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Abstract

Cocaine use disorder (CUD) is a worldwide public health condition that is suggested
to induce pathological changes in macrostructure and microstructure. Repetitive
transcranial magnetic stimulation (rTMS) has gained attention as a potential treat-
ment for CUD symptoms. Here, we sought to elucidate whether rTMS induces
changes in white matter (WM) microstructure in frontostriatal circuits after 2 weeks
of therapy in patients with CUD and to test whether baseline WM microstructure of
the same circuits affects clinical improvement. This study consisted of a 2-week,
parallel-group, double-blind, randomized controlled clinical trial (acute phase) (sham
[n = 23] and active [n = 27]), in which patients received two daily sessions of rTMS
on the left dorsolateral prefrontal cortex (IDLPFC) as an add-on treatment.
T1-weighted and high angular resolution diffusion-weighted imaging (DWI-HARDI)
at baseline and 2 weeks after served to evaluate WM microstructure. After active
rTMS, results showed a significant increase in neurite density compared with sham
rTMS in WM tracts connecting IDLPFC with left and right ventromedial prefrontal
cortex (vmPFC). Similarly, rTMS showed a reduction in orientation dispersion in WM
tracts connecting IDLPFC with the left caudate nucleus, left thalamus, and left
vmPFC. Results also showed a greater reduction in craving Visual Analogue Scale
(VAS) after rTMS when baseline intra-cellular volume fraction (ICVF) was low in WM
tracts connecting left caudate nucleus with substantia nigra and left pallidum, as well
as left thalamus with substantia nigra and left pallidum. Our results evidence rTMS-
induced WM microstructural changes in fronto-striato-thalamic circuits and support
its efficacy as a therapeutic tool in treating CUD. Further, individual clinical improve-

ment may rely on the patient's individual structural connectivity integrity.
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1 | INTRODUCTION

Cocaine use disorder (CUD) is estimated to affect about 20 million
people worldwide (global population age >15)! and is one of the
leading causes of death in young people.? CUD induces pathological
changes in the macrostructure and microstructure of the meso-
cortico-limbic system in humans and animal models, possibly due to
the changes in synapses and cells,® which may be reversible.* Despite
the improvement in the treatment of CUD patients in recent years,
patients with psychosocial and pharmacological approaches achieve
only low to moderate effects on clinical symptomatology such as
craving, which may lead to a relapse.® Novel non-invasive interven-
tions such as repetitive transcranial magnetic stimulation (rTMS) have
gained attention by attaining positive outcomes in substance use
disorders (SUDs).® Although the main action mechanism of rTMS
remains to be fully elucidated, the stimulation seems to induce acute
modulation of the dysregulated frontostriatal circuits, and it is
hypothesized that long treatments may produce neuroplastic changes
in these circuits.%” In this sense, rTMS may help patients adequately
overcome symptoms such as craving and impulsivity by producing
changes in micro- and macroscopic brain circuits.”® We recently
showed that rTMS at 5 Hz over the left dorsolateral prefrontal cortex
(IDLPFC) reduced craving and impulsivity in CUD patients after
2 weeks and increased functional connectivity between IDLPFC and
ventromedial prefrontal cortex (vmPFC), as well as vmPFC and right
angular gyrus (AngG). However, to date, there is limited evidence on
the extent to which rTMS modulates the microstructure of brain cir-
cuits in CUD.

Magnetic resonance imaging (MRI) has opened new opportuni-
ties for the study of microstructural abnormalities, these include the
neurite orientation dispersion (OD) and density imaging model
(NODDI), which allows the evaluation of subtle tissue characteristics
by modelling water diffusion within neurites and the free water
around them.’ Microstructural metrics include (1) intra-cellular vol-
ume fraction (ICVF) or neurite density index, which assesses the
density of axons and dendrites and has been proposed as a sensi-
tive marker for myeloarchitecture and axonal degeneration; (2) iso-
tropic volume fraction (ISOVF) which measures the free water of
extracellular compartment as an indirect metric for neuroinflamma-
tion; and (3) OD index which quantifies bending, fanning and the
orientational configuration of axons that helps to measure axonal

organization.2®*! Using NODDI offers an opportunity to understand
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addiction, cocaine use disorder, diffusion, MRI, NODDI, transcranial magnetic stimulation

rTMS treatment for CUD. This may be particularly interesting as
NODDI could be developed into an indicator of a state-of-disorder
and treatment-outcome biomarker.*?"14

In this study, we wished to evaluate whether rTMS induces
changes in white matter (WM) microstructure of brain circuits,
related to substance abuse, after 2 weeks of rTMS treatment in CUD
patients and to test whether baseline WM microstructure of those
circuits could predict clinical improvement. To achieve this, we used
multi-shell imaging and NODDI

longitudinal diffusion-weighted

analysis.

