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a b s t r a c t 

Background: After more than eight decades of electroconvulsive therapy (ECT) for pharmaco-resistant depres- 
sion, the mechanisms governing its anti-depressant effects remain poorly understood. Computational anatomy 
studies using longitudinal T1-weighted magnetic resonance imaging (MRI) data have demonstrated ECT effects 
on hippocampus volume and cortical thickness, but they lack the interpretational specificity about underlying 
neurobiological processes. 

Methods: We sought to fill in the gap of knowledge by acquiring quantitative MRI indicative for brain’s myelin, 
iron and tissue water content at multiple time-points before, during and after ECT treatment. We adapted es- 
tablished tools for longitudinal spatial registration of MRI data to the relaxometry-based multi-parameter maps 
aiming to preserve the initial total signal amount and introduced a dedicated multivariate analytical framework. 

Results: The whole-brain voxel-based analysis based on a multivariate general linear model showed that there is no 
brain tissue oedema contributing to the predicted ECT-induced hippocampus volume increase neither in the short, 
nor in the long-term observations. Improvements in depression symptom severity over time were associated with 
changes in both volume estimates and brain tissue properties expanding beyond mesial temporal lobe structures 
to anterior cingulate cortex, precuneus and striatum. 

Conclusion: The obtained results stemming from multi-contrast MRI quantitative data provided a fingerprint of 
ECT-induced brain tissue changes over time that are contrasted against the background of established morphom- 
etry findings. The introduced data processing and statistical testing algorithms provided a reliable analytical 
framework for longitudinal multi-parameter brain maps. The results, particularly the evidence of lack of ECT 
impact on brain tissue water, should be considered preliminary considering the small sample size of the study. 

1

 

d  

L  

t  

q  

a  

4  

v  

t  

s
 

h  

2  

w  

c  

t  

D  

2  

h
R
A
1
(

. Introduction 

Major depressive disorder (MDD) affects estimated 300 million in-
ividuals worldwide and is the second main contributor to the Years
ived with Disability (DALY) ( James et al., 2018 ). Despite the existing
herapeutic armament, a third of patients are pharmaco-resistant and re-
uire electroconvulsive therapy (ECT), which is established as effective
nd rapid non-pharmacological treatment with remission rates between
0 and 70% ( The UK ECT REVIEW GROUP 2003 ). The existing contro-
ersies about ECT’s application in the clinical routine are partially due
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o ongoing debate about its mechanisms of action and impact on brain
tructure and function ( Read et al., 2019 ). 

Pre-clinical studies showed that ECT-induced neurogenesis in the
ippocampus might explain its beneficial treatment effects ( Ueno et al.,
019 ). Computational anatomy investigations using MRI in patients
ith depression, provided strong empirical evidence for ECT-induced

hanges in brain anatomy, perfusion and function, whilst consis-
ently reporting hippocampal volume increases ( Argyelan et al., 2019 ,
ukart et al., 2014 , Joshi et al., 2016 , Leaver et al., 2018 , Nuninga et al.,
020 , Oltedal et al., 2018 , Ousdal et al., 2020 , Takamiya et al., 2019
ep , Wade et al., 2017 ). Along the same lines, recent investigations with
ltra-high field 7T MRI or dedicated atlas-based parcellation of the hip-
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ocampus corroborated the idea of ECT-induced neurogenesis by local-
sing the observed morphometry findings to the dentate gyrus of the hip-
ocampus ( Nuninga et al., 2020 ). However, these studies were unable
o provide a straightforward neurobiological interpretation of the ob-
ained morphometry results mainly because they relied on T1-weighted
RI protocols that cannot differentiate between the main tissue prop-

rty contributors to MR contrast. This limitation of the T1-weighted MRI
rotocols can result in “spurious ” interpretation of morphometric find-
ngs, as demonstrated in the case of brain maturation ( Natu et al., 2019 )
nd ageing ( Lorio et al., 2016 ). 

From another perspective, observations of abnormal diffusion MRI
ignal in the mesial temporal lobe of patients with status epilepticus,
llow for speculations that the observed ECT-induced hippocampus vol-
me changes are related to oedema ( Kim et al., 2001 , Righini et al.,
994 , Szabo et al., 2005 ). Supporting this assumption, early nuclear
agnetic resonance studies reported increased T1-relaxation time im-
ediately after ECT ( Mander et al., 1987 ) ( Scott et al., 1990 ). The lack

f T2-relaxation time differences ( Kunigiri et al., 2007 ) is a weak ar-
ument against the hypothesis of ECT-induced oedema, given that T2-
elaxation is a composite measure not entirely linked to water content
ofts (2004) . Similarly, the reported ECT-induced changes in mean dif-
usivity contrasted against stable apparent diffusion coefficient measure-
ents in the hippocampus ( Szabo et al., 2007 ) cannot rule out an ECT-

nduced oedema given they are influenced by the proportion of water
n intra- vs extracellular compartments and do not provide an absolute
easure of water content. Most recently, a study combining brain per-

usion measurements with tensor-based index of mean diffusivity (MD)
eported ECT-induced MD changes contrasted to the absence of perfu-
ion or intravoxel incoherent motion that were interpreted as lack of
vidence for angiogenesis or oedema ( Nuninga et al., 2020 ). 

