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Ultimate Goal: 
Optimizing individual brain health

Case/control differences

Lifetime risk factors

Progression

Understanding susceptibility to disease and identifying personal preventative strategies and treatments 



Adapted from Jahanshad et al 2024 
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Headlines



Typical sample sizes < 50-100
Brain-wide associations may need 1000s of samples

Reproducibility in the neurosciences 



Need multi-site studies to increase participant count, power of 
statistical analyses, and establish greater confidence in findings. 

Reproducibility in the neurosciences 



Multi Site Neuroimaging Studies

Control Cases

Study 1

Control Cases

Site 1

Site 2

Site 3

Site 4



Multi Site Neuroimaging Studies

Control Cases

Study 1

Study Design

Usually, not 
always

Data Acquisition

Participants

Similar across Sites for a Single 
Prospective Multi Site Study

Axes of data heterogeneity



ADNI: Alzheimer’s Disease Neuroimaging Initiative

Began in 2004 and is still ongoing 

Phase 1 (2004 - 2010)
◼ 50+ sites around the US and Canada
◼ Coordinated study designs and harmonized MRI 

acquisition protocols
▪ Largest, most well powered, neuroimaging studies at 

the time
◼ Nearly 1000 subjects, multiple timepoints: 

Healthy controls, late-stage MCI, dementia
◼ Large scale initiative to identify demographic and 

biological risk factors for cognitive decline
◼ Publicly available for researchers around the 

world
▪ Novel, harmonized storage and retrieval 
▪ ida.loni.usc.edu 

◼ Now completed Phase 4



Multi Site Neuroimaging Studies -

Study Design Identical and Participants Similar across Sites 
for a Single Prospective Multi Site Study

Neuroimaging:
Different scanners

Acquisition parameters

Of course, differences do exist

Study Design

Data Acquisition

Participants



Challenge: Data Heterogeneity

Imaging acquisitions are different



Challenge: Data Heterogeneity



Challenge: Data Heterogeneity



Challenge: Data Heterogeneity
Imaging acquisitions are different



ADNI  - MRI & diffusion MRI different in single study

Challenge: Data Heterogeneity



Growing neuroimaging resources

HABS-HD



Decades of Neuroimaging Studies around the World



Ultimate Goal: 
Optim izing ind ividua l bra in  hea lth

Case/control differences

Lifetime risk factors

Progression

Understanding susceptibility to disease and identifying personal preventative strategies and treatments 



… In populations around the world
Understanding susceptibility to disease and identifying personal preventative strategies and treatments 

Case/control differences

Lifetime risk factors

Progression





Multi Study Neuroimaging Studies

Control Cases

Study 1

Study 2

Study 3

Study 4

Control Cases

Study 1
Site 1

Study 1
Site 2

Study 2
Site 1

Study 3
Site 1

Study 3
Site 2

Study 4
Site 1

Study Design

Data Acquisition

Participants

All independent / 
different



Distributed scientific collaboration. Site related heterogeneity weighted. 
Effects are weighted by the variability in the site level data / or its sample size

Thompson, Jahanshad et al Trans Psych 2020 for a review



Imaging variability



Diagnostic variability



ADNI exclusion criteria



ADNI excludes

Parkinson’s disease

History of significant head trauma

Progressive supranuclear palsy

Seizure disorder

Major depression

Schizophrenia

History of alcohol or substance abuse

Vitamin B12 
deficiency



OASIS 3 includes…



OASIS 3 includes… (in cognitively normal and impaired) 

Parkinson’s disease

History of significant head trauma

Progressive supranuclear palsy

Seizure disorder

Major depression

History of alcohol or substance abuse

Vitamin B12 
deficiency



Imaging acquisitions are different

Challenge: Image Data heterogeneity



Imaging acquisitions are different

A biomarker may have limited clinical utility NOW if it is only evident when 
measured with instruments that are not widely available. 

Do not want a biomarker to rely on one particular instrument/scanner for global 
impact. 

Challenge: Image Data heterogeneity



Benefits of Heterogeneity: 
Reproducibility, Reliability, and Generalizability

With large diverse, heterogeneous datasets, 
we can readily assess generalizability.

Will the findings hold in a different 
population? 
With a different method: acquisition / 
analytical ?

