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In multi-site studies, difftusion 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.
2.

3.

4,

Meta-analysis of effects from each site (early ENIGMA)

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

Use ComBat to adjust data histograms before pooling across
sites/scanners

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

ENIGMA Schizophrenia — World Map
Total sample of 8,659 subjects (nSZ=3920; nHV=4739)
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*van Erp TGM et al., Biol Psych, 2018 https://www.ncbi.nlm.nih.gov/pubmed/2996067 1
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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

22qgDS:
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

Widespread white matter

microstructural differences
in schizophrenia across 4322
individuals: results from the
ENIGMA Schizophrenia DTI
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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

/
Best

ROI:
Thinner
fusiform

gyrus

25 of 33
Cohorts

N=8,659
N

AMC —— -1.22[-1.48,-0.95
ASBR —— -060[-0.86,-0.33
CAMH —— -0.571-0.82,-0.32
ClAM —_— -0.89[-1.51,-0.26
ClinG —— -0.85[-1.16 ,-0.54
COBRE —— -0.551-0.88,-0.21
Dub}lqns —a— -0,5,3 -0.93,-0.33
EFf L $i3108. 48
ESHFM —— -0.88[-1.35,-0.40
ESO —_ -0.181-063, 0.27
FBIRN —— -0.78[-0.99,-0.56
FIDMAG —a— -0.741-0.99,-0.50
Frankfurt —_ -0.16[-0.67, 0.35
Galway —— : 079([-1.14 -0.43
HMS —— -0.08]-047, 0.31
HUBIN —a— : -068[-097,-0.39
JHU —a— -0.59(-0.90,-0.27
KaSp —— 0.17][-0.27, 0.60
MCIC —— -0.78[-1.01,-0.55
MPRC —a— -0.80[-1.08,-0.52
NEI '—l—|'_._4 -0.59[-0.87,-0.30
85aka . B8 478 4
PAFIPGE —a— -0.50[-0.78 ,-0.22
PAFIPPhip —— -0.10[-0.37, 0.17
Rome b -020[-0.44, 0.04
SCORE — -0.41[-0.74,-0.07
SNUH — -0.441-0.80,-0.07
TOP . -060[-0.78 ,-0.42
UNMCU = ! -0.36[-0.53,-0.20
UNIBA —— -0.38[-0.71,-0.05
UPENN —-— -0.52[-0.73,-0.30
RE Model -> : -055[-064 -0.45]
[ I I I 1 I 1
-2.00 -1.00 0.00 050 1.00

Observed Outcome

Cohen’ d: -0.55

Mean fusiform


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
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Abnormal asymmetries in subcortical brain volume in

schizophrenia
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The profie of brain structural abnormaities in schizophrenia s 58l not fully understood, despite decades of research using brain
scans. To validate a prospective meta-analysis approach to analyzing multicenter neurcimaging data, we analyzed brain MRl scans
from 2028 schizophrenia patients and 2540 healthy controls, assessed with standardized methods at 15 centers workdwide. We
identified subcortical brain volumes that differentiated patients from controls, and ranked them according to their effect sizes.

Compared with healthy controls, patients with schizophrenia had smaller hippocampus (Cohen's d =~ 046), amygdala (d=-031),
thalamus (d=~031), accumbens (d=~0.25) and intracranial volumes (d=~0.12), as well as larger paliidum (d=0.21) and lateral
ventricle volumes (d = 0.37). Putamen and pallidum volume augmentations were positively associated with duration of iliness and

hippocampal deficits scaled with the proportion of unmedicated patients. Worldwide cooperative analyses of brain imaging data

which include the basal ganglia and parts of the imbic system, have key roles in learning, motor control and
emotion, but also contribute to higher-order executive functions. Prior studies have reported volumetric alterations in subcortical
nq-orshwh\mm ia. Reported results have sometimes been heterogeneous, and few large-scale investigations have been
Mwmhwhpu&mmhm asymmetries of subcortical volumes in schizophrenia. Here, as a work
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volumetrc differences between patients with schizophvenia and controls. We aso explored the lateralty of subcortical egions 10
identify characteristic similarities and differences between them. T1-weighted images from 1680 healthy individuals and 884
patients with schizophrenia, obtained with 15 imaging protocols at 11 stes, were processed with FreeSurfer. Group
were cakculated for each protocol and meta-analyzed. Compared with controls, patients with schizophrenia demonstrated smaller
bilateral hippocampus, amygdata, thalamus and accumbens volumes as wel as intracranial volume, but larger bilateral caudate,

putamen, pallidum and lateral ventricle volumes. We the rank order of effect sizes for subcortical volumetric in
mmwmi%nmm for thalamus, tateral ventricle, caudate
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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

Diffusion MRI Indices and Their
Relation to Cognitive Impairment in
Brain Aging: The Updated Multi-
protocol Approach in ADNI3