2 | METHODS

21 | Participants

Data were obtained from a clinical trial conducted at the Clinical
Research Division of the National Institute of Psychiatry in Mexico
City, Mexico, which was approved by the Ethics
Research Committee (CEI/C/070/2016), registered at ClinicalTrials.
gov (NCT02986438), and acquired as part of the SUDMEX-TMS
database.’® Detailed recruitment information, a CONSORT flow-

chart, and a complete demographics table, as well as the main clini-

Institutional

cal and fMRI study results, can be found in Angeles-Valdez et al,*®
our previous publication by Garza-Villarreal et al.'® and some details
in the Supporting Information. During the clinical trial, patients with
CUD who met the inclusion and did not meet exclusion criteria pro-
vided written informed consent to participate, per the Declaration
Helsinki. Patients were recruited via flyers on SUD clinics and medi-
cal institutes in the metropolitan area of Mexico City and through
advertisements on social media. The clinical trial consisted of a
2-week, parallel-group, double-blind, randomized controlled trial
(acute phase) followed by a 6-month open-label trial (maintenance
phase). rTMS was delivered over the IDLPFC as an add-on to stan-
dard treatment (full information can be found in the Supporting
Information). Clinical, behavioural, and MRI data were acquired at
baseline (T0), 2 weeks (T1), 3 months (T2), and 6 months (T3). The
main results of the clinical trial and functional analysis results have
been published.’® For this new study, we focused on the double-
blind 2-week acute phase (TO-T1) and the relationship between clin-
ical improvement and WM structure measured using a novel high
angular  resolution (DWI-HARDI)

diffusion-weighted imaging
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sequence and NODDI analysis. We analysed 50 participants (sham:
23, active: 27), and the overview of demographic data is shown in
Table 1.

2.2 | Clinical instruments

Table 1 shows the clinical instruments. A full list with their descrip-

1.6 Here,

tions and mean scores can be found in Garza-Villarreal et a
we limit to describe the following which were employed in the

analyses.

2.2.1 | Cocaine craving Visual Analogue Scale (VAS)
We designed a VAS to evaluate the participants' cravings at the
moment of the assessment. The VAS consisted of a continuous 10 cm
line (including two decimals) in which the left point at 0 cm meant ‘no
craving’ and the right point at 10 cm meant ‘the most intense crav-
ing’.Y” The participants were asked to mark with a cross the intensity

of their craving at the moment of assessment.

2.2.2 | Cocaine Craving Questionnaire Now
(CCQ-now)

The CCQ-Now is a questionnaire containing 45 items that explore

t.28 The items are related

cocaine craving at the moment of assessmen
to the desire to use cocaine, the intention and planning to use
cocaine, the anticipation of a positive outcome, the anticipation of
relief from withdrawal or dysphoria, and the lack of control overuse.
The higher the score is, the higher the current cocaine craving. We
employed the CCQ-now Spanish translation which was validated in

the Mexican population.*?

2.2.3 | Barratt Impulsivity Scale Version 11 (BIS-11)
The BIS is more than 50 years old and has been extensively revised
into the BIS-11.2° This version of the scale consists of 30 items that
describe impulsive and non-impulsive behaviours related to three
main categories: attentional, motor, and non-planning impulsiveness.
The higher the total score is, the higher the impulsivity of the partici-
pant. We used the Spanish translation of the BIS-11.2

2.3 | Transcranial magnetic stimulation

During the acute phase, a MagPro R30+Option magnetic stimulator
and an eight-shaped B65-A/P coil (MagVenture, Alpharetta, GA) were
used to deliver active or sham rTMS over the IDLPFC. The orientation
of the coil was anterior-medial, and the position was determined using

either the 5.5 cm anatomic criterion or the Beam F3 method. The
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stimulation protocol consisted of 10 weekdays of two sessions with
50 trains of 50 pulses at 5 Hz at 100% motor threshold. Each train
had a 10-s inter-train interval and each session had a 15-min inter-
session interval. A total of 5000 pulses were delivered per day. For all
details on the rTMS protocol, please refer to the Supporting

Information.

2.4 | Simulation of TMS electrical field

We used SimNIBS?? version 3.2.3 to perform simulations of the TMS
electrical field generated on the participant's cortex. We reconstructed
head meshes from T1-weighted (T1w) images using headreco.?® During
the study, Brain Navigator was not available; hence, a vitamin E cap-
sule fiducial was used to identify the stimulation target. These scalp
coordinates were projected into the cortex and converted to MNI
coordinates reported in and with a procedure explained in detail in
Garza-Villarreal et al.*® We converted these MNI coordinates into the
native space by using SimNIBS's mni2subjects_coords function which
were projected back into the scalp before running the subjects' simula-
tions. Simulations were run with the corresponding coordinates, coil
orientation (anterior-medial), and 100% motor threshold. For the simu-
lation, we used the MagVenture_MC_B70 (MCF-B70) coil, because
there are no differences in the induced field between the B65-A/P and
the MCF-B70 coil. Electric-field norms from simulations were mapped

into fsaverage and then averaged across participants to obtain Figure 1.

2.5 | MRl acquisition

T1w and DWI-HARDI sequences were acquired using a Philips Inge-
nia 3 T scanner (Philips, USA) with a 32-channel Philips head coil.
Parameters of Tdw 3D FFE sagittal images were TR/TE = 7/3.5 ms,
FA= 8°, FOV =240 mm? matrix = 240 x 240, voxel =1 x 1 x
1 mm, gap= 0. DWI-HARDI used a spin echo (SE) sequence,
TR/TE = 9000/127 ms, FOV = 230 mm? (for four participants =
224 mm?), matrix = 96 x 96 (for four participants = 112 x 112),
number of slices =57 (for four participants=58), gap= 0,
plane = axial, voxel = 2.4 x 2.4 x 2.5 mm (for four participants =
2 x 2 x 2.3 mm), directions: 8 = b0, 32 = b value 1000 s/mm? and
96 = b value 2500 s/mm? (for four participants: 96 = b value 3000 s/
mm?), total = 136 directions. Field maps intended for DWI-HARDI
use were acquired using a SE-EPI sequence with the following param-
eters: TR/TE = 9000/127 ms, flip angle = 90°, matrix = 128 x 128
(for four participants = 112 x 112), voxel size = 1.8 x 1.8 x 2.5 mm
(for four participants = 2 x 2 x 2.3 mm), number of slices = 57 (for
four participants = 58), phase encoding direction = PA. A total of
seven b0 volumes were acquired. Quality control (QC) of the T1w and
DWI-HARDI images are described in the data report of SUDMEX-
TMS,'S using EDDY_QC to extract QC metrics sensitive and specific
to artefacts, besides a visual inspection before and after preprocessing
step ensuring good quality and the reliability of the included data and
performed analyses.
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TABLE 1 Descriptive statistics of demographics, behavioural instruments, and NODDI metrics by time point and sham/active groups.

