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OVERVIEW 

• Physiological measurements

• How these signals impact BOLD data

•Motivation and importance of removing these signals
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MEASURING BOLD
• Challenge - detect small neuronal-activation induced blood 

oxygenation changes in the presence of other signal 
fluctuations

•Many sources of noise - scanner variations, participant 
movement, physiological processes

• physiological fluctuations account for less than 10% of 
noise (Bianciardi et al., 2008; Shmueli et al., 2007)

• averaging data can increase artifact effects (Birn et al., 
2009)
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Figures from Chang et al., 2009
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PHYSIOLOGICAL MEASURES

Figures from Chang et al., 2009

• Respiration 

• Cardiac

• Respiration volume per time (RVT) - difference between 
minimum and maximum belt positions at the peaks of 
inspiration and expiration, divided by the time between the 
peaks of inspiration (Birn et al., 2006)
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PHYSIOLOGICAL NOISE
• Cardiac

• pulses induce signal changes in voxels containing lots of 
blood and/or CSF

• localized effects (Dagli et al., 1999; Glover et al., 2000; Birn 
et al., 2006)
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PHYSIOLOGICAL NOISE
• Respiration 

• chest movement causes magnetic field changes that can 
shift a brain image

• change arterial level of CO2, a vasodilator

• breath-hold of 30 seconds causes 3-5% signal increase 
(Kastrup et al., 1999; Li et al., 1999; Stillman et al., 1995)

• global effects (Glover et al., 2000; Birn et al., 2006)
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PHYSIOLOGICAL NOISE

• Respiration volume 

• variations in this signal (<0.1 Hz) overlap with frequency 
range of resting state, functionally connected networks 
(Cordes et al., 2001; Birn et al., 2006)
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PHYSIO AND BOLD SIGNALS

• Cause undesired perturbation of the image including intensity 
fluctuations and other artifacts

• These add noise which degrades the statistical significance of 
activation signals
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CARDIAC INFLUENCES

Figure from Dagli et al., 1999

Significant effects of cardiac related signal were found in 27.5% of voxels
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CARDIAC INFLUENCES

Figure from Dagli et al., 1999
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RESPIRATION INFLUENCES
• RVT & resting state functional connectivity - overlapping networks

Figure from Birn 2012
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RESPIRATION INFLUENCES
• RVT & functional data

Figure from Birn et al., 2006
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RESPIRATION INFLUENCES
• RVT & functional data

Figure from Birn et al., 2009
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Figure from Glover et al., 2000
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Figure from Glover et al., 2000

Monday, February 25, 2013



CORRECTION REDUCES STDEV

Figure from Glover et al., 2000

Monday, February 25, 2013



CORRECTION REDUCES STDEV

Figure from Birn et al., 2006
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CORRECTION IMPROVES 
DETECTION

Figure from Birn et al., 2006
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METHODS OF DE-NOISING
• Corrections without collecting cardiac and respiration data:

• k-space corrections (Hu et al., 1995)

• Low-pass filtering

• ICA - identify and remove fluctuations that match patterns 
of known physiological noise (Perlbag et al., 2007; Beall and 
Lowe, 2007)

• Caveat: cannot validate signal you identify is due to 
physiological measures
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CAVEATS
•What to do when these signals are task related?

• Emotion regulation - breathing techniques

• Emotional arousal - heart rate changes

• Regressing these signals out could remove neuronal 
activity

• Consider your task design & quantify degree of correlation
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INTERIM CONCLUSIONS
• Physiological noise affects our data

• Easy to model this noise (if not correlated with task)

• Be sure to consider your task design
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physio recording

data formatting

physio noise modeling

physiological data acquisition while scanning at BIAC 

formatting acquired data for subsequent analyses

physiological denoising as implemented in FSL 5.0
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physio recording

recordPhysio.m
 recording step code snippet

initialize analog input device   m = recordPhysio(‘init’)

start recording   m = recordPhysio(‘start’, m)

stop recording   m = recordPhysio(‘stop’, m)

retrieve values   output = recordPhysio(‘getData’, m)

easy to record physiological measures from within PTB/matlab experiment script
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start recording   m = recordPhysio(‘start’, m)

stop recording   m = recordPhysio(‘stop’, m)

retrieve values   output = recordPhysio(‘getData’, m)

