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In the Beginning (1991), there was the fMRI signal....
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...and we knew it showed brain activity because the
timing and spatial location aligned with what we
already knew about the brain.

...and it was good!




Thanks to Linus Pauling, Seiji Ogawa, and many others, we knew how
blood oxygenation influenced the MRI signal... Ploed [ proportional o Oxygenation
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Thanks to PET scanning (and Peter Fox...and others), we had an idea of the basic
mechanism that explained why oxygenation should go up with activation.

Proc. Natl. Acad. Sci. USA

Vol. 83, pp. 1140-1144, February 1986
Neurobiology

Focal physiological uncoupling of cerebral blood flow and oxidative
metabolism during somatosensory stimulation in human subjects

(positron emission tomography)

PETER T. Fox*t# AND MArcus E. RAICHLE*T

*Department of Neurology and Neurological Surgery (Neurology), tDepartment of Radiology (Radiation Sciences), and The McDonnell Center for Studies of

Higher Brain Function, Washington University School of Medicine, St. Louis, MO 63110

Communicated by Oliver H. Lowry, October 7, 1985

OEF
Therefore...

Blood PO,

isons (16). During specific somatosensory
stimulation a marked focal increase in
CBF (29% of mean, nine subjects, three
trials per subject) was produced in the
contralateral sensorimotor cortex. The ob-
served increase in the CMRo, was much
smaller (5% of mean, nine subjects, three
trials per subject) and failed to attain sig-
nificance. This physiological uncoupling of
CBF and CMRo, flow produced a highly
significant decrease in the local OEF
(—19% of mean), indicating that tissue Po,
(and probably pH) rose during stimulation.

We still don’t agree on the purpose:

O2 delivery? Metabolite Removal?
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And so the basic scaffolding was put in place....

| Hemodynamics |
Timing, Location

BOLD (T2 & T2*)
Neuronal Activity | | \
1 MR Parameters
. The scaffolding:
Physiology e Past Findings

Flow ->HbO, * Multi-Modal Convergence
* Models

* New Experiments

* Careful Observations




We looked closer and ..and we modeled them: physiologically..
found some curious

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

We characterized and are still trying to understand causal mechanisms
behind other features : delay, width, variability, magnitude, linearity...




Those models helped in processing most fMRI data (HRF convolution)
and to derive CMRO, ....with the help of :
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T.L. Davis, K.K. Kwong, R.M. Weisskoff, & B.R. Rosen, Calibrated functional MRI: Mapping the dynamics of oxidative
metabolism, Proc. Natl. Acad. Sci. U.S.A. 95 (4) 1834-1839, https://doi.org/10.1073/pnas.95.4.1834 (1998).



We directly compared BOLD contrast with electrophysiological
measures and found nonlinearities.

Spatial map of nonlinearity
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Most nonlinearities

are NEURONAL...and BOLD is exquisitely sensitive.

g o of a. fMRI experimental design and analysis
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The field began to explore beyond a single canonical neuronal function convolved with the HRF.

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

Uludag et al. Magn Reson Imaging, 26, 863-9 (2008).



9 Hours of Averaging with Unconstrained Model

K-means clustering of all time-locked
sighal

Simple full field checkerboard with
word/letter discrimination task

All grey matter is activated.

The creative tension in fMRI:

Interpretability requires a model
However, any model may miss salient data.

Here, fMRI may help drive the research of | Bl - B - i e B
other modalities, providing hypotheses of wlmee V] ] e Y es e 1 (K=20)
where and how to measure invasively.

J. Gonzalez-Castillo, et al. PNAS 109, 5487-5492 (2012)



Data-driven neuronal regressor generation:
Simultaneous EEG-informed modeling of the HRF
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Prokopiou, P.C., Xifra-Porxas, A., Kassinopoulos, M. et al. Modeling the Hemodynamic Response Function Using EEG-
fMRI Data During Eyes-Open Resting-State Conditions and Motor Task Execution. Brain Topogr 35,302-321(2022).



Underlying influences on BOLD contrast: Inhibition vs. excitation ...

