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Not all motion is created equal

Average displacement

R2 maps of var explained by 6 motion regs
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Long-range functional connectivity is 

diminished in wiggly subjects

Van Dijk , Sabuncu , & Buckner (2012) NeuroImage
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And short-range functional connectivity 

can be augmented in wiggly subjects

Van Dijk , Sabuncu , & Buckner (2012) NeuroImage
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Sattertwhaite et al, 2012

Graph Theory

Frequency domain analyses (f/ALFF)

Seed-based analysis (from PCC)

ICA

This problem affects all 

techniques
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PCC connectivity X motion interaction

ÕDefault Mode Network connectivity (PCC seed) is reduced in subject groups 
with more motion, even when differences are miniscule (0.044mm vs. 
0.048mm mean motion)

Van Dijk , Sabuncu , & Buckner (2012) NeuroImage
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Framewise displacement (FD)

ÅFDi = |ǧdix| + |ǧdiy| + |ǧdiz| + |ǧŬi| + |ǧȁi| + |ǧȂi| 

ſWhere ǧdix = d(i ī 1)x ī dix

ÅThis variable measures movement of any given 
frame relative to the previous frame (as opposed to 
relative to the reference frame of motion parameter 
estimation & regression).

Power et al. (2012) NeuroImage
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DVARS

ÅD referring to temporal derivative of timecourses

ÅVARS referring to RMS variance over voxels 

ÅIndexes the rate of change of BOLD signal across the entire 
brain at each frame of data. 

ÅDVARS is a measure of how much the intensity of a brain 
image changes in comparison to the previous timepoint (as 
opposed to the global signal, which is the average value of a 
brain image at a timepoint ). 

Power et al. (2012) NeuroImage
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DVARS

ÅBecause frame-to-frame changes in signal intensity 
related to movement are signiýcantlygreater than those 
caused by neurophysiologic changes in the BOLD signal, 
this measure provides a natural parameter with which to 
directly examine the relationship of movement 
measurements and the BOLD response (Fair et al 2013)

Power et al. (2012) NeuroImage
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A òtraditionallyó high quality dataset

Power et al. (2012) NeuroImage

Single subject motion RMS = 0.55mm

Intro |   Motion Regs |   aCompCor(50)   |   ICA-AROMA   |   Scrubbing  | Battle Royal



Head motion & BOLD relationship
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Power et al. (2012) NeuroImage

Why does traditional motion correction not work?
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Low-motion subjects

Power et al 2014, Neuroimage
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Intermittent -motion subjects
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Power et al 2014, Neuroimage



Head shift-motion subjects
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Power et al 2014, Neuroimage



Expand motion parameters (+Spikes)

Å3 par: GMS, WM, CSF

Å9 par: 3par + 6Motion ( tra,rot )

Å18 par: 9par + fô(t)

Å36 par: 18 par + fôô(t)

Motion affects 
all frequencies

Satterthwaite et al. (2013)

Including the temporal 
derivatives and quadratic 
terms of the realignment 
estimates in the confound 
model to account for 
delayed and non-linear 
motion -induced spin history 
effects.
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Expand motion parameters (+Spikes)

Satterthwaite et al. (2013)
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Expand motion parameters (+Spikes)

Satterthwaite et al. (2013)
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Include global signal regression

From a perspective of eliminating 
artifactual variance, especially motion-
related variance, GSR is unquestionably 
powerful. However, GSR is a 
contentious step in processing [e.g., 
mean centering of correlations will 
induce false anticorrelations and 
potentially remove signal]

Power et al 2014, Neuroimage
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aCompCor50

CompCor: component based noise correction method

Behzadi et al., 2007; Muscheli et al 2014FD/DVARS correlation
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aCompCor50
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ICA-AROMA

Pruim et al 2015 Neuroimage

ÅICA strategy focused on removing 
motion artifacts.