Quantitative MRI (qMRI) based on biophysical models offers de-
ailed insight in brain’s tissue properties by providing measurements
f magnetisation transfer (MT) saturation, longitudinal relaxation rate
R1 = 1/T1), effective transverse relaxation rate (R2 ∗ = 1/T2 ∗ ) and proton
ensity (PD) ( Weiskopf et al., 2015 ). MT and particularly the MT satu-
ation are established as specific marker of myelin content ( Laule et al.,
007 ). Similarly, the interactions of water with the molecular compo-
ents of the myelin sheaths relate to changes in T1, respectively R1
oenig (1991) . Paramagnetic iron induces local magnetic field pertur-
ations associated with enhanced R2 ∗ relaxation ( Stüber et al., 2014 ).
D reflects the MR-visible water content and its increase is indicative
or loss of MR-invisible macromolecules ( Mezer et al., 2013 ). qMRI ad-
resses the shortcomings of previous research by assessing the contri-
ution of measurable brain tissue properties to MR contrast, thus offer-
ng a straightforward neurobiological interpretation of processes under-
ying brain maturation, ageing and brain plasticity ( Natu et al., 2019 ,
orio et al., 2016 ). The quantitative character of the measurements with
ow inter-scanner variability ( Weiskopf et al., 2013 ) and bias-free asso-
iated signal stability over time ( Gracien et al., 2020 ) renders qMRI an
ptimal technique for longitudinal studies ( Weiskopf et al., 2015 ). 

Longitudinal qMRI studies face significant challenges regarding the
hoice and implementation of appropriate spatial and statistical mod-
lling. Statistical modelling challenges stem from not acknowledging the
oubly multivariate nature of these data with multiple time points and
ultiple contrasts. In this context, the statistical design is even more

omplex than a repeated measures issue. Previous multi-contrast MRI
tudies used simpler models fitting each contrast separately with one
nivariate General Linear Model (GLM) ( Stefani et al., 2019 ). This strat-
gy is known to inflate the type I error rate and does not model the
elationship between dependent variables Fox (2015) . The use of mul-
ivariate statistics allows for assessing how a combination of dependent
ariables reflects an effect of interest, and thus provides more infor-
ation than the univariate GLM approach ( McFarquhar et al., 2016 ,

toyanov et al., 2019 , Zufferey et al., 2017 , Kherif et al., 2002 Aug
 ). The recently proposed implementation of multivariate GLM for neu-
oimaging data ( McFarquhar et al., 2016 ), facilitates the modelling of
2 
ither multi-contrast datasets or repeated measures datasets, but do
ot handle the case of datasets that have both characteristics. Spatial
odelling challenges have rarely been considered given the sparsity of

MRI studies with multiple acquisition time points ( Natu et al., 2019 ,
iegler et al., 2019 ). Spatial registration of longitudinal multi-parameter
RI data also require special attention as the linear and non-linear reg-

stration methods at hand can have a profound effect on the final results
ith different statistical outcomes. 

To address limitations in spatial and statistical modelling of previous
esearch, we introduce a whole-brain voxel-based mass-multivariate an-
lytical approach in the framework of SPM12 that allows optimal mod-
lling of multi-contrast and repeatedly measured data. We applied this
trategy to our longitudinal qMRI study to allow the statistical testing
f spatially aligned temporal trajectories of ECT-induced brain anatomy
hanges. The main question was to investaigate the association be-
ween ECT-related hippocampus volume increase and tissue water con-
ent changes. We additionally assess the clinical utility of the approach
y testing the relationship between the multivariate latent variables of
rain tissue microstructure and the clinical outcomes. 

. Materials and methods 

.1. Participants and study design 

We recruited 9 patients (4 female, mean age 51.5 ± 11.4 years old)
ith current major depressive episode previewed for ECT treatment ac-

ording to best clinical practice criteria. 5 patients had a diagnosis of
ajor depressive disorder, 3 - bipolar disorder and 1 – schizo-affective
isorder. A board-certified psychiatrist confirmed the diagnosis follow-
ng the Diagnostic and Statistical Manual of Mental Disorders IV-TR
merican Psychiatric Association (2000) . We tested symptom severity
sing the French version of the Montgomery-Åsberg Depression Rating
cale (MADRS, Montgomery and Åsberg (1979 )) and defined ECT re-
ponse as more than 50 % reduction of the MADRS score at baseline.
emission was concluded when the MADRS score was below or equal

o 9 ( Zimmerman et al., 2004 ). The local Ethics Committee approved
he study and participants gave their written informed consent before
articipation. 

We acquired neuroimaging data and symptom severity scores at four
ime points (see Fig. 1 ). The initial time point (t0) was before the start
f ECT treatment, the second time point (t1) was during the first week
f treatment after the first effective session of ECT. The third time point
t2) was two months after the start of ECT treatment corresponding to
he end of the therapy or the transition to maintenance ECT. The final
ime point (t3) was 3 to 4 months after the end of the treatment for a
ollow-up evaluation. 

We followed standard ECT stimulation protocols including initial
itration starting with 800 mA, 0.75 ms pulse width at 20 Hz and du-
ation of 1 s, representing a total delivered charge of 24 mC and then
ncrementing parameters until triggering a generalised seizure. After de-
ermining the seizure threshold, ECT parameters were defined as 6 times
he trigger charge for right unilateral electrode placement and 3 times
for bilateral temporal electrode placement. Patients received two ECT

essions per week, with right unilateral electrode placement ( n = 3) or
ilateral temporal electrode placement ( n = 6), for a total number of 8
o 12 sessions depending on the clinical response. For anaesthesia, we
sed etomidate and succinylcholine. 

.2. MRI data acquisition and map calculation 

We acquired neuroimaging data on a 3T whole-body MRI system
sing 20-channel radiofrequency (RF) head and body coil for transmis-
ion (Magnetom Prisma, Siemens Medical Systems, Germany). The qMRI
rotocol consisted of three spoiled multi-echo 3D fast low-angle shot
FLASH) acquisitions with T1-, proton density- and magnetisation trans-
er weighting at 1 mm isotropic resolution ( Weiskopf et al., 2013 ) and
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Fig. 1. Timeline of the study. 

