
end-foot

Neuron

PLA, = -»AA = > PG %% <
s Intracerebral arteriole

0, and glucose
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Does the BOLD functional MRI signal increase or decrease with brain activity?

local 4neuronal activity = 40, consumption = 4[dHB] ¥BOLD
= 4 cerebral blood flow (CBF) = ¥[dHB] 4BOLD
= 4 cerebral blood volume (CBV) = 4[dHB] ¥BOLD

Neurovascular coupling

Components: neurons, glial cells (esp. astrocytes), muscle cells, vessels
Interactions: electrical, metabolic, vascular

= Still under active investigation (Logothetis 2008; Attwell et al, 2010; Hillman 2014)

Typically observed (for excitatory neuronal activity)

4 excitatory activity = 44 CBF (50-70%) = ¥ [dHB]/[Hb] = 4 local BOLD sign
4 CMRO, (2-5%)
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BOLD response — temporal dynamics
Short stimulus

Main positive peak | ]
= 5-8 seconds after stimulus 12 T T ® —
* Duetoincrease in CBF N g 4
Return towards baseline os | 52
= Takes a few seconds - ® oll
.!;. 0.6 —
° E _ —
Negative undershoot g ool % 0 o w0
= Due to lagging increased CBV (?) ® Time (s)
02 F
Return to baseline O
= Takes 15-20 seconds ' \—/’_ :
0.2 H A H - i
& 5 10 15 20 25 1 30
i E E time [sec] E
Initial dlp (?) (Ernst & Hennig, 1994) :i 1 ¥ .
CMRO2 hecdecccmcccscmcsccsssscndeccsesss s s e m s s s e e anmnn -

Overall: a delayed, smooth version 5 5 .

of the underlying neuronal activity
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Cond 1

BOLD response — spatial specificity
Response extends beyond activated region

Control

Position (mm})

BOLD response — technical aspects
Voxel size (1-3 mm, can reach sub-mm at 7T)
Spin refocusing: T," effects can be partially cancelled

ol =

Control

40 45 50 55
Position (mm)

BOLD response — biophysical aspects s
Extent of B, perturbations TR
Extent of capillary/arteriolar recruitment Original EPl image sl reserarese Eesuores

BOLD contrast is strongest near veins
Bias towards large draining veins
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BOLD response — spatial specificity

Convolution of the Responding Region with a Gaussian Kernel

15 T
w— Curve 1: Responding region
we Curve 2: Curve 1 with a Gaussian

Stimulated region

= BOLD point-spread-function in grey matter
~ 3.5 mm at 3T (Parkers et al. 2005)
~2 mm at 7T (Shmuel et al. 2007)

o .

Control

\
7

-
-5 0 5
Position (mm})

= Comparing stimulus conditions enhances specificity

Ay
2L AR i A4
Cond 1 30t uvaas R e st
savaag o - sl gt
320 vy . bt
NN - s -
34NN 1z = am
DESS A 2 p
36 eV IRNE
~ aglprres LTTO ,z : =
Cond2 S8 A e AR
» - dor~ N
1 ', T R R
2 A a2 A ey = AR i ise
a0 45 50 55
Position (mm)

1 mm
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Physiological influences on BOLD

Anemia

Anesthesia / Sleep Cerebrovascular diseases
Hypercapnia Medication
Hypoxia
Structural lesions
(compression)
Smoking

Autoregulation

Neurodegenerative disease (vasodilation)

Volume Status

=» BOLD is qualitative, NOT quantitative
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2. fMRI data acquisition
* Image acquisition
* Dependence on field strength
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2. The BOLD contrast: image acquisition

BOLD fMRI acquisition
= Sensitivity: need relatively long TE between excitation and readout
= Temporal resolution: need to acquire whole 3D images fast

Typical gradient-recalled echo (GRE) imaging
= TE can be made very short (nice for anatomical MRI, but not fMRI)
= Single k-space line per excitation — full volume takes too long