Demographic
Sex, n (%)

Male

Female
Age in years, mean + SD
Years of education, mean + SD
Behavioural instrument, mean + SD
Craving: VAS
Craving: CCQ-now
Impulsivity: BIS-11
NODDI metrics, mean * SD
ICVF: Caud2Medulla
ICVF: Caud2Palli
ICVF: DLPFC2Caud
ICVF: DLPFC2rvmPFC
ICVF: DLPFC2Thal
ICVF: rAngG2rDLPFC
ICVF: Thal2Medulla
ICVF: Thal2Palli
ICVF: vmPFC2DLPFC
ICVF: CCforcepsMajor
ISOVF: Caud2Medulla
ISOVF: Caud2Palli
ISOVF: DLPFC2Caud
ISOVF: DLPFC2rvmPFC
ISOVF: DLPFC2Thal
ISOVF: rAngG2rDLPFC
ISOVF: Thal2Medulla
ISOVF: Thal2Palli
ISOVF: vmPFC2DLPFC
ISOVF: CCforcepsMajor
OD: Caud2Medulla
OD: Caud2Palli
OD: DLPFC2Caud
OD: DLPFC2rvmPFC
OD: DLPFC2Thal
OD: rAngG2rDLPFC
OD: Thal2Medulla
OD: Thal2Palli
OD: vmPFC2DLPFC
OD: CCforcepsMajor

Sham

TO (n = 23) T1 (n = 20)

20 (87%) -

3(13%) -

333+81 -

134 +28 -

29+29 23+25

146 + 47.8 129.2 £ 46.2

62.6 £ 16.9 59.8+214
TO (n = 23) T1 (n = 20)
0.812 + 0.056 0.814 + 0.063
0.818 + 0.061 0.815 + 0.066
0.631 £ 0.076 0.624 + 0.073
0.515 £ 0.129 0.477 £0.1
0.676 + 0.068 0.673 £ 0.071
0.663 + 0.066 0.668 + 0.073
0.757 £ 0.08 0.761 + 0.081
0.771 £ 0.067 0.775 £ 0.07
0.476 £ 0.126 0441 +0.1
0.902 + 0.071 0.891 + 0.087
0.298 + 0.068 0.296 £ 0.077
0.212 + 0.064 0.214 + 0.07
0.178 + 0.057 0.175 £ 0.059
0.288 + 0.078 0.287 + 0.086
0.219 + 0.055 0.217 + 0.061
0.143 + 0.038 0.149 + 0.043
0.393 £ 0.09 0.388 £ 0.101
0.313 £ 0.079 0.313 + 0.086
0.144 + 0.047 0.139 + 0.049
0.503 + 0.087 0.487 + 0.090
0.378 + 0.041 0.373 + 0.047
0.355 + 0.028 0.351 + 0.028
0.423 £ 0.041 0.411 £ 0.031
0.399 + 0.073 0.391 + 0.083
0.421 + 0.037 0.411 £ 0.03
0.415 + 0.024 0.405 + 0.019
0.429 + 0.064 0.423 +0.072
0.413 + 0.04 0.407 + 0.044
0.347 £ 0.093 0.327 £ 0.089
0.138 + 0.053 0.141 + 0.069

Active
TO (n = 30) T1 (n = 25)
25 (83.3%) -
5(16.7%) =
36.1+68 -
129 +3.1 -
37+35 1.5+24
148.7 £ 51.5 114.8 +44.7
65+ 16.6 534 +17.1
TO (n = 27) T1(n = 23)
0.813 + 0.053 0.825 + 0.066
0.818 + 0.056 0.823 + 0.065
0.627 £ 0.051 0.639 + 0.063
0.451 £ 0.116 0.484 + 0.126
0.676 +0.038 0.686 + 0.056
0.674 £ 0.036 0.674 + 0.045
0.759 + 0.06 0.773 £ 0.072
0.776 + 0.058 0.784 + 0.066
0.422 £ 0.135 0.461 + 0.142
0.93 +0.045 0.925 + 0.064
0.336 £ 0.072 0.333 £ 0.085
0.247 £ 0.067 0.249 + 0.076
0.192 + 0.042 0.192 + 0.04
0.281 + 0.084 0.283 + 0.086
0.242 £ 0.046 0.242 + 0.05
0.164 + 0.032 0.163 + 0.035
0.434 £ 0.071 0.431 + 0.081
0.348 £ 0.075 0.349 + 0.082
0.138 + 0.048 0.147 + 0.049
0.523 + 0.132 0.506 + 0.108
0.398 £ 0.044 0.393 + 0.052
0.362 + 0.033 0.362 + 0.037
0.41 +£ 0.037 0.416 + 0.035
0.365 + 0.093 0.381 + 0.094
0.418 + 0.03 0.42 + 0.027
0.413 + 0.027 0.411 + 0.024
0.455 + 0.049 0.446 + 0.053
0.426 + 0.034 0.423 + 0.037
0.294 + 0.095 0.329 £ 0.096
0.142 £ 0.028 0.14 + 0.027