Fig. 2. Overview of the pre-processing pipeline. PD = proton density, MT = magnetization transfer, R1 = relaxation rate R1, R2 ∗ = relaxation rate R2 ∗ , c1 = grey 
matter probability map in native space, rc1 = DARTEL imported grey matter probability map, u_rc1 = deformation field. 
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dditional B1 acquisition to map spatial inhomogeneities of the RF trans-
it field ( Lutti et al., 2010 , Lutti et al., 2012 ). We calculated quantitative
aps of proton density (PD), longitudinal relaxation rate (R1), transver-

al relaxation rate R2 ∗ and magnetisation transfer (MT) saturation using
n-house routines in the framework of SPM12 (Wellcome Centre for Hu-
an Neuroimaging, London, UK; https://www.fil.ion.ucl.ac.uk/spm/ )

unning under Matlab 2017a (Mathworks, Sherborn, MA, USA). The set
f echoes for each weighting were averaged to increase the signal-to-
oise ratio ( Helms et al., 2008 ) to calculate then the multi-parameter
aps (MPMs) of MT saturation and R1, whilst R2 ∗ was derived from

he TE dependence of the signal from all multi-echo acquisitions
 Weiskopf et al., 2013 ). PD maps were derived from the averaged multi-
cho FLASH data after scaling with the white matter signal (22) and after
djustment for receive sensitivity differences. 

.3. Longitudinal data pre-processing 

Fig. 2 provides a detailed overview of the multi-step longitudinal
egistration of MRI data. We used SPM12s longitudinal diffeomorphic
oolbox Ashburner and Ridgway (2013) that we adapted to the MPM.
he “serial ” longitudinal registration step created within-subject mid-
oint average from the MT saturation maps. Midpoint averages were
sed for tissue classification in grey and white matter maps following
PM12s “unified segmentation ” approach with enhanced tissue priors
 Lorio et al., 2016 ). Aiming to avoid contamination of tissue property
stimates with the expected volume changes over time we performed
ithin-subject affine registration of the multi-parameter and grey mat-

er maps across time points to the midpoint average, instead of ap-
lying the spatial deformation between each time-point and the mid-
oint average as recommended previously ( Ziegler et al., 2019 ). This
as followed by diffeomorphic registration to MNI space using DAR-
EL Ashburner (2007) that provided optimal spatial registration param-
ters by creating a study-specific template. For the voxel-based mor-
hometry (VBM) analysis the spatial registration procedure included
caling the grey matter tissue probability maps by the JacD of the de-
ormation field (i.e. “modulation ”) obtained in the diffeomorphic step
3 
ollowed by spatial smoothing with an isotropic Gaussian smoothing
ernel of 6 mm full-width-at-half-maximum (FWHM). For the voxel-
ased quantification (VBQ) analysis we used the previously described
weighted-averaging ” procedure, which registers tissue-specific MPMs
o MNI space while preserving the total of parameter values within each
issue class ( Draganski et al., 2011 ). 

Given that the scale of MPM data can vary with a factor of more
han 100 we standardised all maps – grey matter (GM) volume, PD, MT,
1, R2 ∗ across subjects and time points by calculating at the voxel level

he grand mean and standard deviation to then subtract the grand mean
nd divide by the standard deviation. This step of within-contrast and
ithin-voxel standardisation was implemented to ensure the estimation
nd comparison of each dependent variable’s contribution in the mul-
ivariate analysis. All statistical analyses were performed on the stan-
ardised data set. 

.4. Statistical analysis 

The change of depression score over time was tested using a linear
ixed-model with the fixed effect factor time (4 levels: t0, t1, t2, t3) and
 random intercept for each subject. For model estimation, we used the
lme package in R 3.6.0 followed by post hoc tests in the emmeans pack-
ge ( Pinheiro et al., 2013 , Lenth, 2019 ). Posthoc t-tests were corrected
or multiple comparisons using Tukey’s method Tukey (1949) . 

.5. Multivariate general linear model implementation 

We implemented the multivariate General Linear Model in Matlab
s an SPM12 toolbox (see code availability). 

Matrix of observations 𝑌 , at each voxel, Y consisted in 180 ob-
ervations (9 individuals × 4 time points × 5 maps) organised in 5
olumns { 𝑌 1 , 𝑌 2 , 𝑌 3 , 𝑌 4 , 𝑌 5 } where 𝑌 1 is the vector of grey matter vol-
me values, 𝑌 2 – of PD 

∗ , 𝑌 3 – of MT saturation, 𝑌 4 – of R1 and 𝑌 5 
of R2 ∗ . Each column of 𝑌 included 36 observations (9 individu-

ls × 4 time points) ordered by subject ( 𝑆) and time point ( 𝑡 ) : 𝑌 𝑗 =
{ 𝑆 1 𝑡 0 , 𝑆 1 𝑡 1 , 𝑆 1 𝑡 2 , 𝑆 1 𝑡 3 , 𝑆 2 𝑡 0 , 𝑆 2 𝑡 1 , … , 𝑆 9 𝑡 3 } . 

https://www.fil.ion.ucl.ac.uk/spm/
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Fig. 3. Design matrix X. Allows for testing brain anatomy changes over time 
and for their interactions with symptoms improvement, whilst considering re- 
peated measurements. The first four columns represent the four time points 
𝑡 = { 𝑡 0 , 𝑡 1 , 𝑡 2 , 𝑡 3 } , the next five columns – interaction term of MADRS score 
and time. The last nine columns represent random intercept for each subject 
coded as dummy variables. 
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Design matrix 𝑋: The design matrix included the four time points
t0, t1, t2, t3) as indicator variables. We also included the individuals’
nteraction terms of MADRS score x time as covariates and finally, to
djust for repeated measurements - we added a random intercept for
ach subject coded as a dummy variable ( Fig. 3 ). 