If not, why? Biological? Methodological? 
Whitaker K. 2017. Publishing a reproducible paper. figshare doi: 
10.6084/m9.figshare.5440621.v2 
https://the-turing-way.netlify.app/reproducible-research/

https://the-turing-way.netlify.app/reproducible-research/
https://the-turing-way.netlify.app/reproducible-research/
https://the-turing-way.netlify.app/reproducible-research/
https://the-turing-way.netlify.app/reproducible-research/
https://the-turing-way.netlify.app/reproducible-research/
https://the-turing-way.netlify.app/reproducible-research/
https://the-turing-way.netlify.app/reproducible-research/


Approach: Analytic Standardization
Image Processing / Feature Extraction Workflows in ENIGMA

Our general approach to pooling diverse data has largely revolved 
around minimizing variability through analytic standardization

Detailed and documented analytic plans are key

• Imaging metrics 
• Quality assurance
• Statistical workflow
• Test / retest / evaluate



Standardized Imaging Pipelines



Diffusion MRI based microstructure
4D - Diffusion MRI - DTI: basic model

Estimate of water 
motion and directionality 

Obtain relative 
estimates of cohesion 
and dispersion 



Standardization of dMRI Imaging Methods

Jahanshad et al 2013; 
Builds on FSL’s TBSS (Smith et al 2006)

White matter 
microstructure



Analytical Standardization: Quality Assurance
The documentation of quality assurance procedures is a critical step



Sunanda Somu, MS



Distributed scientific collaboration. Site related heterogeneity weighted. 
Effects are weighted by the variability in the site level data / or its sample size



One of ENIGMA’s genome wide association studies: 
The genetic architecture of the human cortex

Identifying genetic variants associated with normal variation 
in cortical surface area, thickness, and their regional patterning

Grasby, Jahanshad et al Science 2020

Total sample size ~51,000 MRIs
Discovery sample size ~35,000 MRI



Genome-Wide Meta Analysis:
Meta-analysis + QC

Imaging distribution statistics
Association summary statistics
No individual data

Individual sites



Error detection - Forest Plots



Novel insights into brain development + disease 

Surface Area

Thickness

200+ significant loci after replication (p < 8.3 x 10-10)



Meta-Analysis

Control Cases

Study 1

Study 2

Study 3

Study 4



Imbalance across sites

Control Cases

Study 1

Study 2

Study 3

Study 4

Control Cases

Study 1

Study 2

Study 3

Study 4



Rare condition? Few cases?

Van Velzen et al 2025, 
Translational Psychiatry

N healthy N controls N cases





Mega-Analysis Motivation Case  - Guess

1) 1 death every 11 minutes / over 700.000 deaths a year worldwide
2) In 2019 alone, estimated costs IN THE US were nearly $94 BILLION
3) 75 % of cases occurring in low- and middle-income countries
4) Over half of all deaths occur before age 50
5) One of the 10 leading cause of death among all age groups 10-64
6) 8.9% of high school students were affected in the US

Statistics from: America's Health Rankings analysis of CDC WONDER, 
Multiple Cause of Death Files, United Health Foundation, 
AmericasHealthRankings.org, Accessed 2022.
DOI: 10.1016/j.psychres.2025.116597 
https://www.who.int/publications/i/item/9789240026643

https://www.who.int/publications/i/item/9789240026643
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Suicide 
Attempt

https://www.who.int/publications/i/item/9789240026643


Rare condition? Few cases?

Van Velzen et al 2025, 
Translational Psychiatry

N healthy N controls N cases



Standardization of dMRI Imaging Methods

Jahanshad et al 2013; 
Builds on FSL’s TBSS (Smith et al 2006)

White matter 
microstructure



Power to conduct first of a kind study

Van Velzen et al 2025, 
Translational Psychiatry

N healthy N controls N cases



Van Velzen et al 2025, 
Translational Psychiatry



Many exciting developments in statistical data harmonization



ComBat for Harmonization in Multi-Site MRI Studies

ComBat is a statistical harmonization method that uses an Empirical 
Bayes approach to estimate site-specific shifts and scaling factors 

○ Johnson et al 2007; Fortin et al 2017

https://github.com/andy1764/ComBatFamily https://github.com/PennSIVE/ComBatFam_Pipeline

https://github.com/andy1764/ComBatFamily


Diffusion MRI protocols are particularly heterogeneous

Zhu et al 2018, Nir et al 2018

Alyssa Zhu, PhD



Building a template for regional lifespan trajectories 

Zhu et al - eHarmonize - Scientific Data 2025
https://github.com/USC-LoBeS/eharmonize

Alyssa Zhu, PhD

https://github.com/USC-LoBeS/eharmonize
https://github.com/USC-LoBeS/eharmonize
https://github.com/USC-LoBeS/eharmonize