Note: Sample Size/Mean (percentage/+standard deviation) for demographics and NODDI metrics for each tract.
Abbreviations: VAS, visual analog scale; CCQ-now, cocaine craving questionnaire now version; BIS-11, Barrat impulsivity scale version 11; NODDI, neurite
orientation dispersion and density imaging model; ICVF, intra-cellular volume fraction; ISOVF, isotropic volume fraction; SD, standard deviation; n, sample
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size; OD, orientation dispersion; TO, baseline; T1, after 2 weeks; White matter (WM) regions of interest (ROI): Caud2Medulla, WM connecting left caudate
nucleus and axial section through medulla; Caud2Palli, WM connecting left caudate nucleus and left pallidum; DLPFC2Caud, WM connecting left rostral
middle frontal cortex (RMFC) and left caudate nucleus; DLPFC2rvmPFC, WM connecting left RMFC and right medial orbitofrontal cortex (MOC);
DLPFC2Thal, WM connecting left RMFC and left thalamus; rAngG2rDLPFC, WM connecintg right inferior parietal cortex and right RMFC; Thal2Medulla,
WM connecting left thalamus and left pallidum; Thal2Palli, WM connecting left thalamus and left pallidum; vmPFC2DLPF, WM connecting left MOC and

left RMFC; CCforcepsMajor, forceps major of corpus callosum (control WM).

(A)

E_norm_avg

FIGURE 1

2.6 | Preprocessing

T1w preprocessing was performed using FMRIPREP v1.5.5%* (RRID:
SCR_016216), a Nipype-based tool®® (RRID:SCR_002502). Each
Tiw volume was corrected for intensity non-uniformity (INU)
using N4BiasFieldCorrection v2.1.0%® and skull-stripped using
antsBrainExtraction.sh v2.1.0 (using the OASIS template). Brain sur-
faces were reconstructed using recon-all from FreeSurfer v6.0.1%”
(RRID:SCR_001847), and the brain mask estimated previously was
refined with a custom variation of the method to reconcile ANTs-
derived and FreeSurfer-derived segmentations of the cortical grey
matter (GM) of Mindboggle?® (RRID:SCR_002438).

DWI-HARDI preprocessing was performed in MRtrix version
3.0_RC3,% using an established pipeline®® which included noise
(PCA)
Marchenko-Pastur (MP) universal distribution,* followed by removal

removal by principal component analysis using the
of Gibbs ringing artefacts using the method of local subvoxel shifts.>?
Afterward, we performed a correction for Eddy currents distortions
and motion artefacts via FSL.3® Data were collected with reversed
phase-encoded blips, resulting in pairs of images with distortions
going in opposite directions (PA). Mean PA field maps were down-
sampled using FSL flirt>* with an identity matrix and trilinear interpo-

lation to match the voxel size of the mean AP bO from DWI-HARDI

(B)

E_norm_std

w

Visualization of (A) mean (V/m) and (B) standard deviation (V/m) of electric-field norms from simulations across subjects.

images. From these pairs, the susceptibility-induced off-resonance
field was estimated using a method similar to that described in
Andersson et al.®®> as implemented in FSL,*¢ and the two images
were combined into a single corrected one. A brain mask was
obtained using dwi2mask®” at this point. Finally, a bias field correc-

tion was performed.?®

2.7 | Processing

All bO volumes were extracted from preprocessed HARDI images,
which were then averaged into a single mean AP bO volume.
Coregistration of this mean volume from each participant to their ana-
tomical T1w image was conducted using FreeSurfer's bbregister®* to
obtain a .dat registration file and then to apply it to the preprocessed
HARDI image using mri_vol2vol with trilinear interpolation and to the
brain mask using the same function with nearest-neighbour interpola-
tion. We used the Accelerated Microstructure Imaging via Convex
Optimization (AMICO) v1.2.10% implementation of NODDI.** Briefly,
to extract its metrics, it is necessary to fit a NODDI model according
to the data, using a hierarchical model (for more details, please refer
to Daducci et al.),%® to finally, extract its metrics (ICVF, ISOVF, and
OD) within the brain mask voxels of each WM-ROI.
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2.8 | WM regions of interest (ROIs)

We chose WM-ROIs corresponding to frontostriatal circuits based on
a reported pathological brain target.*® These circuits connect the fol-
lowing GM regions: IDLPFC, left caudate nucleus, substantia nigra, left
globus pallidus, left thalamus, left and right vimmPFC, and right AngG.
To select ROI coordinates, we used the [IT Human Brain Atlas version
5.0% to select the following WM-ROIs: (1) left caudate nucleus and
axial section through medulla (the closest in the atlas to substantia
nigra) (Caud2Medulla, label 3785), (2) left caudate nucleus and left pal-
lidum (Caud2Palli, label 3739), (3) left rostral middle frontal cortex
(RMFC, the closest in atlas to IDLPFC) and left caudate nucleus
(DLPFC2Caud, label 2637), (4) left RMFC and right medial orbitofrontal
cortex (MOC, the closest in atlas to vmPFC) (DLPFC2rvmPFC, label
2662), (5) left RMFC and left thalamus (DLPFC2Thal, label 2636),
(6) right inferior parietal cortex (IPC, the closest in atlas to right AngG)
and right RMFC (rAngG2rDLPFC, label 5675), (7) left thalamus and
axial section through medulla (Thal2Medulla, label 3685), (8) left thala-
mus and left pallidum (Thal2Palli, label 3639) and (9) left MOC and left
RMFC (vmPFC2DLPFC, label 1326).