TE

TRy

>

Acquire

TRy

TR,
TR,

g

N repetitions
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BOLD fMRI acquisition
= Sensitivity: need relatively long TE between excitation and readout
= Temporal resolution: need to acquire whole 3D images fast

Echo planar imaging (EPI) (Stehling et al. 1991)
= Full k-space plane per excitation
= 2D-EPI: one image slice per excitation (2D k-space)
= 3D-EPI: one k-space plane per excitation (3D k-space)

TE

- > L -
RF *IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII_ 7
Acquire N

4
o MR : 1
Gy e www L 4
A =
S a a A A BuE 1

( )

N sweeps
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EPI

EPI

— advantages

Quite fast — whole-brain image in a few seconds

Very efficient use of the long TE

— disadvantages

Ghosting artifacts due to zig-zag trajectory
Spatial distortions due to long encoding time
Often quite loud due to intense gradient switching

Nyquist ghosting

Spatial distortions
(shown by reversing phase-encode direction)

Slow (low bandwidth)

L
}
L
}
.
i
t
X
>
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Other non-cartesian trajectories
= Spiral imaging
= Radial imaging

Linear Cartesian Echo Planar Radial Spiral

@3"5"

Y

' B W B we Y w
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2. The BOLD contrast & field strength

BOLD sensitivity

4B, = 4MR signal SNRinage % Bo™®  (Pohmannetal. 2016)
4B, = 4field inhomogeneities = 4BOLD contrast ABaup X XaupBo

= Strong boost in BOLD sensitivity
= Subtle responses easier to detect
= (Can be traded for higher spatial resolution, faster sampling, wider coverage

Example: responses in motor cortex at 1.5T, 3T, 7T

013

8 —77T

[\M 3T
6 i,_ L ——15T

> me
o~
]

(van der Zwaag et al. 2009)

relative signal intensity (%)

A0 10 20 30 40 50 60 70 80
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BOLD sensitivity

*BO = 4MR signal SNRimage X BO (Edelstein et al. 1986)
4B, = 4field inhomogeneities = 4BOLD contrast ABayp < XaupBo

= Strong boost in BOLD sensitivity
= Subtle responses easier to detect
= (Can be traded for higher spatial resolution, faster sampling, wider coverage

Also important with 4B,

= Specificity: ¥T, of venous signal = smaller venous contributions

= ¥ Optimal TE for BOLD = less time for k-space readout, but faster volume sampling
= ¥ B, homogeneity = 4spatial distortions, 4signal loss in certain regions

= ¥ B, homogeneity = 4heterogeneity in SNR across regions

= 4 Relative sensitivity to non-white noise sources (physiological noise, etc.)
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The greater sighal, BOLD contrast
and spatial specificity at ultra-high
field can be exploited to:

a. Improve the spatial resolution (i.e., smaller voxel size).

b. Reduce the number of trials to demonstrate robust
activation.

c. Facilitate the study of the response to rare events

d. Investigate subtle cognitive effects (e.g., single subject
differences).

e. Improve the temporal resolution (ie TR, sampling rate)
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3. Non-BOLD fMRI

e ASL —measuring blood flow
e VASO — measuring blood volume

Outline

Fondation
" S Campus
Human Ml Biotech

Neuroscience campus Genevi
Platform biotech




3. Non-BOLD fMRI

Limitations of the BOLD contrast

= Non-quantitative
= Complex and poorly understood combination of parameters (CMRO,, CBF, CBV)

= Unclear result for combinations of excitation, deactivation, inhibition

e [

Biotech
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ASL

Arterial spin labeling (ASL) to measure CBF

= Acquire “tag” image Im+
— Inversion pulse in neck region A (for ex.)
— EPIslabin brain region B = [brain — blood]

= Acquire “control” image Im,
= No inversion pulse
— EPIslab in brain region B = [brain + blood]

=  Subtract both

" Repeat for more timepoints Imy — Imy < CBF

Many variants EPISTAR

= Tagging schemes
- Pulsed
- Continuous
- Pseudo-continuous
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Arterial Spin Labeling at UHF

Quantitative and Functional Pulsed Arterial Spin fASL fasL BOLD
. . . activation activation map activation map
Labeling in the Human Brain at 9.4 T

3

Jonas Bause,"” Philipp Ehses,"”® Christian Mirkes,"” G. Shajan,' Klaus Scheffler,"”
and Rolf Pohmann'*

subject 1

N o
%) W
Q o
S S
] 9]

L ey

A A 4 v -
subject 2

o g £ L
Ty ‘_.‘:*.-' k'}. *Jrﬂ."

