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Preprocessing Interactions in fMRI

= Complex interactions between preprocessing
and experimental design choices:

» Effects of subject (young/old, healthy/clinical)
» Effects of task design (block/event/rest)
» Interactions between preprocessing steps

= Many potential interactions — some are more
Important than others

= | will focus on 3 preprocessing “case studies”




Case studies

(1) Correcting residual motion:
effects of subject and task design

(2) Correcting physiological noise:
effects of task design

(3) Ordering of preprocessing steps
Interactions between steps

(4) Conclusions and recommendations



Correcting residual motion I.

= MPR: regression of 6 rigid-body motion parameters
(sometimes derivatives and/or quadratic terms)

= Corrects for non-rigid, non-linear motion effects

04

roll
pitch
yaw
— 15 (z)
— RL (x)
AP (y)

ot
ha

displacement (mm or deq.)
[}

o
M

041 1 1 1 1 1 1 1 1 n
0 20 40 60 80 100 120 140 160 180
time (s)




Correcting residual motion

* MPR effects depend on:

= Signal vs. motion variance

N

» For high signal / low motion, MPR
reduces signal power

Y

Percent Change

= Correlation of task and motion

» Low correlation: MPR increases signal
= High correlation: MPR reduces signal

Subject

(Bullmore et al., 1999; Johnstone et al., 2006; (Qliggercia )
Ollinger et al., 2009; Churchill et al., 2012)



Task Design interactions: block vs. event |.

* MPR reduces sensitivity of Block tasks; strong signal,
higher task-motion correlations (Johnstone et al., 2006).

= Also shown in pipeline optimization of Block data (Churchill et al., 2012)

block event NONMC
NMONMC+MPR

W mc

B vc-vPr

block design event-related design

-

=]
foun
i

10000

=
—-—

s
3

E
E
.
=
=
.
E-HII
=
]
s
o
T
=
o

015 020 025 030 035 004 006 0083 010 012

motion-task correlation motion-task correlation

=
(]
{ o |

A RE A

EEEEE TS



Task Design interactions: resting-state |.

(Andronache et al., 2013)
= Resting state: healthy

less sensitive to MPR, particularly in
young, healthy adult populations

(Gavrilescu et al., 2004; Weissenbacher et al., 2009;
Shirer et al., 2013; Andronache et al., 2013)

= Motion tends to be lower

= No task-correlation issues

NoMPR MPR
*Includes band-pass filter




Subject group interactions: age effects

= Aging and child populations: major increases in motion

amplitude, but usually not task correlation

(D’Esposito et al, 1999; Seto et al, 2001; Yuan et al, 2009; Evans et al, 2010; Power et al, 2012)

= MPR Improves reliability of activation patterns (Evans et al, 2010)
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Subject group interactions: clinical groups |.

= Clinical populations: motion amplitude greater than age-

matched controls. Often significant task-correlation
(Bullmore et al., 1999; Seto et al., 2001; Lemieux et al., 2007; Andronache et al., 2013)

* MPR has mixed effects on signal detection:

TASK (Bullmore et al., 1999) REST (Andronache et al., 2013)
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Correcting residual motion: Summary |.

= Effect of residual motion correction depends on (1)
signal vs. motion amplitude, (2) task-motion correlation

= Improves: low signal/high motion; uncorrelated to task

= Detrimental: high signal/low motion; task correlation

= Effects are both group- and subject-dependent
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(1) Correcting residual motion:
effects of subject and task design

(2) Correcting physiological noise:
effects of task design

(3) Ordering of preprocessing steps
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Correcting physiological noise

* Remove fluctuations in BOLD signal driven by:

= Cardiac cycle
= Respiratory cycle
= Slow modulations in cardiac/respiratory rates

* Modeled by:

= External measures of cardiac and respiratory rates
(e.g. RETROICOR*, RVHR*¥)

= Data-driven models (e.g. PCA, ICA)

* (Glover et al., 2000) ** (Chang et al., 2009)



Correcting physiological noise

= Physiology and brain function form a feedback system

= Autonomic Nervous System (ANS) regulates blood
pressure, respiration, pupil dilation, etc.