For each WM-ROI mask, we selected every voxel that was within
the top 60 most probable fibre connections passing through that
voxel by processing the file IT_WM_atlas_256.nii.gz with fsimaths. For
WM-ROI Masks 1 and 7 connecting to substantia nigra (axial
section through medulla), an inferior manual deletion of all slices
(Z < 87) was performed using fsleyes, because the WM mask extended
IT-

mean_t1_256.nii.gz. A similar process was performed for WM-ROI

inferiorly beyond substantia nigra when overlaying over

masks (2 and 8) connecting to globus pallidus to delete all slices
(Z < 101) because the WM mask extended inferiorly beyond globus
pallidus.

To have a control tract, we used the same atlas to select a non-
overlapping WM-ROI from the IIT_bundles, specifically CC_Forceps-
Major_256 (forceps major of the corpus callosum: CCforcepsMajor).
We used a custom mask of 10 lateral slices at each side of the midline
plane slice excluding the most posterior 96 coronal slices. In this man-
ner, the custom mask of the medial forceps major does not overlap
with other used WM-ROIs nor any direct connection between the
stimulation site and the occipital cortex. The medial forceps major
was selected as it is a dense WM tract that is far from the stimulation
site and should mostly contain fibres connecting the two occipital
lobes.

To register WM-ROI masks into subjects' native spaces, we first
performed a coregistration between FreeSurfer's brainmgz and IIT-
mean_t1_256.nii.gz by using mri_robust_register*° to obtain an LTA reg-
istration file. The inverse of the LTA file was then used to warp with
mri_vol2vol the WM-ROI masks into each subject's native space.
These masks in native space were then used to obtain the mean
NODDI metrics within each WM-ROI using R version 4.1.0 and oro.
nifti version 0.11.0. Because of the proximity of the medial CCforceps-

Major mask to the ventricles, any cerebrospinal fluid (CSF) voxel was
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explicitly excluded from the NODDI metric mean. Table 1 shows the

descriptive statistics of these NODDI metrics across subjects.

2.9 | Statistical analyses
29.1 | Changesin WM microstructure 2 weeks
after rTMS

Linear mixed-effects models were fitted to elucidate possible effects
from active rTMS on frontostriatal WM tracts based on NODDI met-
rics while controlling for age and education years. The 30 fitted
models were of the following structure:

NODDlIgoy, = fo + B4 - weeks + 3, - rTMS|active] + f3 - age + f4
-educationyears + f35 - weeks - rTMS[active],

in which NODDlIgo,, was the ICVF, ISOVF, or OD of each of the ten
WM-ROlIs. Tables 2-3, supplementary tables S1-S3 and Figures S1-
S3 depict the estimates of 5 from these 30 models (control WM-ROI
models are depicted in Figure S1-513).

2.9.2 | Baseline NODDI values as a predictor of
clinical response to rTMS after 2 weeks

To investigate whether baseline NODDI metrics from frontostriatal
circuits' WM tracts could predict clinical response to rTMS, several lin-
ear mixed-effects models were also fitted. The dependent variable
was the clinical instrument score and the independent variables
included the NODDI metric of each of the ten WM-ROls, as shown in

the following equation:

Score = fy + f1 - weeks + B, - NODDlgoy, + f5 - -rTMS[active] + f, - age + fs
-educationyears + f3 - weeks - NODDlIgoy, + f7 - weeks
-rTMS[active] + fig - NODDIgoy, - rTMS[active] + g - NODDlIgoy,
-age+ f10 - NODDIgoy, - educationyears + 1, - weeks - NODDlgoy,
-rTMS|active],

in which Score was the score from VAS, CCQ-now, or BIS-11 and
NODDIgo, the same as previously defined. Tables 2-3, supplementary
tables S4-512 and Figures S4-5S12 depict the estimates of f,; from
these 90 models (3 NODDI metrics x 10 WM-ROI x 3 scores from
clinical instruments; control WM-ROI models are depicted in Figure
S13).

We corrected p values using the false discovery rate or FDR
method*! on each of the 12 hypotheses families, each containing the
10 interactions of interest corresponding to the model of each WM-
ROI. All statistical analyses were calculated using R version 4.1.0. Lin-
ear mixed models were performed using Ime4, effects, ImerTest librar-
ies, and emmeans for Cohen's effect size (d) calculated by estimated

marginal means (emm).
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3 | RESULTS

3.1 | Simulation of TMS electrical field
The simulation of the electric field indicated a maximal average
electric-field norm (111.46 V/m) in the middle frontal gyrus (Figure 1).

3.2 | Changesin WM microstructure after
2 weeks rTMS

After 2 weeks, active rTMS showed significant increase in neurite
density (ICVF or the density of axons and dendrites) compared with
sham rTMS in WM tracts connecting IDLPFC with left vmPFC
(p=0.013, FDR =0.065, d= —0.278; active-TO: 0.422 + 0.135,
active-T1: 0.461 + 0.142) and right vmPFC (p = 0.009, FDR = 0.065,
d=-0.112; active-TO: 0.451 +0.116, active-T1: 0.484 + 0.126)
(Table 2 and Figure 2), although it did not survive multiple compari-
sons at g = 0.05. Similarly, rTMS showed increasing in OD (or axon
organization) in WM tracts connecting IDLPFC with left caudate
nucleus (p =0.021, FDR = 0.105, d = —0.087; active-TO: 0.41
+0.037, 0.416 £ 0.035), left thalamus (p = 0.045,
FDR = 0.150, d = —0.489; active-TO: 0.418 + 0.03, active-T1: 0.42
+ 0.027) and left vmPFC (p = 0.012, FDR = 0.105, d = 0.024; active-
TO: 0.294 + 0.095, active-T1: 0.329 + 0.096), without surviving multi-
ple comparisons either (Table 2 and Figure 2). Here, we show that

