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Mesolimbic dopamine release is linked to symptom severity in pathological gambling

Juho Joutsa a,b,c,⁎, Jarkko Johansson b, Solja Niemelä d, Antti Ollikainen e, Mika M. Hirvonen b,f,
Petteri Piepponen g, Eveliina Arponen b, Hannu Alho h,i, Valerie Voon j, Juha O. Rinne b,
Jarmo Hietala d, Valtteri Kaasinen a,b
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a b s t r a c ta r t i c l e i n f o

Article history:
Received 19 October 2011
Revised 28 January 2012
Accepted 4 February 2012
Available online 14 February 2012

Keywords:
Dopamine
Reward
Raclopride
PET
Addiction

Background: Brain dopamine neurons code rewarding environmental stimuli by releasing endogenous dopa-
mine, a transmission signal that is important for reinforcement learning. Human reward-seeking gambling
behavior, and especially pathological gambling, has been presumed to be modulated by brain dopamine.
Methods: Striatal dopamine release was studied with [11C]raclopride positron emission tomography (PET)
during gambling with an ecologically valid slot machine gambling task. Twenty-four males with and without
pathological gambling (DSM-IV) were scanned three times, and the effects of different gambling outcomes
(high-reward and low-reward vs. control task) on dopamine release were evaluated.
Results: Striatal dopamine was released in both groups during high-reward but also low-reward tasks. The
dopamine release during the low-reward task was located in the associative part of the caudate nucleus. Dur-
ing the high-reward task, the effect was also seen in the ventral striatum and the magnitude of dopamine re-
lease was associated with parallel gambling “high”. Furthermore, there was a positive correlation between
dopamine release during the low-reward and the high-reward task. There was no general difference in the
magnitude of dopamine release between pathological gamblers and controls. However, in pathological gam-
blers, dopamine release correlated positively with gambling symptom severity.
Conclusions: Striatal dopamine is released during gambling irrespective of gambling outcome suggesting that
the mere expectation/prediction of reward is sufficient to induce dopaminergic changes. Although dopamine
release during slot machine gambling is comparable between healthy controls and pathological gamblers,
greater gambling symptom severity is associated with greater dopaminergic responses. Thus, as the dopa-
mine reward deficiency theory predicts blunted mesolimbic dopamine responses to gambling in addicted in-
dividuals, our results question the validity of the reward deficiency hypothesis in pathological gambling.

© 2012 Elsevier Inc. All rights reserved.

Introduction

Rewards drive goal-directed behavior in humans, a multifaceted
psychobiological sequence which, on a neural level, seems to be reg-
ulated by mesolimbic dopaminergic neurotransmission. Partly over-
lapping and competing hypotheses point to the role of dopamine in
the hedonic impact of rewards, in the learning and future prediction
of rewards, or in the incentive salience of reward-predicting stimuli

(Berridge, 2007). In drug addiction, reduced brain dopaminergic re-
sponsiveness has been considered to be of importance in individual
addiction vulnerability. The dopamine reward deficiency hypothesis
states that a person with certain functional genetic polymorphisms
may develop a syndrome, which is characterized by a constant dopa-
minergic reward deficient state and diminished responses to natural
rewards (Blum et al., 2000). To compensate the underlying unrespon-
siveness, the person compulsively searches for unnatural rewards,
such as substances of abuse. The dopamine D2 receptor gene
(DRD2) has been considered to be of particular importance in the ge-
netics of the reward deficiency syndrome (Blum et al., 2000; Comings
and Blum, 2000). This hypothesis is not without controversy and

NeuroImage 60 (2012) 1992–1999

⁎ Corresponding author at: Turku PET Centre c/o Turku University Hospital, P.O. Box
52, Kiinamyllynkatu 4-8, FIN-20521 Turku, Finland. Fax: +358 2 2318191.