Building a template for regional lifespan trajectories 

Zhu et al - eHarmonize - Scientific Data 2025
https://github.com/USC-LoBeS/eharmonize

Alyssa Zhu, PhD

https://github.com/USC-LoBeS/eharmonize
https://github.com/USC-LoBeS/eharmonize
https://github.com/USC-LoBeS/eharmonize


dMRI Studies and Subjects

MRI Harmonization
● N = 40,898 (10 studies)
● Age Range: 3-95 years
● Healthy controls

In multi-shell acquisitions, only the shells 
used for DTI processing were included

Model DTI

ENIGMA-DTI

Study Age (yrs) N (%Male) Scanner (3T) b-values
(volumes)

Resolution 
(mm3)

PING 3-21 906 (52.2)
Siemens

GE
Philips

0 (4), 1000 (32)
0 (2), 1000 (30)
0 (3), 1000 (30)

2.5 x 2.5 x 2.5

HCP-D 8-21 617 (48.5) Siemens 0 (28), 1500 (93) 1.5 x 1.5 x 1.5

ABCD 9-13 5611 (52.7) Siemens 0 (7), 1000 (15) 1.7 x 1.7 x 1.7

SLIM 17-26 432 (45.1) Siemens 0, 1000 (30) 2 x 2 x 2

HCP 22-36 363 (45.5) Siemens 0 (18), 1000 (90) 1.25 x 1.25 x 1.25

Cam-CAN 18-87 305 (35.1) Siemens 0 (3), 1000 (30) 2 x 2 x 2

PPMI 30-81 83 (63.9) Siemens 0 (1), 1000 (64) 1.98 x 1.98 x 2

UK Biobank 45-82 31,986 (46.8) Siemens 0 (8), 1000 (50) 2.5 x 2.5 x 2.5

OASIS3 42-92 225 (48.4) Siemens 0 (1), 1000 (64) 2.5 x 2.5 x 2.5

ADNI3 55-95 370 (41.2)
Siemens

GE
Philips

0 (1-7),
1000 (30-64) 2 x 2 x 2

Building a template for regional lifespan trajectories 



Harmonizing diffusion metrics across the lifespan to 
assess APOE4 affects

Normative lifespan curves for diffusion MRI metrics 
Alyssa 
Zhu

Antagonistic pleiotropy 

Zhu et al - eHarmonize - Scientific Data 2025
https://github.com/USC-LoBeS/eharmonize

https://github.com/USC-LoBeS/eharmonize
https://github.com/USC-LoBeS/eharmonize
https://github.com/USC-LoBeS/eharmonize


Expansion with Hierarchical Bayes Regression

Villalon-Reina Nat Comm 2026



Many exciting developments in statistical data harmonization

What if site differences are too 
vast or confounded?
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Dan Stein MD, PhD

Harmonization Needs Care - Confounded Cases

Nir et al / Jahanshad 2021



Image Harmonization with AI

Liu et al HBM 2023



Using generated MR scans

Control Cases

Study 1

Study 2

Study 3

Study 4



Generative AI to Create Synthetic Controls

Synthetic control

Gadewar et al ISBI 2024

Shruti 
Gadewar

Control Cases

Study 1

Study 2

Study 3

Study 4



Generative AI to Create Synthetic Controls

Use statistical harmonization 
methods on generated images 
to determine scale and shift 

And apply transformation to 
cases

99 99

7575

1

50
25

1

50
25



Gadewar et al ISBI 2024





Towards scanner invariant features

Zhu et al SIPAIM 2018 Bhatt, Gadewar et al Nat Comm 2025



Can we standardize tractography based connectivity analyses?



Can we standardize tractography based connectivity analyses?

Acquisition protocol diversity
Much of the clinically focused datasets are optimized to collect information from 
multiple domains and may limit time in the scanner, so acquisition protocols are 
not always optimal for all analyses

% of ENIGMA DTI (<50)
b<=2000

HARDI
b<=2000

Multishell
b<=2000

DTI
b>=3000

HARDI
b>=3000

Multishell
b>=3000 

> 2.5mm ~10% ~2%
2-2.5mm ~70% ~10% ~5% ~2%
< 2mm ~1% 



Schilling et al. 2021
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• Reduce microstructural heterogeneity 
and variability of dMRI metrics within 
white matter bundles

• Preserve bundle shape while capturing 
regional variation within and along 
white matter bundles

• Establish regional correspondence for 
along-tract comparisons across subjects 
and acquisition protocols