Before and after muscimol (GABA agonist) Optogentic stimulation: Excitatory and Inhibitory Neurons
-> increases inhibitory activity
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Increased Field Strength, RF Coil Arrays, Image Acquisition Strategies
Highlighted new avenues for of fMRI

Going from Blobs to Patterns in the voxels: N
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Human IT Human Early Visual Cortex

(1000 visually most responsive voxels) (1057 visually most responsive voxels)
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Monkey (electrode) and Human (fMRI voxel)
Comparison Procedure

Human

fMRI in four subjects

(repeated sessions,
>12 runs per subject)

"quick" event-related design

(stimulus duration: 300ms,
stimulus onset asynchrony: 4s)

fixation task
(with discrimination of fixation-point
color changes)

occipitotemporal

measurement slab
(5-cm thick)

small voxels (1.95x1.95x2mm3)

3T magnet, 16-channel coil
(SENSE, acc. fac. 2)

Monkey (Kiani et al. 2007)

* single-cell recordings
in two monkeys

* rapid serial presentation
(stimulus duration: 105ms)

e fixation task

* electrodes in anterior IT
(leftin monkey 1, right in monkey 2)

e 674 cells total

* windowed spike count

(140-ms window starting 71ms after
stimulus onset)
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Rapid Decoding

Voxel-wise pattern information emerges with most rapid HRF responses.

S2, HVC (*Animal’)

Experimental design: object image presentation

Object images MR signals » Acquisition parameters: =
. ﬁ TR = 125 ms, TE = 20.8 ms, flip 300
angle 15 deg, ]

voxel size=3x3 x5 mm,
9 slices, SMS = 3,
3040 vols/run (~6 min)

» Subjects: N =12

200 —

100 —

» Subject task:

Detection of fixation color
change (orthogonal task)

o
|

Voxel index (sorted by peak latency)
B

» Images:

i b R vecodll HRF

12°

Yoichi Miyawaki, et al,bioRxiv 2025.07.21.665938; doi: https://doi.org/10.1101/2025.07.21.665938



(A) Magnetic field strength (3T vs 7T)
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No significant activity

\
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(B) Spatial resolution (2.0 mm vs 0.7 mm)
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(C) fMRI contrasts (GE-BOLD vs CBV)
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3T 0.7mm GE-BOLD

The Hope: Directional Connectivity and Functional Hierarchy

”Location” has added significance

Laminar-specific model

Input

~Z 5 Feedforward
S COTLE Feedback

layer-profile of feedback
dominated column

layer-profile of feed-forward
dominated column

connectivity
o - N W

connectivi

C v WM

w

3
2
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0
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CSE i/ IV WM

J. Yang, et al. Neuroscience & Behavioral Reviews 2021



What contributes to spontaneous fluctuations?

Anastasia Dimakou, Giovanni Pezzulo, Andrea Zangrossi, Maurizio Corbetta,
The predictive nature of spontaneous brain activity across scales and species,

Neuron, Volume 113, Issue 9, 2025, Pages 1310-1332,

Spontaneous Neuronal Activity
-arousal
-conscious thought
-unconscious processes

Respiration
-chestwall B,

-variable end tidal CO, related flow/BOLD changes

Cardiac Pulsation

Theoretical tSNR Limit
(no physiologic noise)

T e e A B
TSNR Voxel Volume: 7
17x1.7x4mm’ ]

1501 Limits: WM
- GM =87 b
Current - WM =155 T
-  CSF=53 b

tSNR Limit [ eceals £

100+

Vessels |

Qr CSF

| | SNR

o sy L
325 390

260

65 130

J. Bodurka et al. Neurolmage 2007

195

Thermal Noise,

Thermal Noise

Motion
Scanner Instability

We don’t understand most of these
well enough.

We also don’t understand the noise
well enough to adequately remove it.

Motion, Scanner \\
Instability \ Neuronal
\ BOLD
\Fluctuations
/
/
///
Respiration ///

Cardiac

Bianciardi et al. MRI 27: 1019-1029, 2009



Positive-Negative Functional Gradients Revealed
by correlations with Broadband EEG.

