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Scope of this lecture

• Cognitive Neuroscientist’s perspective on imaging brain 
changes
• Starting or in the middle of a project focused on studying 
structural brain changes

• Ideas extend to functional brain changes also
• Some familiarity with MRI images and jargon



Just about everything changes the brain

Growing up Growing Old Learning

ExerciseSleeping Mood Stress

InjuryGenetics DiseaseFood

Training



Why imaging/measuring brain changes is important

3. Guide public policy on promoting good mental health

2. Measure the efficacy of a treatment strategy

1. Slow the effects of aging or some disease



How do we study the living human brain?

Temporal : Years, months, weeks, Days, Hours, minutes, seconds…

Spatial : Whole brain, cm, mm, microns



ü Safe & Non-Invasive

MRI – a powerful tool for imaging brain changes
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ü Translational ü Multimodal
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• Review popular MRI methods used for measuring brain changes

• Know the limits/details 

• Acquisition, Data processing, Inference

• Know how to overcoming some of the limits

• The future of imaging changes in brain anatomy

Outline



T1W image

Cerebrospinal Fluid (CSF)

White 
Matter

Gray
Matter

Neuroinflammatory Lesion
Sinnecker, et al., Arch, Neurol, 2012

- a powerful tool for Radiologists

< 6 minutes



Automatically derive anatomically meaningful 
measures of Volume 

Skull strip Segment Parcellate

Compute Subject – Specific Measure of volume of cortical areas 
https://surfer.nmr.mgh.harvard.edu/fswiki



Cortical 
Thickness

Automatically compute second-order measures like 
Cortical Thickness & Gray Matter Density

https://surfer.nmr.mgh.harvard.edu/fswiki

Gray Matter 
Volume

Surface 
Area

Gyral Height
/Sulcal depth

Curvature 
Measures

Shape 
Measures



T1W Morphometry - A powerful tool for Brain Research

Aging

Autism

Brain Training



Diffusion MRI - a powerful tool for Radiologists

• T2W image ~3 hrs post 
onset of stroke 
symptoms

• Shows a chronic infarct 
in subcortical WM

• DWI image ~3 hrs post 
onset of symptoms

• Decrease in water 
diffusion shows an 
acute infarct extending 
from temporal to 
frontal lobe

Warach et al., JoCBF&M_1996 Courtsey of Okan Irfanoglu



Maps from the Diffusion Tensor
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Isotropic

Anisotropic

Tract Volume, Fractional Anisotropy , Mean diffusivity, Radial Diffusivity, 

From Diffusion displacement profile to 
imaging white matter pathways

Berenschot  2004 Catani et al., 2005



Diffusion MRI- A powerful tool for Brain Research

Brain 
Development

TBI

Brain Training



• Review popular MRI methods used for measuring brain changes

• Know the limits/details 

• Scanner, MRI Sequence, Subject, Data processing, Inference

• Know how to overcoming some of the limits

Outline



Longitudinal design – a strong argument for a 
causal link
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How robust is the evidence from MRI based 
studies of Brain Plasticity?



Compelling evidence for training-specific changes

• Specificity to 
training group

• Specificity to brain 
region

• Specificity to task

• Correlation with 
behavior

Xu et al ., 2009



A framework for assessing the robustness of training-
dependent structural changes 

Bulk of the evidence from human sMRI studies – 
Not very compelling



1.  Scanner

2.  Sequence

3.  Subject

4.  Analysis

5.  Interpretation

6.  Know the limits/details 

7.  Know how to overcoming some of the limits

The challenge with MRI



1. Scanner related factors that impact MRI measures 

• MRI measures of brain structure can vary with

• Scanner Type, Field Strength, Scanner OS platform, Coil …

• Important to keep in mind when using MRI databanks



2. Sequence specific factors that impact T1W-measures 

• MPRAGE, MEMPRAGE, High field MP2RAGE

• Better SNR without parallel imaging, but risk of motion

• Impacts measures like cortical thickness etc (Wonderlick et al., Neuroimage 2009)