Multivariate GLM equations: The multivariate general linear model
quation models the multivariate observations (see Fox (2015) ) as fol-
ow: 

 = 𝑋B + 𝐸 (1)

Critically, Y and X are multivariate matrices with 𝑌 =
{ 𝑌 1 , 𝑌 2 , … , 𝑌 𝑚 } resulting from the concatenation of 𝑚 dependent
ariables vectors of length 𝑁 and 𝑋 represents 𝑁 × 𝑝 matrix of pre-
ictors. Thus 𝐵 is also a matrix of size 𝑝 × 𝑚 matrix of regression
oefficients. 𝐸 of size 𝑁 × 𝑚 containes residuals (see Fig. 4 for the
articular implementation and matrix size of the multivariate GLM
stimated in this study). It is of note that in the special case of 𝑚 = 1 ,
he equation corresponds to the univariate GLM equation. 

Assumption of multivariate GLM: The assumptions pertain to the error
erm and assume that each 𝑖 𝑡ℎ row of the error term, denoted 𝜀 

′
𝑖 

has a
ultivariate distribution of the form: 

 

′
𝑖 
∼ 𝑁 𝑚 ( 0 , Σ) (2)

With Σ a nonsingular error-covariance matrix, constant across obser-
ations. In addition, 𝜀 

′
𝑖 

and 𝜀 
′
′ are independent when 𝑖 ≠ 𝑖 ′. 

𝑖 

4 
Model estimation: We estimated the matrix 𝐵 of coefficients using
rdinary least-square estimation: 

 = 

(
𝑋 

′𝑋 

)−1 
𝑋 

′𝑌 (3)

Variance partitioning: The matrix of predicted value 𝑌 is equal to: 

̂
 = 𝑋 �̂� (4)

And the matrix of residual 𝐸 is equal to: 

 = 𝑌 − 𝑌 = 𝑌 − 𝑋 �̂� (5)

The total sum-of-square-and-cross-product ( 𝑆 𝑆 𝐶𝑃 ) matrix of the
odel is: 

 𝑆 𝐶 𝑃 𝑇 𝑜𝑡𝑎𝑙 = 𝑌 ′𝑌 − 𝑁 ̄𝑦 ̄𝑦 ′ (6)

And can be partitioned into regression 𝑆 𝑆 𝐶 𝑃 𝑅𝑒𝑔 and residual
 𝑆 𝐶 𝑃 𝐸𝑟𝑟𝑜𝑟 : 

 𝑆 𝐶 𝑃 𝑇 𝑜𝑡𝑎𝑙 = 𝑆 𝑆 𝐶 𝑃 𝑅𝑒𝑔 + 𝑆 𝑆 𝐶 𝑃 𝐸𝑟𝑟𝑜𝑟 = 

(
𝑌 ′𝑌 − 𝑁 ̄𝑦 ̄𝑦 

′
)
+ 𝐸 

′𝐸 (7)

Test statistics for global significance: To estimate the global significance
f the GLM, i.e. testing the null hypothesis that all the coefficients in
 are equal to zero, we can compute the product of 𝑆 𝑆 𝐶 𝑃 𝑅𝑒𝑔 by the

nverse of 𝑆 𝑆 𝐶 𝑃 𝐸𝑟𝑟𝑜𝑟 : 

 𝑆 𝐶 𝑃 𝑅𝑒𝑔 𝑆 𝑆 𝐶 𝑃 𝐸𝑟𝑟𝑜𝑟 
−1 = 

𝑌 
′
𝑌 − 𝑁 ̄𝑦 ̄𝑦 

′

𝐸 

′𝐸 

(8)

And compute the eigenvalues of the resulting matrix following the
eneral equation of eigen-decomposition with 𝐴 a matrix for which we
ant to calculate the eigenvalues 𝜆 and eigenvectors: 

𝑣 = 𝜆𝑣 

𝑣 − 𝜆𝑣 = 0 
 𝐴𝑣 − 𝜆𝐼 ) 𝑣 = 0 
et ( 𝐴 − 𝜆𝐼 ) = 0 

(9) 

Then, by introducing the product of 𝑆 𝑆 𝐶 𝑃 𝑅𝑒𝑔 by the inverse of
 𝑆 𝐶 𝑃 𝐸𝑟𝑟𝑜𝑟 into A and solving Eq. 9 we can find 𝑚 eigenvalues 𝜆: 

 𝑒𝑡 

( 

𝑌 
′
𝑌 − 𝑁 ̄𝑦 ̄𝑦 

′

𝐸 

′𝐸 

− 𝜆𝐼 𝑚 

) 

= 0 (10)

The Wilk’s lambda summary statistics Λ can then be calculated as a
unction of the 𝑚 largest eigenvalues 𝜆 ( Tabachnick et al., 2007 ): 

= 

𝑚 ∏
𝑗=1 

1 
1 + 𝜆𝑗 

(11) 

Then, statistical significance of Λ can be evaluated using an approx-
mation to 𝐹 : 

 

(
𝑑 𝑓 1 , 𝑑 𝑓 2 

)
= 

( 

1 − Λ1∕ 𝑠 

Λ1∕ 𝑠 

) ( 

𝑑 𝑓 2 
𝑑 𝑓 1 

) 

(12)

With 

 𝑓 1 = 𝑙𝑞 

 𝑓 2 = 𝑟𝑡 − 2 𝑢 (13) 