Resting state EEG
Broadband Correlation
with BOLD

Delta band (2-4 Hz) Theta band (5-7 Hz)

Resting state EEG

Band-Specific
Correlation with BOLD

Alpha band (8-12 Hz) Beta band (15-29 Hz)

Prokopiou, P.C., Xifra-Porxas, A., Kassinopoulos, M. et ‘ ‘a ‘. ab

al. Modeling the Hemodynamic Response Function Using
EEG-fMRI Data During Eyes-Open Resting-State Conditions
and Motor Task Execution. Brain Topogr 35,302-321(2022).




Chemogenetic modulation of local Cortical excitability inversely fMRI connectivity is dominated by

cortical excitability modulates fMRI connectivity slow (0.1-4 Hz) rhythms
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The effects of arousal on fluctuations.

Pupil Size & Eyelid state

(C) Representative Pupil Size Trace for one scan labeled "Awake"

Awa ke E‘;_ wc:; MWM‘NMWWWVK WW

600

3

Javier Gonzalez-Castillo

o
(D) Representative Pupil Size Trace for one scan labeled "Drowsy”

Drowsy :=

200 400 600 800

(A Scan tabeling based on total duration of eye closure “Awake” scans: defined as those for which pupil size traces
- indicate subjects had their eyes closed less than 5% of the

scan duration.

80 = Awake Scans

0 « Drowsy Scans e

Number of Scans

defined as those for which pupil size traces
indicate subjects had their eyes closed between 20% and
90% of the scan duration.

Fercentage of Eye Closure Duration

404 scans HCP 7T Resting-state sample
Concurrent Eye Tracking available

Label scans as awake or drowsy
J. Gonzalez-Castillo, et al Neurolmage, 2022



Power around 0.05 Hz in 4t" Ventricle (CSF)
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Fluctuations Eyes Open (awake) vs Eyes Closed (sleep)

J. Gonzalez-Castillo, et al Neurolmage, 2022



Addressing Resting State with Edge AnalyS|s Rethlnklng “0.2HZz”

Traditional node-based “view” 2 ]

(about 0.2 Hz)

BOLD time series (z-scored) 05

50 kg
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SalVentAttnB
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VisPeri - -05 200 :
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cortical regions (nodes)
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Typical time series analysis:

* Calculate the correlation matrix by taking the correlation between node pairs, forming a
connectivity matrix of time-averaged similarities

* Threshold this matrix, to preform graph-theory analyses...etc..



edges

edge time series edge amp. (()a.u.)
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mean of "peak" frames mean of bottom 5% frames

Suggesting that FC
organization is expressed in
punctate events




Edge Analysis and Event Duration Mapping

Z-Score

* Resting state fMRI (0.2 Hz) is

NOT oscillatory o
3
 Characterized by a series of N

correlated “events.” :

Node time
series :
* These events have different | 5 =
. > ol
durations. Edge time g
series -
* The predominance of specific

event durations shows spatial Cofiuckisiion s
structure. events L ®
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J. Faskowitz, et al. Mapping high-amplitude fMRI edge time series events across space and time,

Imaging Neuroscience, In Press



What do the edge

edge
time series look

event count: 35

like for high VS correlation: 0.77
low correlation
edges?
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o
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edge N
8 event count: 8 g
® - correlation:-0.06
mean count matrix mean FC matrix 3
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Spatial relationship between count and FC (shows heterogeneity)
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E® e g2 3 ...is duration the latent variable?
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Is there added information in event duration?

Mean Event Duration Shows Spatial Structure

Logarithmic Distribution of Event Lengths and Counts

Log (Count)
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short: <1.4 sec intermediate: >= 1.4, <2.88 sec long: >= 2.88 sec
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A). Median Input Delay

G. Cooper et al. “Where the present gets remembered:
Sensory regions communicate with the brain over the
longest timescales.” bioRxiv 2023

“...emphasizing the role of sensory regions
as sites of integration across timescales.”
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Simultaneous Wide Field Calcium and Hemodynamic Imaging
During Rest and Engagement

Verror
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neural, RGECO1a: % fluorescence change after hemodynamic correction AF/F
hemodynamic, A[HbT]: A[HbO] + A[HbR]

neural AF/F A[HDbT]

Shahsavarani et al., 2023, Cell Reports 42, 112527
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