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Overview

• “Functional connectivity”
– Correlations in fMRI signal at rest
– “Default Mode Network”

• Respiration changes in fMRI

• Respiration + Functional Connectivity

• Modeling respiration-induced fMRI changes

Rasmus Birn
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Resting-state functional connectivity

Correlations with “seed voxel” 
in motor cortex at rest

Activation during 
finger-tapping

B. Biswal et al., MRM, 34:537 (1995)

M.J. Lowe, et al., NeuroImage 7(2), 1998.
D. Cordes, et al., AJNR 21(9), 2000.

Further work:



“Default-Mode Network”

PNAS 98, 2001



Resting-state functional connectivity

PNAS 100, 2003



Deactivations        Resting correlations

• Are there differences? 
– Deactivation (blocked design)
– Rest (functional connectivity)

• Are deactivations related to the task, 
or to the brain “state”? 
– Mixed blocked / event-related

Jason Diamond
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2. Lexical Decision: “word” or “non-word”?
1. Rest (eyes-closed) 

Blocked design (30s task, 30s rest)

15 words/non-words 
         (30s)

… Fixation 
     (30s)

R.M. Birn, J.B. Diamond, M.A. Smith, P.A. Bandettini, NeuroImage 31, 2006



Results – Lexical Task

Activations and De-activations during lexical task
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Methods

• Filter (respiration (0.3Hz), cardiac (1 Hz))
• Define ROI (e.g. deactivations in posterior cingulate)

• Average time courses (at rest) in ROI
• Correlate average time course with all voxels

Functional Connectivity Analysis

Lexical task Rest
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Physiological fluctuations
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Correction of physiological noise
RETROICOR  (G. Glover et al., Magn. Reson. Med. 44, 2000.)

Pulse Oximeter
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Methods

• Filter (respiration (0.3Hz), cardiac (1 Hz))
• Define ROI (e.g. deactivations in posterior cingulate)

• Average time courses (at rest) in ROI
• Correlate average time course with all voxels

Functional Connectivity Analysis

Lexical task Rest



Functional Connectivity Analysis

Correlation (of PC) at RestActivations during lexical task
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Functional Connectivity Analysis
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Correlation (of PC) at RestActivations during lexical task

Group (n=10)



Overview

• “Functional connectivity”
– Correlations in fMRI signal at rest
– “Default Mode Network”

• Respiration changes in fMRI

• Respiration + Functional Connectivity

• Modeling respiration-induced fMRI changes



Breath-holding
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Breath-hold vs. bolus contrast (Gd-DTPA)
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Breath-hold vs. bolus contrast (Gd-DTPA)

-10

10

Relative difference: DS (Gd-DTPA) – DS (Breath-hold)

Arteries vs. Veins ?



Resting fluctuations in respiration

NeuroImage 21, 2004



Estimating respiration volume changes

Respiration

Respiration Volume / Time (RVT)
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Resting fluctuations in respiration

RVT

etCO2

BH

Correlation of fMRI 
time course with:



Resting fluctuations in respiration
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Respiration changes co-localize
Deactivations Resting-state corr. from seed ROI

Respiration changes – corr. w/ RVT
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Respiration changes co-localize
Deactivations
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Correcting for changes in respiration

• Regress out RVT

• Keep respirations constant



Regress out Cardiac, Respiration, RVT
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Cue subject to keep breathing constant
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Standard Deviation over time
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Standard Deviation over time
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Improving the detection of function
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More Corrections?

• RETROICOR (cardiac, respiration)
• RVTcor (respiration volume / etCO2)
• Motion parameters
• Global detrending
• White-matter detrending



Multiple physiological corrections
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Relative contributions to noise
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How much is the noise reduced?
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Improvement in temporal SNR (TSNR)

Before correction
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How Improved TSNR Translates 

Murphy K, Bodurka J, Bandettini P, “How long to scan: The relationship between temporal 
signal to noise ratio and necessary scan duration,” NeuroImage (in press) 



SNR vs TSNR

Bodurka J, Bandettini P, “Mapping the MRI voxel volume in which thermal noise 
matches physiological noise - implications for fMRI”, NeuroImage (in press)



Resting-state correlations
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BOLD signal changes – Group data
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Resting-state correlations
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A closer look at respiration changes

• Breath-hold vs. Resting variations in breathing

• The respiration “impulse response function”
– How do respiration changes really affect the BOLD 

signal? (shape, latency, …)

• Echo-time (TE) dependence



Respiration induced signal changes
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Resting changes in breathing vs. Breath-holding

Correlation with Respiration Volume / Time (RVT)
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Resting changes in breathing vs. Breath-holding
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Respiration Changes vs. BOLD
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How are the BOLD changes to respiration variations?