Artemis Zavaliangos-Petropulu't, Talia M. Nirtf, Sophia .
Thomopoulos:, i{ Robert |. Reid?,  Matt A. Bernstein>,  Bret
Borowski®,  Clifford R. Jack Jr.5,  Michael W. Weiner*, {(} Neda Jahan-

shad;, H Paul M. Thompson! and the Alzheimer's Disease Neuroimaging
Initiative (ADNI)*

Name Scanner Protocol bg volumes DWI volumes Total Time (min) Total N
volumes
ADNI3 GE36 GE Basic Widebore 25x 4b=0s/mm? 32b=1,000s/mm? 36 9:52 -
GE54 GE Basic 25x 6b=0s/mm? 48 b = 1,000 s/mm? 54 7:09 65
P33 Philips Basic Widebore 1b=0s/mm? 32b=1,000s/mm? 33 7:32 24
P36 Philips Basic Widebore R3 1b=0s/mm? 32b=1,000s/mm? 36 6:54 19
3b=2s/mm?
P54 Philips Basic R5 1b=0s/mm? 48 b = 1,000 s/mm? 54 8:05 -
5b =2 s/mm?
S31 Siemens  Basic VB17 1b=0s/mm? 30b =1,000 s/mm? 31 7:02 36
S55 Siemens  Basic Skyra E11 and Prisma D13 7b=0s/mm? 48b = 1,000 s/mm? 55 9:18 153
S127 Siemens  Advanced Prisma VE11C 13b=0s/mm? 48 b = 1,000 s/mm? 61 7:25* 20

ADNI2 G46 GE

Discovery MR750 and MR750w, Signa HDxand HDxt 5b=0s/mm? 41 b = 1,000 s/mm? 46 7:00-10:00 59



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

Diffusivity Residuals

Anisotropy Residuals

A
a
y
¥R A
( oF AT dMRI Indices
" -, |® AXDT': 24 ROIs p <4.3x10°
v B MDPT :24 ROIs p<1.4x10%
¥ | @ RD" :24ROIs p=9.0x10%
’0 W FACT :22ROIs ps0.012
. 4 v | A FA™F :24ROIs p=9.3x10°

2. Fit the site/scanner effects "l PR RRNANT 1
= v‘, i r'y L #
using random effects e QT o ol A0 %
reg ression \;"Degreesof!"reedom Ve » o
(needs centralized data) “1117 v 6|
X 4\0//‘;‘:\ %‘9'70,9&
MDDTI RDDTI
1.6e-3 1.6e-3 1.6e-3
1.2e-3 1.2e-3 . .. & 1.2e-3
8.0e-4 8.0e-4
60 70 80 90 60 70 80 20 60 70 80 90
Age Age Age
FADT! FATOF Protocol
T ® P33 (N=17)
P36 (N=12)
® S31 (N=21)
©® S55 (N=96)
® S127 (N=16)
® GE54 (N=45)
© ADNI2 (N=59)

R XY
PRI R A A A e o0, O R %

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.

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

Site Differences Before Site Differences After Before/After correction
a Correction 2
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Fortin JP et al., Neurolmage 2017 - https://www.ncbi.nlm.nih.gov/pubmed/28826946 Hatton SE et al., for the ENIGMA Epilepsy Group, submitted, 2020
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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)

Scanner Invariant Representations
for Diffusion MRI Harmonization

Daniel Moyer'?, Greg Ver Steeg?, Chantal M. W. Tax®, and Paul M.
Thompson'!

! University of Southern California, Los Angeles, CA, 90007 USA
2 Information Sciences Institute, Marina del Rey, CA, 90292 USA
3 CUBRIC, School of Psychology, Cardiff University, Cardiff, United Kingdom
moyerdQusc.edu

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
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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’
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Moyer D et al., 2020, Magn Res Med https://www.ncbi.nlm.nih.gov/pubmed/32250475
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2.1 | Scanner invariant variational

auto-encoders
750
We wish to learn a mapping ¢ from data x (associated with
scanner s) to some latent space z such that zLs, yet also s
where z is maximally relevant to x. We start by relaxing z.ls
to /(z, s), and then bounding /(z, s) (detailed demonstration in e
Appendix A):
0
1(z,8) <—E,, .. [log p(xlz,$)) + E [ KL q(zlx) ll g(z) ) ] — H(xls)
- ¥ J N ~ - W—‘
Condinonal Reconstructson Compression Const
) 750
where g(z) is the empirical marginal distribution of z under 500
q(z]x), the specified encoding which we control, and p(x|z, s)
is a variational approximation to the conditional likelihood of x 250
given z and s again under ¢(z|x). Here, KL denotes the Kullback-
Leibler divergence and # denotes Shannon entropy. 0
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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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