P
' AN,
'. (“

fASL signal ——— BOLD signal

3T
(80 averages)
(60 averages)
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Vascular space occupancy (VASO) to measure CBV (Lu et al. 2003)
= 180° pulse inverts all spins
= Acquire image when blood signal is “null”
= Grey matter and blood have slightly different T, relaxation

= |mage is sensitive to changes in the CBV fraction
= Extravascular BOLD neglected (short TE, low field strength)

Slice-saturation, slab-inversion VASO at 7T (Huber et al. 2013)
= Additional readout per inversion
= |ncreases GM signal at blood-null time
= Combination of images cancels out BOLD effects

slab-selective inversion slab-selective inversion
90° exﬁitation 90° exAitation ‘ 90° e)#itation

RF

VASO

z VY I A= 1— = —
2 EPI readout EPI readout
% 0.5 Mo«|
*UT) % i A
> 0 =
© V \ 17(
©
& EPI readout | /ﬁﬁ
£10M, , ' period Il
s E 3 ; : ;

0 ™ TI2 TR TR+TH
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3. Non-BOLD vs BOLD: comparison

ASL & VASO - advantages Ex: visual responses
across cortical layers BOLD

= CBF & CBV are direct physiological quantities
= More closely related to brain function

% signal change

= Can be made quantitative

= Less biased towards veins

ASL & VASO - limitations

% signal change

= Lower SNR than BOLD = require larger voxels

depth (mm)

= |nversion efficiency = requires good transmit B, o

= Higher SAR due to inversion pulse

= Coverage and timing constraints
= Need to wait for bolus transit / blood-nulling

= More assumptions than BOLD

ASL PERFUSION
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layer fMRI blog

B) expected signal origin

CBV is dominated #
from micro-
vessels in pink

GE-BOLD is X
dominated large

veins in blue

VASO is expanding rapidly

popularity of layer-fMRI VASO (January 2020)

B) Popularity trend of all published layer-fMRI studies

A) Popularity trend of published low resolution VASO
in humans including VASO, BOLD and other contrasts

and layer-dependent VASO in humans

Golden age of VASO: Fall of VASO:
Sequence optimiza-  realization that
tion and modeling at low resolutions,
provides comprinen-  VAQOS'’s disadvan- layer-ftMRI becomes
sive understanding of tages do not out- the only driver for
the VASO contrast wight it’s advantages VASO studies

2018: for the
first time, there
are more neuro-

science layer-fMRI
studies than
method studies

Decade of developing
layer-fMRI tools (contrast,
readout, analyis, etc.).
Proofing that there is a
layer-specific f{MRI response
signal to begin with.

Renaissance:
with the advent
of high-resolutions,

10 ,t

2 first layer-iMRI

- B8 VASO

= first layer-MRI

2% g VASO

8¢

3 4

(&)

S8 2

33

£35 og IICICINCICHOI 202 0@'&@" ) DIIGCICINCIC
PP@% PR PP @@@@@@@@f?@w @ '9*:9053 ‘*19‘19'9 %l’ﬁ?‘)?ft? @ P

m number of published layer-fMRI VASO studies in humans m nhumber of all published layer-fMRI studies in humans

m number of published low resolution VASO studies in humans
complete list of studies at layerfmri.com/VASOworldwide