• Solution: Consider Subject demographics or 2 sets of accelerated T1W images  

Without ASSET With ASSET

Image from Jason Crutcher 



2. Sequence specific factors that impact DTI measures 

• Caused by rapidly switching gradients

• Distorts images, alters actual diffusion sensitization

• Solution: Correctable in TORTOISE & latest version of FSL

Eddy Current Distortions After Correction

From Carlo Pierpaoli 2011



2. Sequence specific factors that impact DTI measures 

• Caused by sharp image transitions
• Distorts diffusivity measures
• Solution: Correctable if you use TORTOISE

Image from Amrita Nayak

Gibbs Ringing After Correction



2. Sequence specific factors that impact DTI measures 

• Caused by B0 field inhomogeneities (Jezzard and Balaban, 1995)

• Distorts images in phase encode direction in some brain regions
• Messes up tractography but not DTI measures, correctable 

EPI Distortions

From Carlo Pierpaoli 2011



2. Sequence specific factors that impact DTI measures 

Before EPI Distortion Correction After EPI Distortion Correction

Irfanoglu et al, 2012

• Trajectory of the Corticospinal tracts heavily distorted without correction
• Solution: Acquire Blip up/Down, use TORTOISE



3. Subject factors that impact measures of  brain structure

Reuter et al., NeuroImage 2015 From Carlo Pierpaoli, 2011

After Correction using TORTOISE

Subject head motion (T1W)

• Head motion impacts GMV and CT estimates
• 2mm/min motion -> ~1.4 – 2 % GMV loss
• Solution: Use PROMO, better padding etc

Before CorrectionDWI



Blood Pressure  on T1W imaging 

Schaare et al., HBM 2017

Diastole

Cardiac Pulsation on DWI

From Carlo Pierpaoli, 2011

• GMD/GMV /CT 
estimates may be 
spurious in specific 
brain regions

• Solution: identify outlier voxels and remove using TORTOISE 

Systole

3. Subject factors that impact measures of  brain structure



4. Data processing factors that impact MRI measures 

• MRI measures of brain structure can vary with Computer OS, 
Software Version

• Solution: Pick a stable version and stick to it



From Nicola Hobbs & Marianne Novak

Raw Data Result

From Raw data to statistical maps data undergoes several transformations

Several biases can be introduced
Results and 
inferences 
differ with 
smoothing 
levels

4. Data processing factors that impact MRI measures 



Adam Thomas et al., Neuroimage, 2009

Method A (SPM) Method B (FSL)

Same data – different software – different results 

Subject trained in a visuo-motor task 
Behavioral evidence for training effect

fMRI evidence for training effect
Structural changes following training?

• Solution: Be aware of these issues, test reproducibility with different packages

• Talk to your local statistics guru



Some Practical recommendations

• Pick a stable scanner – Stick to it
• Pick a robust MRI sequence

• Talk to an MRI physicist about the study goals / hypothesis
• Brain regions that matter
• Better data comes at a cost  

• Be mindful of potential confounds
• Head motion, Physiology, 

• Pick a stable pipeline for data processing – Stick to it
• Freesurfer for surface based analysis
• FSL/SPM – VBM pipeline
• TORTOISE  - Diffusion MRI processing (Corrects for Eddy, Gibbs 

ringing, motion, EPI)
• QC images as you collect them at the scanner, QC after!
• Be consistent with your instructions to the subject



How does learning vs mastering a motor skill 
change the human brain?

Thomas et al., In preparation

N = 21, 11 F, Age Range: 20-38

Rest



How does learning vs mastering a motor skill 
change the human brain?

Thomas et al., In preparation

Rest
Right Lateralized 

Visuo-Spatial Training 
Video Game



How does learning vs mastering a motor skill 
change the human brain?

Thomas et al., In preparation

Rest
Left Lateralized 
Motor Sequence 

Training 

Right Lateralized 
Visuo-Spatial Training 

Video Game



How does learning vs mastering a motor skill 
change the human brain?