E-mail address: jtjout@utu.fi (J. Joutsa).
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Localizing parkinsonism based on
focal brain lesions
Juho Joutsa,1,2,3,4,5 Andreas Horn,6 Joey Hsu2,3 and Michael D. Fox1,2,3

Bradykinesia, rigidity, and tremor frequently co-occur, a clinical syndrome known as parkinsonism. Because this syndrome is

commonly seen in Parkinson’s disease, symptoms are often attributed to cell loss in the substantia nigra. However, parkinsonism

occurs in several other neurological disorders and often fails to correlate with nigrostriatal pathology, raising the question of which

brain region(s) cause this syndrome. Here, we studied cases of new-onset parkinsonism following focal brain lesions. We identified

29 cases, only 31% of which hit the substantia nigra. Lesions were located in a variety of different cortical and subcortical

locations. To determine whether these heterogeneous lesion locations were part of a common brain network, we leveraged the

human brain connectome and a recently validated technique termed lesion network mapping. Lesion locations causing parkinson-

ism were functionally connected to a common network of regions including the midbrain, basal ganglia, cingulate cortex, and

cerebellum. The most sensitive and specific connectivity was to the claustrum. This lesion connectivity pattern matched atrophy

patterns seen in Parkinson’s disease, progressive supranuclear palsy, and multiple system atrophy, suggesting a shared neuroana-

tomical substrate for parkinsonism. Lesion connectivity also predicted medication response and matched the pattern of effective

deep brain stimulation, suggesting relevance as a treatment target. Our results, based on causal brain lesions, lend insight into the

localization of parkinsonism, one of the most common syndromes in neurology. Because many patients with parkinsonism fail to

respond to dopaminergic medication, these results may aid the development of alternative treatments.

1 Athinoula A. Martinos Center for Biomedical Imaging, Massachusetts General Hospital, Charlestown, MA, USA
2 Berenson-Allen Center for Noninvasive Brain Stimulation, Beth Israel Deaconess Medical Center, Boston, MA, USA
3 Harvard Medical School, Boston, MA, USA
4 Department of Neurology, University of Turku, Turku, Finland
5 Division of Clinical Neurosciences, Turku University Hospital, Turku, Finland
6 Department of Neurology, Movement Disorders and Neuromodulation Unit, Charité – Universitätsmedizin, Berlin, Germany

Correspondence to: Juho Joutsa, MD, PhD
Athinoula A. Martinos Center for Biomedical Imaging
Massachusetts General Hospital
149 13th st, Charlestown, MA 02129
E-mail: jjoutsa@mgh.harvard.edu; jtjout@utu.fi

Correspondence may also be addressed to: Michael D. Fox, MD, PhD, Beth Israel Deaconess Medical Center, Neurology/KS 151, 330
Brookline Ave, Boston, MA 02215, USA. E-mail: mfox3@bidmc.harvard.edu

Keywords: Parkinson’s disease; basal ganglia; deep brain stimulation; movement disorders; imaging

Abbreviations: DBS = deep brain stimulation; MSA-P = multiple system atrophy, parkinsonism variant; PSP = progressive
supranuclear palsy; STN = subthalamic nucleus
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Network localization of heterogeneous
neuroimaging findings
R. Ryan Darby,1,2,3 Juho Joutsa2,4,5,6 and Michael D. Fox2,3,4

Studies of the same disease often implicate different brain regions, contributing to a perceived reproducibility crisis in neuroi-

maging. Here, we leverage the normative human brain connectome to test whether seemingly heterogeneous neuroimaging

findings localize to connected brain networks. We use neurodegenerative disease, and specifically Alzheimer’s disease, as our

example as it is one of the diseases that has been studied the most using neuroimaging. First, we show that neuroimaging

findings in Alzheimer’s disease occur in different brain regions across different studies but localize to the same functionally

connected brain network. Second, we show that neuroimaging findings across different neurodegenerative diseases (Alzheimer’s

disease, frontotemporal dementia, corticobasal syndrome, and progressive non-fluent aphasia) localize to different disease-

specific brain networks. Finally, we show that neuroimaging findings for a specific symptom within a disease (delusions in

Alzheimer’s disease) localize to a symptom-specific brain network. Our results suggest that neuroimaging studies that appear

poorly reproducible may identify different regions within the same connected brain network. Human connectome data can

be used to link heterogeneous neuroimaging findings to common neuroanatomy, improving localization of neuropsychiatric

diseases and symptoms.