* From the localized...
= ANS linked to cognitive domains
= Self-monitoring, emotion, conflict assessment

= To the global...
» Cardiac and Respiratory rates increase with effort
* Thus, physio. modulations correlate with task stimuli

(Foster & Harrison, 2004; de Munck et al., 2008; Birn et al., 2009; lacovella & Hasson, 2011)



Task Design interactions - localized |.

= Regression of autonomic measures (e.g. RVHR) can remove
ANS-linked activations.

= Potential interaction in studies of self-regulation, conflict
resolution, emotional processing
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Task Design interactions - global |.

= Data-driven physio. correction is very sensitive to task
modulation effects

= CompCor significantly improves signal detection for a
simple visual paradigm task
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Task Design interactions - global |.

=CompCor is detrimental for a task with:

= complex, spatially distributed BOLD response
= High-effort, executive control (associated with ANS)
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Correcting physio. noise: Summary I.

= Regression using physio. measures (e.g. RVHR) tends to
remove ANS-linked brain signal

= Could be good or bad! Be aware of what is removed, esp. in
studies of emotion, self-regulation, conflict assessment

= Data-driven correction highly sensitive to task-coupling; may
remove significant signal in complex, high-effort tasks

= Like MPR, can be group- and subject-dependent
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Interactions between preprocessing

steps I.

= Preprocessing steps can interact with each other in
complex ways

= Focus on specific iIssue: what is the optimal order to
apply preprocessing steps

= Important consideration: do steps alter data in a way
that violates assumptions of subsequent steps?



Order of preprocessing steps:
Motion, Physio, Slice-Timing [

= Example: ordering of 3 basic preprocessing steps

= Motion Correction
= Physiological Correction
= Slice-Timing Correction

=\What order optimizes model fit?

= Jones et al. (2009) examined for resting state



Order of preprocessing steps:
Motion, Physio, Slice-Timing

R = motion correction
C = physiological correction
T = slice-timing correction
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Order of preprocessing steps:
Regression, Band-pass filtering I.

= Example: order of nuisance regression, bandpass filter

= Regression before band-pass filtering
= Simultaneous regression+filtering
= Bandpass filtering before regression

=\What order optimizes model fit?

= Hallquist et al. (2013) examined for resting state



Order of preprocessing steps:
Regression, Band-pass filtering

Bp: bandpass
Reg: regress

BpReg: bandpass, regress
Simult: filter data + regressors
RegBp: regress, bandpass
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Interactions between preprocessing
steps: Summary I.

= The order of preprocessing steps can significantly
Impact analysis results

= Minimize data variance: Motion Correction,
RETROICOR, Slice-Timing correction

* Minimize artifacts: simultaneous filtering of fMRI data
and noise regressors ...do not filter before regression!



Conclusions

= Effects of preprocessing steps depend on:

» Effects of subjects and groups (young/old, healthy/clinical)
» Effects of task design (block/event/rest)
» Interactions with other preprocessing steps

= Important to be aware of interactions when
preprocessing (and comparing) datasets

= To allow for broad range of subject vs. preprocessing
Interactions, may need to adjust steps individually




Recommendations

= Test preprocessing effects on new
datasets!

= Examine the discarded “noise” space
e.g. GLM residuals (Lund et al., 2006)

= Test Impact of preprocessing steps

on quality of data by cross-validation
(Churchill et al., 2012; Kay et al., 2013)

HR variability Beta map

prediction

reproducibility



References: correcting residual motion

Ollinger et al. (2009) "The secret life of motion covariates.” Neurolmage 47(1): S122.

Johnstone et al. (2006) "Motion correction and the use of motion covariates in multiple-subject fMRI analysis." HBM
27(10):779-788.

Churchill et al. (2012) "Optimizing preprocessing and analysis pipelines for single-subject fMRI. I. Standard temporal motion
and physiological noise correction methods." HBM 33(3): 609-627.

Gavrilescu et al. (2004) "Changes in effective connectivity models in the presence of task-correlated motion: An fMRI study."
HBM 21(2): 49-63.