active-T1:

although all our changes were significant after 2 weeks, none survived
our strict multiple comparisons and only the tracts connecting IDLPFC
and vmPFC were near the threshold (FDR 5%) with a small effect size
increase in the density of axons and dendrites after rTMS. The tract
connecting IDLPFC and the left thalamus showed a medium effect
size with an increase in axon organization. We did not find a correla-

tion between changes in WM tracts and craving or impulsivity.
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3.3 | Baseline NODDI values as a predictor of
clinical outcome after rTMS

We found a greater reduction in craving VAS after 2 weeks of
rTMS when baseline ICVF was low in WM tracts connecting the left
caudate nucleus with substantia nigra (p = 0.007, FDR = 0.023,
d = 1.338) and left pallidum (p = 0.004, FDR = 0.020, d = 1.363) and
those connecting left thalamus with substantia nigra (p = 0.012,
FDR = 0.030, d = 1.321) and left pallidum (p = 0.002, FDR = 0.020,
d = 1.430) (Table 3 and Figure 3).

We found that BIS-11 responsiveness seemed to be predicted by
a high baseline ISOVF or free water in WM connecting IDLPFC with
left (p = 0.015, FDR = 0.150, d = 1.364) and right vmPFC (p = 0.038,
FDR = 0.190, d = 1.298) (Table 3 and Figure 4A-B). None of these
results concerning BIS-11 survived multiple comparisons.

Finally, we only found that baseline OD from WM connecting
IDLPFC and right vmPFC, when high, predicted a greater decrease in
BIS-11 (p = 0.020, FDR = 0.100, d = 1.245) (Table 3 and Figure 4C),
without surviving multiple comparisons. These results suggest that low
baseline axon and dendrite density of subcortical tracts predict

changes in craving secondary to rTMS, with high effect sizes.

4 | DISCUSSION

Here, we investigated the effects of a 2-week treatment with rTMS
over the IDLPFC on fronto-striato-thalamic WM microstructure in
CUD patients, using multi-shell diffusion-weighted imaging and
NODDI measures. We further evaluated the correlation of clinical
changes in craving and impulsivity with baseline WM microstructure.
Our results suggest that rTMS on IDLPFC induces WM microstruc-
tural changes (density of axons and dendrites and axon organization)

in the IDLPFC-vmPFC and left subcortical connections after 2 weeks

TABLE 2 Coefficients of linear mixed-effects models' interaction (weeks:rTMS[active]) showing the effect of rTMS on NODDI metrics from

frontostriatal circuits' white matter (WM) tracts.

WM-ROI Estimate Std. error
Neurite density (ICVF)
DLPFC2rvmPFC 0.034 0.012
vmPFC2DLPFC 0.038 0.015
Orientation dispersion (OD)
DLPFC2Caud 0.009 0.004
DLPFC2Thal 0.006 0.003
vmPFC2DLPFC 0.027 0.010

df Effect size p value FDR?
42.36 -0.112 0.009? 0.065
42.31 -0.278 0.013? 0.065
40.65 -0.087 0.021° 0.105
40.68 -0.489 0.0452 0.150
41.91 0.024 0.012° 0.105

NODDlgoy, = o + 1 - weeks + 8, - rTMS[active] + 5 - age + 84 - educationyears + fi5 - weeks - rTMS[active]

Abbreviations: DLPFC2Caud, WM connecting left rostral middle frontal cortex (RMFC) and left caudate nucleus; DLPFC2rvmPFC, WM connecting left
RMFC and right medial orbitofrontal cortex (MOC); DLPFC2Thal, WM connecting left RMFC and left thalamus; vmPFC2DLPFC, WM connecting left MOC
and left RMFC; WM-ROI, white matter region of interest; Std., standard; df; degrees of freedom; NODDI, neurite orientation dispersion and density
imaging model; rTMS, repetitive transcranial magnetic stimulation, ICVF, intra-cellular volume fraction; ISOVF, isotropic volume fraction; OD, orientation

dispersion.

?False discovery rate (FDR) adjustment was implemented with p values of their own metric, full values are found in Tables S1-S3.
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FIGURE 2 Effect of rTMS on neurite density (ICVF) and orientation dispersion (OD) from frontostriatal circuits' white matter (WM) tracts.
(A2) Mean ICVF values at baseline and after 2 weeks of the WM connecting the left rostral middle frontal cortex and right medial orbitofrontal
cortex (A1l: DLPFC2rvmPFC), (B2) mean ICVF values at baseline and after 2 weeks of the WM connecting left medial orbitofrontal cortex and left
rostral middle frontal cortex (B1: vmPFC2DLPFC), (C2) mean OD values at baseline and after 2 weeks of the WM connecting left rostral middle
frontal cortex and left caudate nucleus (C1: DLPFC2Caud), (D2) mean OD values at baseline and after 2 weeks of the WM connecting left rostral
middle frontal cortex and left thalamus (D1: DLPFC2Thal), (E2) mean OD values at baseline and after 2 weeks of the WM connecting left medial
orbitofrontal cortex and left rostral middle frontal cortex (E1: vmPFC2DLPFC) and (F2) mean OD values at baseline and after 2 weeks of the WM
from control ROI: forceps major of corpus callosum (F1: CCforcepsMajor).