1 Department of Neurology, Vanderbilt University Medical Center, Nashville, TN, USA
2 Berenson-Allen Center for Noninvasive Brain Stimulation, Department of Neurology, Beth Israel Deaconess Medical Center,

Harvard Medical Center, Boston, MA, USA
3 Department of Neurology, Massachusetts General Hospital, Harvard Medical School, Boston, MA, USA
4 Athinoula A. Martinos Centre for Biomedical Imaging, Massachusett General Hospital, Harvard Medical School, Charlestown,

MA, USA
5 Department of Neurology, University of Turku, Turku, Finland
6 Division of Clinical Neurosciences, Turku University Hospital, Turku, Finland

Correspondence to: R. Ryan Darby
1161 21st Ave South, A-0118 Medical Center North Nashville, TN, 37232, USA
E-mail: darby.ryan@gmail.com

Correspondence may also be addressed to: Michael D. Fox
E-mail: foxmdphd@gmail.com

Keywords: dementia; Alzheimer’s; networks; connectivity; delusions

Abbreviations: ALE = activation likelihood estimation; bvFTD = behavioural variant frontotemporal dementia; CBS = corticobasal
syndrome; PNFA = progressive non-fluent aphasia

Introduction
Neuroimaging studies designed to localize a disease, symp-
tom, or psychological process often fail to identify the same

brain region across different studies (Button et al., 2013;
Poldrack et al., 2017). For example, neuroimaging studies
of Alzheimer’s disease identify different brain regions de-
pending on the imaging modality (Schroeter and Neumann,
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Mapping migraine to a common brain network
Matthew J. Burke,1,2,3 Juho Joutsa,1,4,5 Alexander L. Cohen,1,6 Louis Soussand,1

Danielle Cooke,1 Rami Burstein7 and Michael D. Fox1,8,9

Inconsistent findings from migraine neuroimaging studies have limited attempts to localize migraine symptomatology. Novel brain

network mapping techniques offer a new approach for linking neuroimaging findings to a common neuroanatomical substrate and

localizing therapeutic targets. In this study, we attempted to determine whether neuroanatomically heterogeneous neuroimaging

findings of migraine localize to a common brain network. We used meta-analytic coordinates of decreased grey matter volume in

migraineurs as seed regions to generate resting state functional connectivity network maps from a normative connectome

(n = 1000). Network maps were overlapped to identify common regions of connectivity across all coordinates. Specificity of our

findings was evaluated using a whole-brain Bayesian spatial generalized linear mixed model and a region of interest analysis with

comparison groups of chronic pain and a neurologic control (Alzheimer’s disease). We found that all migraine coordinates (11/11,

100%) were negatively connected (t 5 !7, P5 10–6 family-wise error corrected for multiple comparisons) to a single location in

left extrastriate visual cortex overlying dorsal V3 and V3A subregions. More than 90% of coordinates (10/11) were also positively

connected with bilateral insula and negatively connected with the hypothalamus. Bayesian spatial generalized linear mixed model

whole-brain analysis identified left V3/V3A as the area with the most specific connectivity to migraine coordinates compared to

control coordinates (voxel-wise probability of 590%). Post hoc region of interest analyses further supported the specificity of this

finding (ANOVA P = 0.02; pairwise t-tests P = 0.03 and P = 0.003, respectively). In conclusion, using coordinate-based network

mapping, we show that regions of grey matter volume loss in migraineurs localize to a common brain network defined by

connectivity to visual cortex V3/V3A, a region previously implicated in mechanisms of cortical spreading depression in migraine.

Our findings help unify migraine neuroimaging literature and offer a migraine-specific target for neuromodulatory treatment.

1 Berenson-Allen Center for Noninvasive Brain Stimulation, Department of Neurology, Beth Israel Deaconess Medical Center,
Harvard Medical School, Boston, MA, USA

2 Harquail Centre for Neuromodulation and Hurvitz Brain Sciences Program, Sunnybrook Research Institute, Toronto, ON,
Canada

3 Neuropsychiatry Program, Department of Psychiatry, Sunnybrook Health Sciences Centre, University of Toronto, Toronto, ON,
Canada

4 Turku Brain and Mind Center, Department of Neurology, University of Turku, Turku, Finland
5 Division of Clinical Neurosciences and Turku PET Center, Turku University Hospital, Turku, Finland
6 Department of Neurology, Boston Children’s Hospital, Harvard Medical School, Boston, MA, USA
7 Department of Anesthesia, Critical Care and Pain Medicine, Beth Israel Deaconess Medical Center, Harvard Medical School,