And with 

 = 𝑟𝑎𝑛𝑘 ( 𝑌 ) (14)

 = 𝑟𝑎𝑛𝑘 ( 𝑋 ) (15)

 = 

𝑑 𝑓 1 − 2 
4 

(16)

 = 𝑁 − 𝑞 − 

𝑙𝑞 + 1 
2 

(17)

 = { 
𝑙 2 𝑞 2 −4 
𝑙 2 + 𝑞 2 −5 𝑖𝑓 𝑙 

2 + 𝑞 2 − 5 > 0 
1 𝑖𝑓 𝑙 2 + 𝑞 2 − 5 ≤ 0 

(18)
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Fig. 4. Multivariate GLM hypotheses testing. A multivariate model is 
fitted at each voxel to the multi-time points and multi-contrasts data, 
with a design matrix X encoding for the effect of time and clinical 
measures. Hypotheses testing use the regression B and the residual E 
to test specific questions encoded in the contrasts matrices C and L. 
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𝑖𝑓 min ( 𝑙, 𝑞 ) ≤ 2 , then the 𝐹 -approximation is exact. 
Test statistic for specific contrasts: Testing specific hypothesis about

he relationship between all or a subset of the dependent variables and
ontrasts between predictors involves the following linear hypothesis
 Fox et al., 2013 ): 

 0 ∶ 𝐶𝐵𝐿 = Γ (19)

With 𝐿 a 𝑚 × ℎ hypothesis matrix on the column of 𝐵, with ℎ ≤ 𝑚 ,
.e. a combination of ℎ dependent variables, 𝐶 a 𝑣 × 𝑝 response trans-
ormation matrix on the rows of 𝐵, with 𝑣 ≤ 𝑝 , i.e. a combination of
 predictors, and the right-hand-side Γ, a matrix of constant set in our
ase as the null matrix. The 𝑆 𝑆 𝐶 𝑃 𝐻𝑦𝑝 and 𝑆 𝑆 𝐶 𝑃 𝐸𝑟𝑟𝑜𝑟 can be therefore
alculated as: 

 𝑆 𝐶 𝑃 𝐻𝑦𝑝 = 

(
𝐶 �̂� 𝐿 

′)′[𝐶 

(
𝑋 

′𝑋 

)−1 
𝐶 

′
](
𝐶 �̂� 𝐿 

′)
 𝑆 𝐶 𝑃 𝐸𝑟𝑟𝑜𝑟 = 𝐿 

(
�̂� 

′�̂� 

)
𝐿 

′
(20) 

And a test statistic under the null hypothesis follows the same logic as
n Eq. 8 –11 with few modifications. First, the Wilk’s Λ ( Eq. 11 ) becomes
 function of the ℎ largest eigenvalues (previously 𝑚 ) and Eq. 14 , 15 ,
7 are replaced by Eq. 21 , 22 and 23 , respectively: 

 = 𝑟𝑎𝑛𝑘 ( 𝐿 ) (21)

 = 𝑟𝑎𝑛𝑘 ( 𝐶 ) (22)

 = 𝑁 − 𝑟𝑎𝑛𝑘 ( 𝑋 ) − 

𝑙𝑞 + 1 
2 

(23)

Canonical vector computation: When the hypothesis matrix 𝐿 involves
ultiple dependent variables ( 𝑞 > 1) , it is of interest to extract the con-

ribution of each dependent variable, also called canonical vector, to
he test statistic Λ. This contribution corresponds to the eigenvectors of
he eigendecomposition of the product of 𝑆 𝑆 𝐶 𝑃 𝑅𝑒𝑔 by the inverse of
 𝑆 𝐶 𝑃 𝐸𝑟𝑟𝑜𝑟 ( Eq. 8 ). This can be done by simply solving Eq. 9 for each
igenvalue 𝜆 = ( 𝜆1 , ⋯ , 𝜆ℎ ) ( Tabachnick et al., 2007 ). For example, the
rst eigenvector, or first canonical vector can be calculated by solving
q. 8 for 𝜆1 . It is worth noting that in order to be able to compare the
alues of the canonical vector, the columns of Y must be put on the same
cale. 

Hypotheses matrices 𝐿 : To test for the joint effect on the 5 MRI maps
e set the following linear 𝑚 × ℎ 𝐿 contrast matrix (with 𝑚 the total
umber of dependent variables and ℎ the number of dependent variables
nvolved in the contrast). In the case of the joint analysis on all maps,
he contrast matrix is the 5 × 5 identity matrix: 

 𝑎𝑙𝑙 𝑚𝑎𝑝𝑠 = 

⎡ ⎢ ⎢ ⎢ ⎢ ⎢ ⎣ 

1 0 0 0 0 
0 1 0 0 0 
0 0 1 0 0 
0 0 0 1 0 
0 0 0 0 1 

⎤ ⎥ ⎥ ⎥ ⎥ ⎥ ⎦ 

5 
Of note, the following 𝐿 contrasts would perform classical univariate
nalysis on each column of 𝑌 . 

 𝐺𝑀 

= 

⎡ ⎢ ⎢ ⎢ ⎢ ⎢ ⎣ 

1 
0 
0 
0 
0 

⎤ ⎥ ⎥ ⎥ ⎥ ⎥ ⎦ 
𝐿 𝑃𝐷 = 

⎡ ⎢ ⎢ ⎢ ⎢ ⎢ ⎣ 

0 
1 
0 
0 
0 

⎤ ⎥ ⎥ ⎥ ⎥ ⎥ ⎦ 
𝐿 𝑀𝑇 = 

⎡ ⎢ ⎢ ⎢ ⎢ ⎢ ⎣ 

0 
0 
1 
0 
0 

⎤ ⎥ ⎥ ⎥ ⎥ ⎥ ⎦ 
𝐿 𝑅 1 = 

⎡ ⎢ ⎢ ⎢ ⎢ ⎢ ⎣ 

0 
0 
0 
1 
0 

⎤ ⎥ ⎥ ⎥ ⎥ ⎥ ⎦ 
𝐿 𝑅 2 ∗ = 

⎡ ⎢ ⎢ ⎢ ⎢ ⎢ ⎣ 

0 
0 
0 
0 
1 

⎤ ⎥ ⎥ ⎥ ⎥ ⎥ ⎦ 
Change of MRI parameters over time: The following 𝑣 × 𝑝 𝐶 matrices of