TABLE 3 Coefficients of linear mixed-effects models' three-way interaction (weeks:NODDI:rTMS[active]) predicting a decrease in craving
VAS/total BIS-11 using baseline NODDI metrics from frontostriatal circuits' WM tracts.

WM-ROI Estimate Std. error df Effect size p value FDR?
ICVF|Cocaine craving Visual Analogue Scale (VAS)
Caud2Medulla 22.61 7.93 40.12 1.338 0.0077 0.023*
Caud2Palli 21.13 6.95 40.17 1.363 0.0047 0.020%
Thal2Medulla 16.30 6.17 40.07 1.321 0.012° 0.030%
Thal2Palli 21.92 6.61 40.13 1.430 0.002° 0.020%
ISOVF|Barratt Impulsivity Scale Version 11 (total BIS-11)
DLPFC2rvmPFC —49.81 23.25 39.63 1.298 0.038* 0.190
vmPFC2DLPFC —103.78 40.96 40.51 1.364 0.0157 0.150
OD|Barratt Impulsivity Scale Version 11 (total BIS-11)
DLPFC2rvmPFC —56.76 23.43 39.80 1.245 0.020* 0.100
CCforcepsMajor 143.70 58.05 40.24 1.177 0.018* 0.100

Score = o + fi1 - weeks + 5 - NODDIgoy, + 3 - rTMS|active] + f, - age + fis - educationyears + f, - weeks - NODDlroy, + 57 - weeks - rTMS[active]+
Pg - NODDIRoy, - rTMS|active] + 5 - NODDlIgoy, - age + f10 - NODDIgoy, - educationyears + 14 - weeks - NODDIgo,, - rTMS|active]

Abbreviations: Caud2Medulla, WM connecting left caudate nucleus and axial section through medulla; Caud2Palli, WM connecting left caudate nucleus
and left pallidum; CCforcepsMajor, forceps major of corpus callosum (control WM); DLPFC2rvmPFC, WM connecting left rostral middle frontal cortex
(RMFC) and right medial orbitofrontal cortex (MOC); Thal2Medulla, WM connecting left thalamus and axial section through medulla; Thal2Palli, WM
connecting left thalamus and left pallidum; vimmPFC2DLPFC, WM connecting left MOC and left RMFC; Std., standard; df; degrees of freedom; NODDI,
neurite orientation dispersion and density imaging model; rTMS, repetitive transcranial magnetic stimulation.

?False discovery rate (FDR) adjustment was implemented with p values of their own metric, full values are found in Tables S4-512.

of treatment. We also found that baseline WM microstructure pre-
dicted clinical response to rTMS treatment. The low density of axons
and dendrites in left-caudate-substantia-nigra, left-caudate-left-palli-
dum, and left-thalamus-substantia-nigra, and left-thalamus-left-palli-
dum connections predicted greater craving reductions. While we
found other significant results, none of these survived multiple com-
parisons correction. We still discuss these results due to their effect
size and possible significance in rTMS.

Repeated TMS showed an effect in WM tracts after 2 weeks, evi-
denced by an increase in ICVF (axon/dendrite density) and OD (axon
orientation), but not ISOVF (free water), in WM tracts connecting the
IDLPFC to the vmPFC, left thalamus, and left caudate nucleus in the
active group. We decided to discuss the ICVF result as it was signifi-
cant at the individual level, with a moderate multiple comparisons
non-significance, and a moderate to low effect size. These results may
suggest a recovery of the integrity of prefrontal connections neurites
with subcortical structures due to active rTMS as early as 2 weeks.
The main mechanism of action proposed for rTMS in SUD treatment
is that it activates dopamine (DA) function in the meso-cortico-limbic

system and increases extracellular glutamate and DA concentrations.®

This activation could trigger changes in dendritic spine density, neuro-
transmitter receptor expression, neuronal degeneration, and microglial
activation which could explain the results in basal ganglia and
PFC.7*?%3 For example, rTMS may affect calcium and neurotransmis-
sion levels. Further, glutamate, GABA, and some monoamines like DA
have been reported to increase after PFC rTMS, leading to dendritic
spine enlargements through a signalling cascade.”*? DA is a critical
neurotransmitter involved in synaptic plasticity in corticostriatal net-
works and in forming cue-induced craving; therefore, DA stimulation-
induced release over the striatum has been proposed as the mecha-
nism underlying the effects of rTMS in SUD patients.®4?

A previous study has found that rTMS can reach deep subcortical
structures such as the amygdala through stimulation of cortical
regions by cortico-subcortical structural connections.** Although the
strongest stimulation effects remain at the scalp level, and rapidly
attenuate as it crosses to brain tissue, the activations spread to other
sites via axonal connections and the release of neurotransmitters,
leading to deep structural and functional network changes.®4> Our
results showed that active rTMS cortical effects in patients with CUD

may have reached deep structures reflected by changes in NODDI
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FIGURE 3 Prediction of craving VAS scores' change by the effect of rTMS according to baseline ICVF from frontostriatal circuits' WM tracts.
(A) Prediction of craving VAS scores from different baseline ICVF values in WM connecting left caudate nucleus and axial section through
medulla (Caud2Medulla), (B) prediction of craving VAS scores from different baseline ICVF values in WM connecting left caudate nucleus and left
pallidum (Caud2Palli), (C) prediction of craving VAS scores from different baseline ICVF values in WM connecting left thalamus and axial

section through medulla (Thal2Medulla) and (D) prediction of craving VAS scores from different baseline ICVF values in WM connecting left
thalamus and left pallidum (Thal2Palli). VAS, craving Visual Analogue Scale; ICVF, neurite density index; TO, baseline time point; T1, after 2 weeks
of rTMS protocol.
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FIGURE 4 Prediction of total BIS-11 scores' change by the effect of rTMS according to ISOVF/OD from frontostriatal circuits' WM tracts.