Weissenbacher et al. (2009) "Correlations and anticorrelations in resting-state functional connectivity MRI: a quantitative
comparison of preprocessing strategies." Neuroimage 47(4): 1408-1416.

Shirer et al. (2013) "Optimization of rs-fMRI data for Enhanced Signal-Noise Separation, Test-Retest Reliability and Group
Discrimination” Proc. OHBM2013

Andronache et al. (2013) "Impact of functional MRI data preprocessing pipeline on default-mode network detectability in
patients with disorders of consciousness." Front Neuroinformatics 7.

D'Esposito et al. (1999) "The effect of normal aging on the coupling of neural activity to the bold hemodynamic response.”
Neuroimage 10(1): 6-14.

Seto et al. (2001) "Quantifying head motion associated with motor tasks used in fMRL." NI 14(2): 284-297.
Yuan et al. (2009) "Quantification of head motion in children during various fMRI language tasks." HBM 30(5): 1481-1489.
Evans et al. (2010) "Group specific optimisation of fMRI processing steps for child and adult data.” Neuroimage 50(2): 479-490.

Power et al. (2012) "Spurious but systematic correlations in functional connectivity MRI networks arise from subject motion."
Neuroimage 59(3): 2142-2154.

Bullmore et al. (1999) "Methods for diagnosis and treatment of stimulus-correlated motion in generic brain activation studies
using fMRI." HBM 7(1): 38-48.

Lemieux et al. (2007) "Modelling large motion events in fMRI studies of patients with epilepsy." MRI 25(6): 894-901.



References: correcting physio. noise I.

Chang et al. (2009) "Influence of heart rate on the BOLD signal: the cardiac response function" Neurolmage
44(3):857-869.

Glover et al. (2000). "Image-based method for retrospective correction of physiological motion effects in fMRI:
RETROICOR." MRM 44:162-167.

Foster & Harrison. (2004) "The covariation of cortical electrical activity and cardiovascular responding” Int J
Psychophysiol 52(3):239-255

de Munck et al. (2008). "A study of the brain's resting state based on alpha band power, heart rate and fMRI"
Neurolmage 42:112-121

Birn et al. "fMRI in the presence of task-correlated breathing variations" Neurolmage, 47 (3) (2009), pp.
1092-1104

lacovella & Hasson. (2011) "The relationship between BOLD signal and autonomic nervous system

functions: implications for processing of “physiological noise”." Magnetic resonance imaging 29(10): 1338-
1345.

Khalili-Mahani et al. (2013) "The impact of “physiological correction” on functional connectivity analysis of
pharmacological resting state fMRL." Neuroimage 65: 499-510.

Critchley. (2005) "Neural mechanisms of autonomic, affective, and cognitive integration." Journal of
Comparative Neurology 493(1): 154-166.

Behzadi et al. (2007) "A component based noise correction method (CompCor) for BOLD and perfusion
based fMRI." Neuroimage 37(1): 90-101.

Churchill et al. (2013) "PHYCAA+: An optimized, adaptive procedure for measuring and controlling
physiological noise in BOLD fMRI." Neurolmage 82: 306-325.



References: order of preprocessing steps I.

Jones et al. (2009) "Integration of motion correction and physiological noise regression in fMRI."
Neuroimage 42(2): 582-590.

Hallquist et al. (2013) "The nuisance of nuisance regression: spectral misspecification in a common
approach to resting-state fMRI preprocessing reintroduces noise and obscures functional
connectivity." Neuroimage 82: 208-225.

References: conclusions and recommendations

Lund et al. (2006) "Non-white noise in fMRI: does modelling have an impact?." Neuroimage
29(1): 54-66.

Churchill et al. (2012) "Optimizing preprocessing and analysis pipelines for single-subject fMRI: 2.
Interactions with ICA, PCA, task contrast and inter-subject heterogeneity." PloS one 7(2): e31147

Kay et al. (2013) GLMdenoise: a fast, automated technique for denoising task-based fMRI data.
Frontiers in neuroscience 7, 247.