ontrasts (with 𝑣 the number of predictors involved in the contrast and
 the total number of predictors, 𝑝 = 17 in this case) were intended to
est for: the early effect of ECT (the effect that occurs between the time
nterval t 0 to t 1 ) 

 = 

[ 
1 0 0 ⋯ 0 
0 1 0 ⋯ 0 

] 
he effect of a complete series of ECT (the effect that occurs between the
ime interval t 0 to t 2 ) 

 = 

[ 
1 0 0 0 ⋯ 0 
0 0 1 0 ⋯ 0 

] 
he long-term effect of ECT (the effect that occurs between the time
nterval t 0 to t 3 ) 

 = 

[ 
1 0 0 0 0 ⋯ 0 
0 0 0 1 0 ⋯ 0 

] 
he late effect of ECT (the effect that occurs between the time interval
 2 to t 3 ) 

 = 

[ 
0 0 1 0 0 ⋯ 0 
0 0 0 1 0 ⋯ 0 

] 
Association between MRI parameters and symptom severity changes over

ime: Additionally, we also set C contrasts matrices intended to test for
he association between the change of MRI maps and change of MADRS
core. We first set a C contrast matrix intended to test for any association
etween the change of MRI maps and symptoms between baseline and
ne week of treatment ( t 0 to t 1 ), between baseline and after the ECT
eries ( t 0 to t 2 ) and between baseline and at 6 months follow-up ( t 0 to
 3 ): 

 = 

⎡ ⎢ ⎢ ⎣ 
0 0 0 0 −1 1 0 0 0 ⋯ 0 
0 0 0 0 −1 0 1 0 0 ⋯ 0 
0 0 0 0 −1 0 0 1 0 ⋯ 0 

⎤ ⎥ ⎥ ⎦ 
Then to identify the specific time interval were an association be-

ween a change of MRI map and change of symptom is present, we tested
he following three C contrast matrices: 

 = 

[
0 0 0 0 −1 1 0 0 0 ⋯ 0 

]
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Fig. 5. A . Evolution of depressive symptoms as measured by the MADRS. Black dots and error bars represent mean and standard deviation respectively. Grey lines 
represent individual trajectories. The blue dashed line corresponds to the remission threshold (defined as a MADRS score below or equal to 9). ∗ ∗ = p < .01 corrected 
for multiple comparisons using Tukey’s method. B. Count of responder and non-responder patients at t1, t2 and t3. C. Count of remitters and non-remitters’ patients 
at t1, t2 and t3. 
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[
0 0 0 0 −1 0 1 0 0 ⋯ 0 

]
 = 

[
0 0 0 0 −1 0 0 1 0 ⋯ 0 

]
Results were reported significant with a statistical threshold P < .05

t the cluster-level after family-wise error (FWE) correction for multi-
le comparisons using Gaussian Random Field Theory over the whole
rain’s grey matter. 

. Results 

.1. Symptom severity 

ECT treatment reduced depression severity assessed with the MADRS
core (main effect of time F(3, 24) = 6.84, p < .01). Post-hoc tests of ECTs
ffects on symptom severity over separate time intervals showed border-
ine significant MADRS reduction at t2 compared with t0 (mean differ-
nce = 7.44, standard error (SE) = 2.72, t = 2.7, p = .052) and strong
ADRS decrease at t3 compared with t0 (mean difference = 10.89,

E = 2.7, t = 4, p < .01) (see Fig. 5 A.). At t2, 33% patients showed
esponse to ECT and 44% were in remission. At t3, 66% of the patients
ere responders and 56% in remission (see Fig. 5 B and C). 

.2. Brain volume and tissue properties 

Effect of acute ECT series. Between t0 to t2, we observed ECT induced
rain anatomy changes in an area encompassing the right hippocam-
us and right para-hippocampal gyrus additionally to the right anterior
ingulate gyrus (pFWE < .05 at the cluster level) (see Fig. 6 and Suppl.
able 1). The weights attributed to each dependent variable revealed a
redominant contribution of GM volume to the effects. 

Long-term ECT effects . The differential contrast between t0 to t3
howed brain anatomy changes in the entorhinal cortex, inferior tem-
oral gyrus and temporal pole on the left (pFWE < .05 at the cluster
nd peak levels). GM volume changes were the main contributors to the
bserved effects (see Fig. 7 and Suppl. Table 2). 

There were no significant effects for the contrast testing for differ-
nces between t2 and t3. 

Association with symptom severity. The statistical contrast testing for
ssociation between brain anatomy and symptom severity changes for
he time intervals t0 and t1, t0 and t2 and t0 and t3 demonstrated
6 
 widespread anatomical pattern comprising precuneus, hippocampal
omplex/amygdala, ventromedial prefrontal cortex/anterior cingulate
nd the ventral striatum on the left ( Fig. 8 and Suppl. Table 3). GM vol-
me changes mainly drove the ECT effects on precuneus and the mesial
emporal lobe associated with symptom severity. Whilst, myelin and
issue free water drove the effect in the ventromedial prefrontal cortex
nd the anterior cingulate. The ventral striatum changes were due to
ron content. 