(A) Prediction of total BIS-11 scores from different baseline ISOVF values in WM connecting left rostral middle frontal cortex and right medial
orbitofrontal cortex (DLPFC2rvmPFC), (B) prediction of total BIS-11 scores from different baseline ISOVF values in WM connecting left right
medial orbitofrontal cortex and left rostral middle frontal cortex (vmPFC2DLPFC), (C) prediction of total BIS-11 scores from different baseline OD
values in DLPFC2rvmPFC and (D) prediction of total BIS-11 scores from different baseline OD values in control ROI (CCforcepsMajor). BIS-11,
Barratt Impulsivity Scale Version 11; ISOVF, cerebrospinal fluid volume fraction; OD, orientation dispersion; TO, baseline time point; T1, after

2 weeks of rTMS protocol.

metrics. Although we found these changes in WM tracts, they did not
correlate to changes in craving or impulsivity.

Baseline ICVF of WM tracts connecting left caudate nucleus with
substantia nigra and left pallidum and those connecting left thalamus
with substantia nigra and left pallidum predicted a reduction in craving
VAS after the rTMS treatment. These results survived multiple com-
parisons and were the most robust. This was not the case for ICVF
from WM tracts connecting cortical with subcortical regions. On the
contrary, baseline ISOVF predicted impulsivity responsiveness, in par-
ticular that from IDLPFC connections to left and right vmPFC. Simi-
larly, baseline OD in one WM-ROI predicted BIS-11 responsiveness.

However, these results did not survive multiple comparisons. We sug-
gest that the initial state of WM integrity or the initial topology con-
figuration is important for the rTMS outcome, or at least those
patients had the highest changes after the therapy which may explain
the higher effects. This may serve as an initial indication to select
CUD patients that may more effectively benefit from this therapy.
Prior studies have reported the association between subjective crav-
ing scores or impulsivity with diffusion metrics,***” GM volumes,*®
and functional connectivity.*’ These studies have suggested a detri-
mental effect of cocaine use on the brain that could indicate the sta-

tus of craving and impulsivity, supporting the idea of WM-GM
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integrity as an indicator of CUD severity and the guidance to achiev-
ing effective recovery.

Previous studies have found associations between repetitive
stimulation over the DLPFC and the mPFC with improvements in
executive functions and reward functions, as well as reduction of
craving/drug consumption in patients with CUD.>>! Additionally,
rTMS applied to this region has been shown to induce microstructural
changes in patients with depression. Changes include alterations in
free water, fractional anisotropy, and radial diffusivity within frontal-
fibre bundles, which appear to be associated with therapeutic
improvement.?°2°2 These results indicate that rTMS-induced modu-
lation may be mediated by neurotransmitter systems (i.e., the dopami-
nergic, GABA, and glutamatergic pathways), metabolism, cell survival,
and neural activity modulation. These findings do not only strengthen
the potential of TMS as a therapeutic tool but also provide back-
ground to explain the mechanisms through which structural changes
occur and relate to disease pathophysiology, as has been suggested
previously.”>*

The prediction of craving outcome based on the state of micro-
structure prior to stimulations could suggest that greater neurite
integrity will result in better rTMS clinical outcomes, which is in line
with previous studies that have found associations between WM-GM
baseline integrity with better longitudinal clinical outcomes that can
inform if patients will relapse or remain in drug abstinent.>® This idea
may be supported by the low effect size we found for NODDI
changes, but high for NODDI as a predictor. This may imply that irre-
spective of the induced changes, the initial integrity state has the
highest impact on how rTMS modulates brain circuits and on the pos-
sible success of clinical outcomes.

One of the main limitations of the present work concerns the lon-
gitudinal course, which is restricted to a single time point, only after
2 weeks. The results of which could be statistically confirmed with
continued use of rTMS in the months of patient follow-up, as well as
being extended to other regions. Even so, finding significant changes
at 2 weeks suggests rTMS affects WM structure from the first day of
stimulation. According to previous clinical disorders studies, ICVF is
decreased with axonal degeneration, axonal loss, and demyelination
processes, while OD decreasing reflects a selective loss of crossing
fibres, axonal regrowth, and reduced axonal dispersion.10 However,
other researchers have found inconsistent results in terms of NODDI
values directionality and the biological interpretation of it.*%® In this
context, validation of NODDI values in terms of biological meaning
would help to elucidate the current results. Discussion regarding the
clinical sample variability and composition here used can be found in

Garza-Villarreal et al.*®

5 | CONCLUSION

In conclusion, here showed changes in neurite microstructure in con-
nections between frontostriatal circuits regions, after active rTMS
stimulation in CUD, suggesting a plasticity-induced recovery of the

integrity of these connections. The prediction of the craving state
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rTMS

suggests that rTMS efficacy depends on the consumption-related

based on baseline NODDI values before the onset of

integrity state of the underlying microstructure. Our results highlight
rTMS as a potential therapeutic tool in the treatment of CUD, due to
its ability to modulate altered brain microstructure by cocaine use, as
relevance of NODDI

responsiveness.
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