Medial Tractography Analysis (MeTA)

Ba Gari et al, 2023, 2024, in progress



Ba Gari et al. 2023, NER

Volumetric “core” analysis

Converted streamlines of WM bundle into a binary 
mask.
Generate medial surface m by using the concept of 
a Maximum Inscribed Ball at each point on m of 
bundle shape (Yushkevich et al. 2006)

Calculated normal at vertex points on m and 
identified corresponding points on X± by casting rays 
along the normal vectors to find intersection points 
on X± (Sullivan et al., 2019)

Voxelized MeTA_25% (core) using the computed 
depth from the medial surface



Ba Gari et al. 2023, SIPAIM, Ba Gari et al. 2024 CDMRI

Cross-subject bundle correspondence 

• Generated a centroid with P points 
along the template bundle length for 
reference in cross-subject comparisons 

• Generated a centroid for each subject’s 
bundle using QuickBundles clustering 
(Garyfallidis et al., 2012)

• Applied Dynamic Time Warping (DTW) 
for aligning points between subject and 
template centroids (Sakoe et al., 1978)







Along-tract analysis



Along-tract analysis



ENIGMA Tractometry Toolbox 

Standardized processing and quality control



ENIGMA Symmetric Atlas

Ba Gari, I., Davis Alibrando, J., Feng, Y., Villalón-Reina, J.E., Cabalinan, A., Nabulsi, L., Thompson, P.M., Yeh, F.-C., Chandio, B.Q., Nir, T.M. and Jahanshad, N., 2026. 
ENIGMA Symmetric White Matter Tractography Atlas (Version 1.0.0) [data set]. Zenodo. Available at: https://zenodo.org/records/19656193



ENIGMA Symmetric Atlas

Ba Gari, I., Davis Alibrando, J., Feng, Y., Villalón-Reina, J.E., Cabalinan, A., Nabulsi, L., Thompson, P.M., Yeh, F.-C., Chandio, B.Q., Nir, T.M. and Jahanshad, N., 2026. 
ENIGMA Symmetric White Matter Tractography Atlas (Version 1.0.0) [data set]. Zenodo. Available at: https://zenodo.org/records/19656193







MeTA
Volumetric

BUAN
Streamline-based

Chandio, B.Q, et al. "Bundle analytics, a computational framework for investigating the shapes and 
profiles of brain pathways across populations." Scientific reports 10.1 (2020): 17149.
Ba Gari, I., et al. "Medial Tractography Analysis (MeTA) for white matter population analyses across datasets." 2023 
11th International IEEE/EMBS Conference on Neural Engineering (NER). IEEE, 2023.





NextFlow Pipeline Usage

https://github.com/ENIGMA-git/eTractometry



Participants (N = 168)
UKBB (n=56) | HCP Aging (n=56) | CamCAN (n=56)

ADNI3 (N = 410)
CN (n = 273) | MCI (n = 137)



Summary

Multi-study data integration is how we turn
local observations into reliable science.

Challenges: 
Many axes of data heterogeneity
Data acquisition heterogeneity
Study design heterogeneity
Population heterogeneity

…Data is messy

Opportunities: 
Data standardization → invariance
Statistical / AI advances
Population understanding
Uncertainty modeling
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Supported by:
R01AG087513
R01MH134004
RF1NS136995
R01HD117775
R01NS128486
S10OD032285
Wellcome LEAP CARE
Alz Assoc

Thank you present & 
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Estimated biomarker progression curves
Bjorkli et al, 2020, Leclerc et al, 2013,  Jack et al, 2010



Earlier brain 
biomarkers for 
disease

Estimated biomarker progression curves
Bjorkli et al, 2020, Leclerc et al, 2013,  Jack et al, 2010



Hippocampal volume →

Parker/Oxtoby et al, 2023 biorxiv

Beyond cortical thickness and hippocampal volume

Event based modeling



Advanced models of microstructure

“in-vivo histology”

Differentiate intracellular from extracellular water diffusion
figure by Elizabeth Haddad, 
PhD 

Talia Nir, PhD



Microstructure in the gray matter cortex



Can diffusion MRI inform amyloid / tau load?

Multiple aspects of 
microstructure

Mapped across the brain

Nir et al /Jahanshad Mol Psych 2023



Many pathophysiological processes

Long & Holtzman 2019

How do they 
influence diffusivity?