ÅUses small set of spatial and 
temporal rules (4) to define 
motion components:

1. High frequency

2. Correlated with Motion 
Parameters

3. Fraction near borders

4. Fraction in CSF
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ICA-AROMA

Pruim et al 2015 Neuroimage

Crit 1

Crit 2 Crit 3
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ICA-AROMA

Pruim et al 2015 Neuroimage
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ICA-AROMA

Pruim et al 2015 Neuroimage

Ex. Sensory-motor component
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ICA-AROMA

Pruim et al 2015 Neuroimage

Ex. Task data

Effect size maps (i.e., sensitivity to activation maps)

Group effects
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ICA-AROMA
High-motion grp v Low-motion grp

Pruim et al 2015 Neuroimage

RSN map (gray)

Group differences(green)



ICA-AROMA

Corr w motion

Mean grp corr

Pruim et al 2015 Neuroimage
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Multi -echo fMRI (remember?)

ÅUse multi -echo 
data and discard 
any component 
which does not 
exhibit the 
expected T2 decay



òScrubbingó

ÅExcise from the computation of the IRC/IVC TRs 
with excessive motion (as well as a few TRs before 
and after).

ÅHow to measure motion:

ſFramewise displacement (FD)

ſDVARS

ÅHow to determine which TRs should be scrubbed?

ſThreshold setting
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Choice of a cut-off threshold

ÅFrom Power et al. (2012): ñAfter studying the plots of 
dozens of healthy adults, values of 0.5 mm for 
framewise displacement and 0.5% ǧBOLD for 
DVARS were chosen to represent values well above the 
norm found in still subjects.ò

ſAlso removed 1 TR before and 2 TRs after bad frame

ÅFair et al. (2013) used an even more stringent FD cut-off 
of 0.2 mm and DVARS cut-off of 0.4%

ÅPower et al. (2013) FD 0.2 mm or DVARS 0.3%

ÅPower et al. (2014) iterative procedure and DVARS 0.2% 
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	Power et al. (2012) NeuroImage
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Power et al. (2012) NeuroImage

ÅTemporal masks (red bars) were augmented by also marking 
the frames 1 back and 2 forward

ÅAll removed frames must both:

1) be high-motion frames (based on FD)

2) display evidence of widespread and/ or large amplitude 
changes in BOLD signal (based on DVARS)



	

Power et al. (2012) NeuroImage

Example data processing workflow



The order of things matters!

Jo et al. (2013)

Power 
spectra 
analysis
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Impact of scrubbing on rs-fMRI data

Power et al. (2012) NeuroImage

35% of data scrubbed out 39% of data scrubbed out

Subject 1 Subject 2

ÅScrubbing increases this long-distance correlation in most subjects, does 
not substantially alter it in others, and reduces it in a small number of 
subjects. 

Scrubbed r é

Unscrubbedr
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Impact of scrubbing on rs-fMRI data

Power et al. (2012) NeuroImage

ÅScrubbing high-motion frames decreases short-distance 
correlations and augments long-distance correlations
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Spatial distribution of scrubbing on rsfc

Power et al. (2012) NeuroImage

Most blue vectors are short/medium range; most red vectors are medium/long range.
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Impact of scrubbing on rs-fMRI data

Power et al. (2012) NeuroImage
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So is scrubbing the thing?

ÅExclusion of TRs might have unwanted effects:

1. Loss of dfs (might/might not be a big deal at 1 st lvl )

Power et al. (2012) NeuroImage
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So is scrubbing the thing?

ÅExclusion of TRs might have unwanted effects:

1. Loss of dfs (might/might not be a big deal at 1 st lvl )

2. Uneven loss of dfs across groups/conditions

¶Randomly remove equal # of TRs from ógoodô runs?

¶Turns out, that might be problematic too (A)

¶Using interpolations to ñimputeò excised data is also 
problematic (B)
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So is scrubbing the thing?

ÅExclusion of TRs might have unwanted effects:

1. Loss of dfs (might/might not be a big deal at 1 st lvl )

2. Uneven loss of dfs across groups/conditions

3. Destroys autocorrelation structure (Lose the ability 
to perform any frequency-based analysis)
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So, which one should I use?

Parkes et al 2018 Neuroimage
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Parkes et al 2018 Neuroimage

So, which one should I use?

MotReg

Expand

MotReg

aCompCor

ICA -AROMA

Ceonsoring
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So, which one should I use?
% edges still correlated with motion &

correlation between FC and motion
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Parkes et al 2018 Neuroimage


