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In multi-site studies, diffusion MRI can be collected with multiple 
protocols and scanners (GE, Siemens, Philips). 
 
Harmonization refers to the mathematical adjustment of data from each 
scanner before it is combined. 

We have studied 4 approaches, in order of complexity 

1. Meta-analysis of effects from each site (early ENIGMA)
2. Fit the site/scanner effect using random effects regression 

(needs centralized data)
3. Use ComBat to adjust data histograms before pooling across 

sites/scanners
4. Use Variational Autoencoder (site free data+site code) with 

Generative Adversarial Networks that make it hard to tell which 
site the data came from (Moyer et al., Magn Res Med 2020)

Other methods include, e.g., Mirzaalian H et al., MICCAI 2015 -  https://www.ncbi.nlm.nih.gov/pubmed/?term=rathi+y+harmonizing

https://www.ncbi.nlm.nih.gov/pubmed/?term=rathi+y+harmonizing


1. Meta-analysis of effects from each site (early ENIGMA; 
examples: ENIGMA Schizophrenia studies*, ENIGMA GWAS)

*van Erp TGM et al., Biol Psych, 2018 https://www.ncbi.nlm.nih.gov/pubmed/29960671

https://www.ncbi.nlm.nih.gov/pubmed/29960671


1. Meta-analysis of effects from each site (e.g., ENIGMA DTI ; 5 ‘largest-ever’ 
disease studies now published: SCZ, BPD, MDD, PTSD, 22qDS)

Kelly S et al., Mol Psych 
2018 
https://www.ncbi.nlm.nih
.gov/pubmed/29038599

Van Velzen L Mol Psych 
2019 
https://www.ncbi.nlm.nih
.gov/pubmed/31471575

BPD:
https://www.ncbi.nl
m.nih.gov/pubmed/
31434102

22qDS:
https://www.ncbi.nl
m.nih.gov/pubmed/
31358905
(meta-, mega-, ComBat)

Meta- slightly better than 
mega- (22qDS):
https://www.nature.
com/articles/s41380
-019-0450-0/figures/
2
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1. Meta-analysis of effects from each site (ENIGMA)

This also works well for 
morphometry - 33 sites 
measured the effect of 
schizophrenia on cortical 
thickness (van Erp et al., 
2018*)

Weight the site effects by 
sample size of each cohort (or 
inverse-variance weighted), to 
get an overall estimate of 
effect 

Largely consistent effects

Used in GWAS (e.g., Science 
2020)

*van Erp TGM et al., Biol Psych, 2018 
https://www.ncbi.nlm.nih.gov/pubmed/29960671

https://www.ncbi.nlm.nih.gov/pubmed/29960671


1. Meta-analysis of effects from each site (ENIGMA)

Meta-analyzed effects are also highly reproducible across continents - ENIGMA-COCORO Japan 
Collaboration

Same rank order 
for brain regions 
affected in 
schizophrenia

Similar effect sizes 
too

DTI: 
Koshiyama et al., Mol Psych. 2020 
https://www.ncbi.nlm.nih.gov/pubmed/32286531
Kochunov P et al., Hum Brain Mapp 2020 - 
https://www.ncbi.nlm.nih.gov/pubmed/32301246

https://www.ncbi.nlm.nih.gov/pubmed/32286531
https://www.ncbi.nlm.nih.gov/pubmed/32301246


2. Fit the site/scanner effects 
using random effects* 
regression 
(needs centralized data)

https://www.frontiersin.org/articles/10.33
89/fninf.2019.00002/full

*mean effect can vary across protocols/sites; fixed effects = same 
effect size, all protocols 
https://www.meta-analysis.com/downloads/Meta-analysis%20Fixed-eff
ect%20vs%20Random-effects%20models.pdf

https://www.frontiersin.org/articles/10.3389/fninf.2019.00002/full
https://www.frontiersin.org/articles/10.3389/fninf.2019.00002/full
https://www.meta-analysis.com/downloads/Meta-analysis%20Fixed-effect%20vs%20Random-effects%20models.pdf
https://www.meta-analysis.com/downloads/Meta-analysis%20Fixed-effect%20vs%20Random-effects%20models.pdf