?



fMRI response to a single Deep Breath
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Respiration response function
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fMRI response to breathing modulations

Breath-holding
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fMRI response to breathing modulations

Changes in Depth Changes in Rate
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TE dependence of respiration changes
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K. Murphy, R.M. Birn, P.A. Bandettini
The frequency profile of TE-dependent BOLD physiological fluctuations
ISMRM 2006



Future directions

• How do we best model respiration-induced BOLD 
signal changes?
– New IRF from One Deep breath

• How are resting respiration changes different from 
cued respiration changes?

• Are these respiration and signal fluctuations related 
to changes in neuronal function?
– EEG/fMRI, MEG

• Can we use resting respiration fluctuations for BOLD 
calibration?
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More…



BOLD signal changes – Group data

Lexical Task Respiration changes

Group data (n=10)

3

-3

1

-5

Z



Resting-state correlations
Areas correlated with posterior cingulate
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Resting-state correlations
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Breath-hold changes



Breath-hold induced BOLD + Flow changes

A. Kastrup, et al. 
NeuroImage 25, 2005

Visual stimulation Breath-hold

BOLD

FAIR (CBF)



Breath-hold induced BOLD changes

A. Kastrup, et al. 
Stroke, 29, 1998

40s breath-hold 
after inspiration

30s breath-hold 
after expiration

18s breath-hold 
after expiration



Breath-hold induced BOLD changes

M.E. Thomason, et al. 
NeuroImage 25, 2005

1. Chest expansion à
     intrathoracic pressure

2. Baroreceptor regulation à 
     Heart rate,    CBF

3.   CO2 à    CBF

4. Recovery of normal BF



Latency – RVT vs. BOLD
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Resting changes in breathing vs. Breath-holding

Breath-hold Latency (s)

R
es

t L
at

en
cy

 (s
)

0 10 20 300

10

20

%S (Breath-hold)

%
S 

(R
es

t)
(each + represents one voxel signif. corr. With RVT)

M.A. Smith, P.A. Bandettini, R.M. Birn,  ISMRM 2006

End

Rest

Breath-hold

0s

20s

0s

20s



Multiple Physiological Regressors



Standard Deviation Maps (1 subject)
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Standard Deviation Maps (1 subject)
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Change in StDev – Group data (n=10)
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Change in TSNR – Group data (n=10)
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Relative contributions to noise
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Example: regress out RVT



Regress out Card/Resp/RVT
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Sample time courses (& frequencies)
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Resting-state functional connectivity

Correlations with “seed voxel” 
in motor cortex at rest

Activation during 
finger-tapping

B. Biswal et al., MRM, 34:537 (1995)

M.J. Lowe, et al., NeuroImage 7(2), 1998.
D. Cordes, et al., AJNR 21(9), 2000.

Further work:



Resting-state functional connectivity

Correlations with “seed voxel” 
in motor cortex at rest

Activation during 
finger-tapping

B. Biswal et al., MRM, 34:537 (1995)

M.J. Lowe, et al., NeuroImage 7(2), 1998.
D. Cordes, et al., AJNR 21(9), 2000.



Resting fluctuations in respiration
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Methods

Analysis

1. Image Registration

2. RETROICOR

Pulse Oximeter
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Methods

Analysis

1. Image Registration

2. RETROICOR

3. RVTcor

4. Regression Analysis
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The fMRI Signal
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Resting changes in breathing vs. Breath-holding

Rest Breath-hold

Correlation with Respiration Volume / Time (RVT)



General motivations for my research

• Improve image quality
– Motion correction
– Optimal paradigm design
– Reducing sources of noise (e.g. physiological noise)

• Improve interpretability of BOLD fMRI
How are BOLD changes related to neuronal activity?
What does a certain % signal change really mean?

– Temporal dynamics
– Comparison to other vascular measures (CBF, CO2, 

venogram, bolus contrast agent)
– Comparison of sequences with different contrast (SE/ GE)





fMRI response to breathing modulations

Changes in Depth Changes in Rate

0 20 40 60

0

1

time (s)

Si
gn

al
 (%

)

-0.5

0.5

Respiration
Respiration

fMRI 
Signal

0 20 40 60
-2

0

1

time (s)

Si
gn

al
 (%

)

-1

fMRI 
Signal

15s 30s
20s 40s



fMRI response to breathing modulations

Changes in Depth Changes in Rate
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