When investigating the association between ECT-induced brain
natomy and symptom severity changes within each time interval sep-
rately, we demonstrate that the effects observed in the exploratory
ontrast were entirely driven by the treatment period (between t0
nd t3, all clusters significant at cluster level FWE). Here, we show
n almost identical pattern, however, with bilateral effects on hip-
ocampal complex/amygdala and ventral striatum ( Fig. 9 and Suppl.
able 4). 

. Discussion 

In this longitudinal study, we investigate the temporal trajectory
f ECT-induced brain anatomy changes enriching morphometry assess-
ent with quantitative MRI estimates indicative for myelin, tissue wa-

er and iron content. Aiming to tell apart the contribution of brain vol-
me and tissue properties, we adapt the established SPM12 longitudinal
patial registration algorithm to longitudinal multi-parameter data and
ntroduce a dedicated multivariate GLM analysis framework. We show
hat ECT-induced hippocampus volume changes are not associated with
ocal increase in brain tissue water as seen in oedema. The observed
patial pattern of volume and tissue property changes confined to the
nterior cingulate, hippocampus, ventral striatum and precuneus cor-
elated with the individuals’ long-term clinical outcome. We interpret
ur findings in the context of current models of ECT-induced beneficial
ffects on depression. 

Our main finding is that the observed ECT-related hippocampus vol-
me increase was not paralleled by changes in estimates of brain’s tissue
ater content. This empirical evidence contradicts speculations about

eizure-induced vasogenic or cytotoxic oedema of the mesial temporal
obe that could be misinterpreted as ECT effect on hippocampus vol-
me in computational anatomy studies. Besides one single study report-
ng ECT-associated mean diffusivity increase that can be interpreted
s tissue oedema ( Repple et al., 2019 ), most recent reports showed
ean diffusivity reduction in the hippocampus and adjacent white mat-
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Fig. 6. Statistical parametric map of the multivariate analysis of differences between t0 and t2. For presentation purposes displayed at p < .001 uncorrected. Grey 
bars represent the canonical vector of the data matrix Y (arbitrary unit). PHG = para-hippocampal gyrus, HP = hippocampus, ACC = anterior cingulate gyrus. 

Fig. 7. Statistical parametric map of the multivariate analysis of differences between t0 and t3. For presentation purposes displayed at p < .001 uncorrected. Grey 
bars represent the canonical vector of the data matrix Y (arbitrary unit). EC = entorhinal cortex, TG = temporal gyrus, TP = temporal pole. 
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er ( Nuninga et al., 2020 , Jorgensen et al., 2016 , Kubicki et al., 2019 ,
yden et al., 2014 ). Given the specificity of the PD maps to tissue wa-
er content Tofts (2004) , we see the absence of PD changes contrasted
gainst ECT-induced hippocampus volume increase as unique evidence
gainst the assumption of seizure-associated oedema. Given the biophys-
cal model behind the relaxometry-based brain tissue quantification, we
nterpret our PD 

∗ findings as lack of ECT-induced increase of MRI visible
nbound tissue water in the brain parenchyma rather than intracellular
edema due to increased ion influx into neurons ( Camilleri et al., 2020 ).
his is a novel finding that overcomes the limitation of the recently pub-

ished multi-contrast MRI study ( Nuninga et al., 2020 ) by combining all
arameter maps within one design matrix rather than testing each pa-
ameter in separate linear models. The plausibility of the current find-
ngs is confirmed by the predicted and observed changes in the right
nterior hippocampus and in the right ACC, regions reported in recent
CT studies and meta-analyses ( James et al., 2018 , Dukart et al., 2014 ,
ano et al., 2019 , Gbyl and Videbech, 2018 , Ota et al., 2015 , Pirnia et al.,
016 , Cano et al., 2017 ). 
7 
Challenged by mainly negative findings on the association be-
ween ECT-induced brain plasticity changes and clinical outcome
 Oltedal et al., 2018 ), we tested in a whole-brain analysis the asso-
iation between volume, tissue properties and change of depression
cores over time. Our analysis demonstrated a widespread pattern of
ssociation between ECT-related depression severity improvement and
natomy changes in left precuneus, hippocampus, anterior cingulate and
eft ventral striatum. The distributed spatial pattern of associations be-
ween ECT-induced symptom improvement and brain anatomy changes
argely overlaps with most recent cross-sectional results from a mega-
nalysis including ca 200 ECT treated patients ( Mulders et al., 2020 ).
esides lending credibility to our findings on association between brain
issue properties and clinical outcome, these results indicate that along-
ide limbic regions, the ventrolateral and medial PFC are involved in
he anti-depressant effects of ECT. Particularly intriguing is the consis-
ency of ECT-related anatomy, perfusion and metabolism findings in the
recuneus ( Leaver et al., 2015 , Leaver et al., 2019 , Chau et al., 2017 ),
hich, given its central role in self-centred mental imagery strategies
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Fig. 8. Statistical parametric map of the the multivariate associa- 
tion with change of depression severity between t0 and t1, t0 and 
t2 and t0 and t3. For presentation purposes displayed at p < .001 
uncorrected. Grey bars represent the canonical vector of the data 
matrix Y (arbitrary unit). PFC = prefrontal cortex, EC = entorhinal 

cortex, amy = amygdala. 
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nd successful episodic memory retrieval, could explain a large amount
f depression associated symptoms ( Cavanna and Trimble, 2006 ). 

