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Through the hemodynamic lens

He et al. Neuron 97, 2018
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fMRI needs a contrast, and a model for activation …
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… but BOLD signal also fluctuates on its own
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Cardiac and respiratory response function

Raitamaa et al. HBM 2021

Chen et al. NeuroImage 2020
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Hemodynamics, heartbeat and respiration are not “just noise”
 Some processing methods claim to “remove” physiological confounders, but 

this is not possible since physiology literally makes the BOLD signal
 Physiological fluctuations (and/or their aliases) have often the same 

scale/frequency of neural activity, and similar dynamic patterns

Colenbier et al. Neuroimage 2020 Huotari et al. Front. Neurosci. 2019
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Blood flow

Ansys, 2024

Tong and Frederick Human Brain Mapping 2014
Tong et al. Front. Hum. Neurosci. 2015
Erdogan et al. Front. Hum. Neurosci. 2016
Chen et al. Neuroimage 2020



EB
RA

IN
S 

2.
0

Blood flow inflates FC estimates
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Blood flow velocity in brain plumbing
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Blood flow velocity in brain plumbing
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A functional role for phase contrast data
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Cardiac pulsatility from (multiband) BOLD data

data reformatted along slice and temporal domains, then Fourier transformed
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Creating a cardiac regressor

Upsample from TR to TS = 
TR/MB 
Temporal Fourier transform to
extract 8 cardiac signal peaks from
the hyper-resolved time-series
Bandpass filters (±0.2 Hz) isolate
each cardiac component; a GLM 
constructs a voxel-wise cardiac
regressor



EB
RA

IN
S 

2.
0

Blood flow and global signal regression
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Separating the effects of blood flow and global signal
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Partial information decomposition

PID is particularly relevant when some signals are very similar



EB
RA

IN
S 

2.
0

PID vs IID on similar signals
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Differential network effect of GSR

Investigate the JOINT role of Global Signal and BOLD 
from vessels towards the different regions in the brain 
using the framework of Multiscale Partial Information 
Decomposition, using simultaneous calcium and BOLD 

recordings in a mouse as a control
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PID (GS,Vessels->ROI)
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The standard way to simulate fMRI data with TVB
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Hemodynamics is “modelled” but only as a filter

Stephan et al. Neuroimage 2007
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Effect of HRF variability on functional connectivity
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How to address these issues in whole-brain modelling?

 Simulate all physiology and physiological interactions

 Use a region- and subject-specific retrieved HRF
 Use physiological variables as covariates/regressors in statistical analyses
 Consider blood arrival time across brain regions
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Estimate voxel- and subject-specific HRF from resting state 
BOLD

?
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Processing steps and order impact HRF estimation and
correlation with heart rate variability

slice timing correction (T), registration (R), physiological correction (C), despiking (D), and normalization (N).

Wu and Marinazzo 2016
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Rapidtide sLFO correction impacts HRF shape and FC
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Region- and subject-specific HRF in TVB
For every value in the parameter space exploration

 Obtain the non-averaged (raw) synaptic gating activity with the Wong-Wang model

 Legacy TVB: Map to BOLD through a Balloon-Windkessel model of the HRF

 Convolve with personalized region specific HRF, upsampled to model time scale

 Downsample to empirical BOLD

 Obtain simulated FC and compare to empirical FC
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Personalized HRF increases similarity between empirical
and simulated FC in a brain tumor fMRI+diffusion dataset

https://github.com/AmoghJohri/TVB-Tests/blob/master/REPORT.md
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FC from simulation vs FC from delayed copies of the PPU 
signal (but it could be a completely fake signal FWIW)
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Correlations between differently obtained FC matrices
PPU = PP signal delayed according to BAT
eFC = empirical FC
mFC= modelled FC

Delayed PP produces a FC which is slightly more correlated with the empirical FC wrt the legacy TVB 
model

PP-FC is unrelated to TVB model of FC
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No significant interaction effects
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So what?

Reid et al. 2019

 Don’t forget that we’re working in a causal and inferential 
framework

 In a state space we cannot neglect transfer functions

 Physiology and hemodynamics are non-negligible data 
features.

 Blood arrival time produces a FC matrix which is as 
similar to the empirical FC as the one obtained by 
simulated BOLD data according to empirical SC and 
biologically inspired model. 

 Is this super bad? No, this simply means that all these 
factors contribute, in a complementary way. And there 
definitely is a (causal) link between plumbing and 
neuronal activity in the brain. Still, modulations to FC are 
certainly also due to modulations in vascularization.

 Keep in mind which empirical FC connectivity matrix are 
you fitting: physiology and our clumsy strategies to 
handle it will definitely transform it.

 Maybe fit some data feature other than FC matrix.

Rubinov 2023
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