BIAC 5 analog channels
channel input signal

0 Biopac Respiration Belt

1 Biopac GSR

2 Biopac EEG

3 Biopac Cardiac (pulse)

4 Biopac Cardiac (oxSat)

5 Scanner Pulse

default channels for recordPhysio.m in bold

easy to record physiological measures from within PTB/matlab experiment script

Monday, February 25, 2013



physio recording

recordPhysio.m
 recording step code snippet

initialize analog input device   m = recordPhysio(‘init’)

start recording   m = recordPhysio(‘start’, m)

stop recording   m = recordPhysio(‘stop’, m)

retrieve values   output = recordPhysio(‘getData’, m)

BIAC 5 analog channels
channel input signal

0 Biopac Respiration Belt

1 Biopac GSR

2 Biopac EEG

3 Biopac Cardiac (pulse)

4 Biopac Cardiac (oxSat)

5 Scanner Pulse

default channels for recordPhysio.m in bold

BIAC 5 info:

BIAC 6 info:
http://wiki.biac.duke.edu/biac:experimentalcontrol:biac6hardware

http://wiki.biac.duke.edu/biac:experimentalcontrol:biac5hardware

for up-to-date channel info:

easy to record physiological measures from within PTB/matlab experiment script
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physio recording
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example raw signals

10s
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physio recording

respiration

cardiac

scanner 
triggers

example raw signals

10s
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data formatting
choice of formatting steps depends on analysis package

align physio timestamps with desired 
scan volumes

nDataPts = scan length (in sec) * physio sampling rate

remove data corresponding to DisDaq period 
(if necessary)

truncate overshot physio data 
(if necessary)

1.
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data formatting
choice of formatting steps depends on analysis package

fsl
combined 3-col text file with 
respiration, cardiac, and triggers

PNM tools

align physio timestamps with desired 
scan volumes

nDataPts = scan length (in sec) * physio sampling rate

remove data corresponding to DisDaq period 
(if necessary)

truncate overshot physio data 
(if necessary)

1.

2.

separate 1-col text file for 
respiration, cardiac, and triggers

afni
3dretroicor
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data formatting
choice of formatting steps depends on analysis package

fsl
combined 3-col text file with 
respiration, cardiac, and triggers

PNM tools

align physio timestamps with desired 
scan volumes

nDataPts = scan length (in sec) * physio sampling rate

remove data corresponding to DisDaq period 
(if necessary)

truncate overshot physio data 
(if necessary)

1.

2.

separate 1-col text file for 
respiration, cardiac, and triggers

afni
3dretroicor
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physio noise modeling

* Requires FSL 5.0 (released Sept ’12)

FSL toolkit assisting with the creation of physio regressors, which can then be 
included in subsequent GLM analyses

PNM
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pnm_gui[cmd prompt]%

to open GUI, type:

FSL toolkit assisting with the creation of physio regressors, which can then be 
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* Requires FSL 5.0 (released Sept ’12)

pnm_gui[cmd prompt]%

to open GUI, type:

FSL toolkit assisting with the creation of physio regressors, which can then be 
included in subsequent GLM analyses

PNM
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physio noise modeling

basic configuration options
- paths to inputs
- order of cols in physio file
- physio parameters
- scan parameters

GUI details:

Monday, February 25, 2013



physio noise modeling

basic configuration options
- paths to inputs
- order of cols in physio file
- physio parameters
- scan parameters

GUI details:

physio model specifications
- complexity of model

- additional physio measures
- RVT
- HR
- CSF mask
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physio noise modeling
setting the order for physio components

cardiac & respiration:
cardiac and respiration are both quasi-periodic signals:

one cycle

Monday, February 25, 2013



physio noise modeling
setting the order for physio components

cardiac & respiration:
cardiac and respiration are both quasi-periodic signals:

one cycle

any periodic signal can be fully represented as a sum 
of sine and cosine terms:

Fourier Series:

n=1

an cos(n t) bn sin(n t)+f(t)   = a0
1
2 +

Fourier series of periodic function f(t)
source: mathworld.wolfram.com 
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setting the order for physio components

cardiac & respiration:
to denoise fMRI data, physio signals are modeled using 
expanded Fourier series of the form:

n=1

an cos(n. (t)) bn sin(n. (t))+ (t)   =

N

Glover et al. (2000)
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physio noise modeling
setting the order for physio components

cardiac & respiration:
to denoise fMRI data, physio signals are modeled using 
expanded Fourier series of the form:

n=1

an cos(n. (t)) bn sin(n. (t))+ (t)   =

amplitude 
coefficients

physio noise 
component
 (e.g. cardiac)