Previous research reported associations between clinical outcome af-
er ECT and anatomical regions partially overlapping with the presented
attern, however the interpretation was limited to descriptive mor-
hometry changes or water diffusion properties ( Kubicki et al., 2019 ,
rondi et al., 2019 ). The observed correlation between ECT-associated
linical improvement and anatomy changes went beyond the expected
ffects on the anterior “limbic ” hippocampus volume to show associa-
ions with precuneus volume. Although not supported by the findings
f recent mega-analyses ( Oltedal et al., 2018 , Ousdal et al., 2020 ), we
xplain the discrepancy by the fact that our volume measurements are
erived from qMRI data reducing the probability of “spurious ” mor-
hometric findings based on T1-weighted protocols ( Natu et al., 2019 ,
orio et al., 2016 ). ECT-induced reduction in depression severity was
ssociated with changes in myelin and tissue water content in the ante-
ior cingulate. We interpret this finding in light of intracortical myelin
lasticity within limbic networks assessed by the MT saturation, which
s further paralleled by alterations in MR-visible water content captured
8 
y PD 

∗ . Ventral striatum correlations with symptom reduction were ex-
lained by iron and volume changes that, given the essential role of
ron in dopamine synthesis ( Rouault, 2013 ), can be potentially linked
o ECT-induced changes in the spatial gradient of dopamine receptor dis-
ribution in this “limbic ” part of the basal ganglia. Interpretations based
n the temporal trajectory of our findings make it difficult to distin-
uish what comes first - normalisation of activity in limbic networks or
estoration of the regulatory ability of medial prefrontal regions. Study-
ng the course of brain plasticity changes during the ECT treatment with
 finer temporal resolution could help to better understand the sequence
f events leading to therapeutic benefits, and thus, define what brain re-
ions should be primarily targeted to alleviate depressive symptoms. 

Another novel aspect of our study is the adaptation of longitudinal
patial registration algorithms to parameter maps and the implementa-
ion of a dedicated multivariate analytical framework. Although con-
istent with the previously suggested spatial registration for parameter
aps, we minimise the potential impact of morphometry changes on

he quantitative tissue property metrics by applying only affine trans-
ormations to individual’s different time point acquisitions rather than
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Fig. 9. Statistical parametric map of the multivariate association with change of depression severity between t0 and t3. For presentation purposes displayed at 
p < .001 uncorrected. Grey bars represent the canonical vector of the data matrix Y (arbitrary unit). PFC = prefrontal cortex, EC = entorhinal cortex, amy = amygdala, 

HP = hippocampus, PHG = para-hippocampal gyrus. 
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on-linear transformation estimates based on morphometry data. This,
n our opinion, together with the inclusion of volume maps in the mul-
ivariate GLM, reduces the potential contamination effect of parameters
ndicative of tissue properties by the estimates of volume change over
ime. Along these lines, the proposed multivariate approach, when com-
ared to classical multiple univariate models, reduces the probability of
ype I errors due to the fact that we estimate one model where all maps
re jointly tested within a single contrast. 

Here, we address potential limitations of our strategy concern-
ng multiple comparisons correction. Mass univariate whole-brain neu-
oimaging analyses involve model estimation at each voxel, typically re-
ulting in the estimation of multiple separate GLMs that require correc-
ion for multiple comparisons using the random field theory ( Brett et al.,
003 ) after estimation of data smoothness ( Kiebel et al., 1999 ). Given
hat this estimation is performed on the standardised residuals of the fit-
ed GLMs, it becomes non-trivial in the multivariate GLM as the residuals
re multivariate. We are currently investigating this aspect in greater de-
ail. Another limitation is pertinent to the interpretation of results in the
ontext of the multivariate GLM. Here, we only reported the canonical
ector at the peak voxel of the clusters, which may not be represen-
ative of the overall pattern in the cluster. We are currently unable to
ummarise and assess the homogeneity or heterogeneity of the profile
f the canonical vectors belonging to a given cluster. Additionally, the
nterpretation of the results is limited by the absence of directionality
f effects based on F-tests. 

Despite the anatomically plausible patterns of ECT-induced anatomy
hanges and the consistency with previous research on the topic
 Ousdal et al., 2020 , Bouckaert et al., 2016 ), we consider potential draw-
acks of underpowered studies. Given the sample size of nine individu-
ls, we acknowledge the potential effects of an underpowered study on
ffect size estimation and the fact that we face a high sampling variabil-
9 
ty. The longitudinal character of the study may reduce to a certain ex-
ent the inherent sampling variability and in particular, the heterogene-
ty in terms of underlying clinical diagnosis - major depressive disorder,
ipolar disorder and schizoaffective disorder, considering the notion
f associated differential brain anatomy patterns ( Rubin-Falcone et al.,
018 , Chang et al., 2018 , MacMaster et al., 2014 , Niu et al., 2017 ).
nder the assumption that each individual is his/her own control and

here is no interaction between specific affective disorder and ECT treat-
ent, we ascribe the observed anatomy changes to the effects of ECT

 Dukart et al., 2014 ). 
In summary, we present unique findings on the temporal trajectory

f ECT-induced brain volume and tissue property changes using quanti-
ative MRI and multivariate statistics. Our observation of hippocampus
olume change in the absence of concomitant changes in tissue water
ontent provide strong empirical evidence against the assumption that
he consistently reported ECT-associated morphometry differences are
elated to tissue oedema as seen in status epilepticus. The proposed lon-
itudinal data processing and multivariate analysis framework can be
eadily used with multi-contrast and longitudinal MRI data to further
oster neuroimaging informed clinical guidelines and decision making
n psychiatry. 
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