Laurentius Huber et al. (2020, February 4). Layer-dependent functional
connectivity methods. Zenodo. http://doi.org/10.5281/zenodo.3635355

complete list of studies at layerfmri.com/papers
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Layer-fMRI VASO at UHF

very high resolution layer-fMRI VASO

A) CBV on VASO EPI-mean: B) location of CBV change compared to veins
data quality with seg. 3D-EPI p— g e

layer fMRI blog

* ¢ v 3

SL

20

sub-millimeter VASO to map the visual ™3 ;
topography, Eli Merriam and Zvi Roth tegions| 3

“Tocation along cortical ribbon {fange = 28 mm)

Laurentius Huber et al. (2020, February 4). Layer-dependent functional
connectivity methods. Zenodo. http://doi.org/10.5281/zenodo.3635355
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Outline

4. fMRI data analysis

* Pre-processing
* Analysis: event-related activity
e Analysis: spontaneous activity
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Reference volume

4. fMRI data: pre-processing

correction
After fMRI acquisition
= 4D data (a timecourse of 3D volumes)
= Typical dimensions:
= |nthe order of 100 000 voxels x 100 timepoints

= Most methods available in toolboxes
= FSL from Oxford
= SPM from London
=  AFNI from Wisconsin / NIH
= Freesurfer from Harvard

Pre-processing
= Prepares data for analysis & inference

= Typical steps:
— Motion correction

- Brain segmentation Anatomical Image Standard space
- Registration to anatomical, standard space (subject space)
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Reference volume

4. fMRI data: pre-processing

After fMRI acquisition correction

= 4D data (a timecourse of 3D volumes)
= Typical dimensions:
= |nthe order of 100 000 voxels x 100 timepoints

= Most methods available in toolboxes
=  FSL from Oxford
= SPM from London
=  AFNI from Wisconsin / NIH
= Freesurfer from Hardvard

Smoothing

Pre-processing
= Prepares data for analysis & inference

= Typical steps:
- Motion correction
- Brain segmentation
- Registration to anatomical, standard space

- Spatial smoothing
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4. fMRI data: stimulation/task studies

Brain responses to stimuli/tasks
= Experimenter controls the stimuli / tasks / conditions
= Certain brain regions can respond, positively or negatively

A model for elicited responses " Sllimulus, s(t):lalternating h.Ot and warmlstimuli sepalrated by rest‘ |
@
: s &
= Needs to account for BOLD temporal dynamics ol 5 bl |
G_H:;H::Hfgﬂflﬂi:’—ll::ﬂi:H:'H_’fl1_: |
o 50 100 150 200 250 300 350 400
Time, t (s)
‘ Convolution with
hemodynamic response function
Ex: combination of two 5 ] B i ' 1 .

gamma functions

0 50 100 150 200 250 300 350 400
Time, t (s)
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4. fMRI data: stimulation/task studies

Brain responses to stimuli/tasks
= Experimenter controls the stimuli / tasks / conditions
= Certain brain regions can respond, positively or negatively
. — X *
A model for the measured signals = B, * X + B, F X + €
= General linear model (GLM) analysis

VUV <
WU

< | <

Confounds

Measured signal Response of interest . . . . .
& P - slow drift, motion, cardiac & respiratory noise, and so on...

N A o dation
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4. fMRI data: stimulation/task studies

Brain responses to stimuli/tasks Statistical inference
= Experimenter controls the stimuli / tasks / conditions =  Which voxels/regions significantly respond to the
= Certain brain regions can respond, positively or negatively paradigm?

A model for the measured signals

i , = For each voxael:
= General linear model (GLM) analysis

1. Estimate
1 p 1 2. Determine estimation uncertainty o (noise

Matrix form modeling, based on e)
p
=Xp+e
y=XB X P +le Tvalue = p
e~N(0,6°1) Y|=
= Account for multiple comparisons
N N N (testing many voxels)
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4. fMRI data: stimulation/task studies

Brain responses to StimUIi/taSkS / Stimulus Function HRF BOLD Signh

= Experimenter controls the stimuli / tasks / conditions | N r\ N

= Certain brain regions can respond, positively or negatively Block Design * | = \ | |. ; ‘. ; | |