2. Fit the site/scanner effects 
using random effects 
regression 
(needs centralized data)

Zavaliangos-Petropulu A et al., Frontiers 
Neuroinform 2019 
https://www.ncbi.nlm.nih.gov/pubmed/30837858

For each diffusion-weighted 
MRI (dMRI) index, the 
absolute values of effect sizes 
(d-value) are plotted for 
regional white matter (WM) 
microstructural 
associations with age 
when all ADNI3 dMRI data 
are pooled, adjusting for any 
site or protocol effects. 

https://www.ncbi.nlm.nih.gov/pubmed/30837858


2. Fit the site/scanner effects 
using random effects 
regression 
(needs centralized data)

dMRI protocols with higher 
SNR (e.g., more diffusion 
gradients; S127) yield better 
group differentiation, as 
expected

Zavaliangos-Petropulu A et al., Frontiers Neuroinform 2019 
https://www.ncbi.nlm.nih.gov/pubmed/30837858

https://www.ncbi.nlm.nih.gov/pubmed/30837858


3. Use ComBat (Fortin 2017) to adjust the data histograms 
before pooling across sites/scanners - Hatton 2020 
(ENIGMA-Epilepsy study)

Harmonized DTI data from 24 sites to correct for scanner-specific variations in FA/MD: 

Fortin JP et al., NeuroImage 2017 - https://www.ncbi.nlm.nih.gov/pubmed/28826946 Hatton SE et al., for the ENIGMA Epilepsy Group, submitted, 2020

https://www.ncbi.nlm.nih.gov/pubmed/28826946


4. Use Variational Autoencoder (site free data+site code) with 
Generative Adversarial Networks that make it hard to tell which 
site the data came from (Moyer et al., Magn Res Med 2020)

How would your brain look if you’d been scanned on a different scanner?
Moyer D et al., 2020, Magn Res Med https://www.ncbi.nlm.nih.gov/pubmed/32250475

https://www.ncbi.nlm.nih.gov/pubmed/32250475


Use Deep Learning and Adversarial Networks to Inter-Convert Data Across Scanners
Variational Autoencoder maps the data into a scanner invariant latent space, plus a site code
On training, the site identification loss and reconstruction error are jointly optimized
On testing, a site’s data can be converted using a common site code z’

Moyer D et al., 2020, Magn Res Med https://www.ncbi.nlm.nih.gov/pubmed/32250475

https://www.ncbi.nlm.nih.gov/pubmed/32250475


Moyer D et al., 2020, Magn Res Med 
https://www.ncbi.nlm.nih.gov/pubmed/3
2250475

https://www.ncbi.nlm.nih.gov/pubmed/32250475
https://www.ncbi.nlm.nih.gov/pubmed/32250475


Conclusions

In multi-site studies, diffusion MRI can be pooled across multiple protocols and 
scanners (GE, Siemens, Philips). 
 
Harmonization refers to the mathematical adjustment of data from each scanner 
before it is combined. 4 approaches, in order of complexity 

1. Meta-analyze effects from each site (early ENIGMA; Kelly 2018)
2. Fit the site/scanner effect using random effects regression (needs 

centralized data; Zavaliangos-Petropulu 2019; Boedhoe 2019 compares 
#1-#2)

3. Use ComBat to adjust data histograms before pooling across 
sites/scanners (Fortin 2017; Hatton 2020 for DTI; Radua 2020 compares 
#1-#3 for morphometry)

4. Use Variational Autoencoder (site free data+site code) with Generative 
Adversarial Networks (Moyer et al., Magn Res Med 2020) - testing in 
progress
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