Microglial neuroinflammation and MR diffusivity

Yi et al 2019



More barriers
Cellular hypertrophy, 
inflammatory microglia 
infiltration, hydrophobic 
plaques

Less barriers
Inflammation edema, less 
dendritic arborization 
complexity, degeneration, 
neurite loss

Diffusivity (MD)

Microglial neuroinflammation and MR diffusivity



GMm→ WMm  → Hippocam pal vol → GM vol

1. Cortical microstructure

2. WM microstructure

3. GM structure



Quadratic beta -am yloid  e ffect in  MTL 

Nir et al, in preparation

Male MD

Female MD



Fast-EBM: EBM for la rge  fea tu re -se ts

FastEBM uses latent-
temporal
progression-based 
Bayesian method as 
opposed to max likelihood 

Accurate event ordering 
no longer limited to ~10 
features

Shayan Javid, MS

Javid et al /Jahanshad biorxiv 2026



Fast-EBM: EBM for la rge  fea tu re -se ts

FastEBM uses 
latent-temporal
progression-
based 
Bayesian 
method as 
opposed to 
max likelihood 

Shayan Javid, MS

Javid et al /Jahanshad biorxiv 2026

Left 
Right





Moazami et al, in preparation. 

Imaging site 1 Imaging site 2



Moazami et al, in preparation. 

Flow matching across 
distributions of sites





Ultimate Goal: 
Optim izing ind ividua l bra in  hea lth

Case/control differences

Lifetime risk factors

Progression

Understanding susceptibility to disease and identifying personal preventative strategies and treatments 



Neuroimaging + health data + advanced methods
In  popula tions a round  the  world
Understanding susceptibility to disease and identifying personal preventative strategies and treatments 

Case/control differences

Lifetime risk factors

Progression



Modeling the individual aging brain

Gadewar et al, / Jahanshad 2023
Moazami et al, in progress



Data used for model training:
200 individuals for each age bin (100M/100F) for training sex-stratified models

Age 60 Age 64 Age 70 Age 73 Age 
75        Age 79

Input Age 73

Gadewar et al, 2023
Gadewar et al, in progress



1st scan
Predicted 2nd sca n

Age: 73 Age: 75



Age: 75 Age: 75

2nd scan Predicted 2nd sca n                    
Wa rp fie ld



Age: 75 Age: 75

2nd scan Predicted 2nd sca n       
Individua lized wa rp

Predicting how your specific brain will age

Gadewar et al, 2023



Can I reduce the rate of atrophy here?

Can I improve white matter integrity here?

Can I improve cortical thickness here, despite 
my genetics?

What can I do about these deviations?



Livingston et al 2024, Lancet 
Commission

What changes can I make in midlife ? 
How can they affect my brain?



In the absence of clinical trials, can we model causal effects using large epidemiological studies? 
Causal inference models can be used to predict counterfactuals (alternate outcomes) similar to properly 
randomized experiments. 

Can we estimate causal changes to  regiona l bra in  m etrics?

Treatment / Intervention

Observed outcome 
(regional brain structure)

Myrl Marmarelis, PhD



Can we estimate causal changes to  regiona l bra in  m etrics?

Treatment / Intervention

Observed outcome 
(regional brain structure)Known covariates 

/ modifiers



But, there are many unknowns! 

Can we estimate causal changes to  regiona l bra in  m etrics?

Treatment / Intervention

Observed outcome 
(regional brain structure)Known covariates 

/ modifiers

Hidden 
confounders



- Causal sensitivity analysis can make reasonable structural assumptions about different levels of hidden confounding
- Does the relationship still hold at increasing levels of confounding?

- Now developed for continuous treatments, allowing for the quantification of dose responses (Marmarelis et al., 2023) 

Can we estimate causal changes to  regiona l bra in  m etrics?

Trea tment / Inte rvention

Observed outcome 
(regiona l bra in structure )Known cova ria tes 

/ modifie rs

Hidden 
confounders

Ma rma re lis e t a l 2023



Treatment / Intervention

Observed outcome 
(regiona l bra in structure )Known cova ria tes 

/ modifie rs

Hidden 
confounders

What specific improvements can I make?

Haddad, Marmarelis et al 
2023

- Can an incremental improvement in one dietary aspect improve my brain health?



Framed as: “a one unit increase in a specific diet score can cause an X% increase in cortical thickness”

Different confounding levels will have different 
prediction variations to assess effect robustness

Causal sensitivity analysis - causal dietary effects on brain structure 

Haddad, Marmarelis et al 
2023



Causal sensitivity analysis reveals more than associations alone

Averaged dietary effects across males and females separately, no causal relationship for females



Livingston et al 2024, Lancet 
Commission
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