! l J‘ U U U .
A model for the measured signals H \
\

= General linear model (GLM) analysis Event-related | , f‘\“ ,

Design * = H”J" \ N ‘ N\"u”

' \ \Uﬁ Voo

o

Block of stimuli sound rest

time

\%

-~

—
HRF model ) U 1
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4. fMRI data: resting-state studies

Resting state activity
= No external control, no model Example: motor cortex
= Correlated fluctuations within and across regions (also termed functional connectivity) connectivity

Seed-based correlation analysis
= Pick a voxel or region
= Compute correlation to every other voxel/region
= Threshold correlation map

Motor cortex defined by

task-activation fMRI

seed voxel

functional
connectivity map

FSt rest rest rm‘ ) seed voxel
\mt /
correlation between /
= ‘ seed voxel and all other vo>§els high correlation
& > .
t Yy Wlth Seed Spontaneous correlatiodswath

motor cortex

Biswal et al., Magn Reson Med, 1995

Neuroscience CAMPUS Kehtiatd a
Platform biotech




4. fMRI data: resting-state studies

Resting state activity
= No external control, no model
= Correlated fluctuations within and across regions (also termed functional connectivity)

Seed-based correlation analysis
= Pick a voxel or region
= Compute correlation to every other voxel/region

= Threshold correlation map

Negative response under visual

. stimulation
Example: “default mode network” or “task-negative network”

threshold
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4. fMRI data: resting-state studies

Resting state activity
= No external control, no model
= Correlated fluctuations within and across regions (also termed functional connectivity)

Seed-based correlation analysis
= Pick a voxel or region
= Compute correlation to every other voxel/region
= Threshold correlation map

Sliding-window correlation for dynamic connectivity studies
STATIONARY FNC DYNAMIC FNC

A A L A
A I an SRS TN A0 MU AR
P A Vo RS LR ) o AT I A T AN AV R
B "\ v ".\.')7’::‘:‘:..['-")")\ ’('-".7‘\\.. NS\ oy
J f TN YT i v

A
,.“..&:/

ESTIMATE
COVARIANCE
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4. fMRI data: resting-state studies

Resting state activity
= No external control, no model

= Correlated fluctuations within and across regions (also termed functional connectivity)

Independent component analysis
= Decomposes the data in statistically-independent components
= Each component comprises a map and its fluctuation timecourse
® Linear combination of all components spans the original data

X A

Ixv txk
e
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4. fMRI data: resting-state studies

Resting state activity
= No external control, no model
= Correlated fluctuations within and across regions (also termed functional connectivity)

Independent component analysis
= Decomposes the data in statistically-independent components
= Each component comprises a map and its fluctuation timecourse
® Linear combination of all components spans the original data

ICA source 1

0 20 40 60 80 100 120
Timecourse volume

ICA source 2

WW\N

|
0 20 40 60 80 100 120
Timecourse volume

Example: visual stimulation data (no model-free specification)

ICA source 6

AN AN A

1 |
0 20 40 60 80 100 120
Timecourse volume
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4. fMRI data: resting-state studies

Resting state activity
= No external control, no model
= Correlated fluctuations within and across regions (also termed functional connectivity)

Independent component analysis
= Decomposes the data in statistically-independent components
= Each component comprises a map and its fluctuation timecourse
® Linear combination of all components spans the original data

(Smith et al. 2009)

Example: resting state data
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Summary

0. MR signal & k-space

1. The BOLD contrast

* Biophysical mechanisms
* Spatiotemporal dynamics

2. fMRI data acquisition
* Image acquisition
* Dependence on field strength

3. Non-BOLD fMRI

e ASL—measuring blood flow
* VASO — measuring blood volume

4. fMRI data analysis

* Pre-processing
* Analysis: event-related activity
e Analysis: spontaneous activity

o
= )
% ; spins moving out
8 (M,,) n of phase
(@]
c 37% M, {-
= N\ﬁ rmﬁ\\ %
S '
g time
- W
£
)
L
L T2*

Youtube > Renzo Huber: Layer dependent VASO in the Visual system
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