N

cosine regressor sine regressor

order of the model

Glover et al. (2000)
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physio noise modeling
setting the order for physio components

cardiac & respiration:
to denoise fMRI data, physio signals are modeled using 
expanded Fourier series of the form:

n=1

an cos(n. (t)) bn sin(n. (t))+ (t)   =

amplitude 
coefficients

physio noise 
component
 (e.g. cardiac)

N

cosine regressor sine regressor

order of the model

Note: each order of the model will produce 2 regressors:
- one for the cosine term 
- one for the sine term

Glover et al. (2000)
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physio noise modeling
setting the order for physio components

cardiac & respiration:
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physio noise modeling
setting the order for physio components

cardiac & respiration:

- Use the GUI to set the desired number of 
regressors for each component
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physio noise modeling
setting the order for physio components

cardiac & respiration:

order frequency # sine terms # cosine terms Total # regressors

1 base 1 1 2

2 1st harmonic 2 2 4

3 2nd harmonic 3 3 6

4 3rd harmonic 4 4 8

for each physio component (i.e. cardiac, resp):

- Use the GUI to set the desired number of 
regressors for each component
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physio noise modeling
setting the order for physio components

interaction terms
In addition to modeling cardiac and respiration separately, you can also 
model interaction effects
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physio noise modeling
setting the order for physio components

interaction terms
In addition to modeling cardiac and respiration separately, you can also 
model interaction effects

Use the GUI to set the desired number of 
interaction components
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physio noise modeling
setting the order for physio components

interaction terms
In addition to modeling cardiac and respiration separately, you can also 
model interaction effects

for each unique combination of cardiac and respiratory frequencies, there will 
be 4 interaction terms produced:

 cos(n.
card

+ m.
resp

)

 sin(n.
card - m.

resp
)

 cos(n.
card - m.

resp
)

 sin(n.
card

+ m.
resp

)

where,  n = each order of cardiac interaction term
m = each order of respiration interaction term

}

}

additive

subtractive

Use the GUI to set the desired number of 
interaction components
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physio noise modeling
creating the regressors
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physio noise modeling
creating the regressors

After running GUI (or stage1 script)

Within the output directory you’ll find a 
*_pnm1.html file containing physio 
plots with detected peaks overlaid
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*_pnm1.html file containing physio 
plots with detected peaks overlaid

Monday, February 25, 2013



physio noise modeling
creating the regressors

After running GUI (or stage1 script)

Within the output directory you’ll find a 
*_pnm1.html file containing physio 
plots with detected peaks overlaid

manually confirm peaks
use the interactive window to add 
missing peaks or remove falsely 
identified peaks 
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physio noise modeling
creating the regressors

After running GUI (or stage1 script)

Within the output directory you’ll find a 
*_pnm1.html file containing physio 
plots with detected peaks overlaid

manually confirm peaks
use the interactive window to add 
missing peaks or remove falsely 
identified peaks 

once complete, run the full script listed 
at the bottom of the window. This will 
create the regressors as well as 
additional required files
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physio noise modeling
creating the regressors

adding regressors to FEAT model
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physio noise modeling
creating the regressors

adding regressors to FEAT model
in addition to creating a 4D .nii.gz file for 
each regressor, the stage2 script will also 
create a text file containing the paths to 
each regressor (called *_evlist.txt)
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creating the regressors

adding regressors to FEAT model
in addition to creating a 4D .nii.gz file for 
each regressor, the stage2 script will also 
create a text file containing the paths to 
each regressor (called *_evlist.txt)

New option under the Stats tab in FEAT GUI.
Load the path to the *_evlist.txt here
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physio noise modeling
creating the regressors

adding regressors to FEAT model
in addition to creating a 4D .nii.gz file for 
each regressor, the stage2 script will also 
create a text file containing the paths to 
each regressor (called *_evlist.txt)

All physio regressors are automatically 
treated as confound regressors, meaning 
any shared variance with EVs of interest will 
be assigned to the physio regressors

New option under the Stats tab in FEAT GUI.
Load the path to the *_evlist.txt here
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physio noise modeling
creating the regressors
loaded physio regressors will appear in design matrix
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physio noise modeling
creating the regressors
loaded physio regressors will appear in design matrix
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physio noise modeling
creating the regressors
loaded physio regressors will appear in design matrix

task physio
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more information

http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/PNM
Physio Noise Modeling within FSL-5:

BIAC physio correction methods:
http://wiki.biac.duke.edu/biac:analysis:physiological
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