Thomas et al., In preparation

Rest
Right Lateralized 

Visuo-Spatial Training 
Video Game

Left Lateralized 
Motor Sequence 

Training 
Rest

1 hour 
training 

for 5 days

Multimodal MRI: T1W images, advanced DWI, Resting State fMRI  (Two Datasets each)

Intrinsic 
Measurement 

Error
Intrinsic 

Measurement 
Error



Motor Sequence Learning

Time-of-day (TOD) impacts surface based morphometric 
measures: cortical thickness, and surface area

<"#0.25mm"/"day" >"0.25mm"/"day"

Change in magnitude of cortical thickness Statistically significant differences

Trefler, et al., NeuroImage, 2016

No significant impact on apparent gyrification index, sulcal depth



Time of day impacts gray matter volume

Trefler, et al., NeuroImage, 2016

Regions that show a significant decrease in Gray matter 
volume from AM to PM



Time of day impacts DTI measures of brain structure

Regions that show a significant increase in 
Trace/ Mean diffusivity from AM to PM



TOD impact on DTI measures of brain structure is driven 
by changes in freewater volume fraction

Regions that show a significant increase in 
freewater/ CSF volume fraction from AM to PM



rsFC of the Hippocampus increases from AM to PM

Steel, et al., NeuroImage, Under Review

Time of day impacts resting state functional connectivity



Steel, et al., NeuroImage, Under Review

rsFC of the Sensorimotor cortex increases & decreases 
from AM to PM

Time of day impacts resting state functional connectivity



Time of day impacts functional and structural MRI measures 

Impact of time of day on: 

Gray matter volume Decrease
(T1w Data) (Trefler et al, 2016) 

Free water volume fraction 
Increase (DWI Data)  
(Thomas et al., 2018) 

Resting State functional 
connectivity



Impact of training on brain function (Cortical Thickness)

RH LH
Timepoint x Visit interaction

Clusters do not survive correction



Short-term 
Motor learning

Long-term 
Motor learning

Positive Correlation : 
↑ Cortical Thickness 
↑ Motor Performance

Negative Correlation : 
↓ Cortical Thickness 
↑ Motor Performance

Impact of training on brain structure

Correlation between change in thickness and change in performance



Positive Correlation : ↑ Gray Matter Volume ↑ Motor Performance
Long-term Motor learning

Impact of training on brain structure (Gray matter volume)

Correlation between change in GMV and change in performance



Study Summary

• The rest controls helped identify time-of-day as a significant confound

• MRI measures are sensitive enough to detect this effect!

• Important to keep in mind for longitudinal and cross-sectional designs

• Time-of-day impacts T1W, DTI, and Resting state measures 

• It’s not just a confound – physiological phenomenon

• Multimodal MRI data can help understand possible mechanism

• Data replicates help test reproducibility

• To test impact of training: Time of day x Visit interaction



Some Experimental Design recommendations

• Well matched control group

• Give the control group a effort-matched task

• Use multimodal MRI 

• Collect 2 sets of data if possible 

• Consider the potential confounds

• Biological rhythms: Circadian, post lunch dip, infradian, Seasonal….

• Chronotype, Hydration level, Caffeine, Sleep Quality, Medication,  
Body temperature, cortisol levels, 

• If you can’t screen/control for it measure it or be mindful of it

• Report the methods you use, in as much detail as possible



• Review popular MRI methods used for measuring brain changes

• Know the limits/details 

• Scanner, MRI Sequence, Subject, Data processing, Inference

• Know how to overcoming some of the limits

• The future of imaging changes in brain anatomy

Outline



The future of imaging changes in brain anatomy

• MRI has limited biological specificity

• More robust  and quantitative maps of biophysical properties of tissue 
microstructure

• Validation studies that help understand the biological correlates of MRI 
changes

• Methods to pull together converging evidence from Multimodal MRI maps

• Statistical methods for proper inference



Maps from the Diffusion Propagator

Avram et al., NeuroImage 2016

• A host of new diffusivity 
measures 
(See Avram 2016)

• Offers comprehensive 
characterization of tissue 
microstructure

• Other measures like 
diffusion kurtosis 
(Jensen et al 2005) 

• Neurite orientation 
Dispersion and Density 
imaging (NODDI) 
(Zhang et al 2012)

• See Review by 
Hutchinson et al., J Neuro 
– Research  2017 



(Nassi  et al., 2009) 

Image brain changes boldly, but cautiously

Thank you for your attention!

Thanks also to members of the 
Baker lab and Pierpaoli lab



Some “Inference” recommendations

• Second-order measures of brain structure are only estimates 
derived from the MR signal

• Cortical Thickness vs Apparent cortical thickness



Some reading recommendations



(Nassi  et al., 2009) 

Image brain changes boldly, but cautiously

Questions/ Comments?