Boston, MA, USA
8 Department of Neurology, Massachusetts General Hospital, Harvard Medical School, Boston, MA, USA
9 Athinoula A. Martinos Centre for Biomedical Imaging, Massachusetts General Hospital, Harvard Medical School, Charlestown,

MA, USA

Correspondence to: Matthew J Burke, MD FRCPC
Beth Israel Deaconess Medical Center, KS-274
330 Brookline Ave
Boston, MA 02215
USA
E-mail: mburke11@bidmc.harvard.edu
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RESEARCH ARTICLE

Clinical and Structural Findings in Patients With
Lesion-Induced Dystonia
Descriptive and Quantitative Analysis of Published Cases

Daniel T. Corp, PhD, Christopher J. Greenwood, PhD, Jordan Morrison-Ham, BS, Jaakko Pullinen, MD,
Georgia M. McDowall, BS, Ellen F. P. Younger, BS, Hyder A. Jinnah, MD, Michael D. Fox, MD, PhD, and
Juho Joutsa, MD, PhD

Neurology® 2022;99:e1957-e1967. doi:10.1212/WNL.0000000000201042

Correspondence
Dr. Corp
daniel.corp@deakin.edu.au

Abstract
Background and Objectives
Brain lesions are a well-recognized etiology of dystonia. These cases are especially valuable
because they offer causal insight into the neuroanatomical substrates of dystonia. To date,
knowledge of lesion-induced dystonia comes mainly from isolated case reports or small case
series, restricting broader description and analysis.

Methods
Cases of lesion-induced dystonia were first identified from a systematic review of published
literature. Latent class analysis then investigated whether patients could be classified into
subgroups based on lesion location and body regions affected by dystonia. Regression analyses
subsequently investigated whether subgroup membership predicted clinical characteristics of
dystonia.

Results
Three hundred fifty-nine published cases were included. Lesions causing dystonia occurred in
heterogeneous locations, most commonly in the basal ganglia (46.2%), followed by the thal-
amus (28.1%), brainstem (22.6%), and white matter (21.2%). The most common form of
lesion-induced dystonia was focal dystonia (53.2%), with the hand (49.9%) and arm (44.3%)
most commonly affected. Of all cases, 86.6% reported co-occurring neurologic manifestations
and 26.1% reported other movement disorders. Latent class analysis identified 3 distinct
subgroups of patients: those with predominantly limb dystonias, which were associated with
basal ganglia lesions; those with hand dystonia, associated with thalamic lesions; and those with
predominantly cervical dystonia, associated with brainstem and cerebellar lesions. Regression
demonstrated significant differences between these subgroups on a range of dystonia symp-
toms, including dystonic tremor, symptom latency, other movement disorders, and dystonia
variability.

Discussion
Although dystonia can be induced by lesions to numerous brain regions, there are distinct
relationships between lesion locations and dystonic body parts. This suggests that the affected
brain networks are different between types of dystonia.

RELATED ARTICLE

Editorial
Lesion-Induced Dystonia:
Lessons Learned From
Brain Network Studies
Page 777

MORE ONLINE

CME Course
NPub.org/cmelist

From the Cognitive Neuroscience Unit (D.T.C., J.M.-H., G.M., E.Y.), School of Psychology, Deakin University, Geelong, Australia; Center for Brain Circuit Therapeutics (D.T.C., M.D.F.,
J.J.), Brigham and Women’s Hospital, Boston, MA; Deakin University (C.G.), Centre for Social and Early Emotional Development, School of Psychology, Faculty of Health, Geelong,
Australia; Murdoch Children’s Research Institute (C.G.), Centre for Adolescent Health, Melbourne, Australia; Turku Brain andMind Center (J.P., J.J.), Clinical Neurosciences, University of
Turku, Finland; Departments of Neurology and Human Genetics (H.J.), Emory University, School of Medicine, Atlanta, GA; Department of Neurology (M.D.F.), Harvard Medical School,
Boston, MA; and Turku PET Centre (J.J.), Neurocenter, Turku University Hospital, Finland.

Go to Neurology.org/N for full disclosures. Funding information and disclosures deemed relevant by the authors, if any, are provided at the end of the article.

Copyright © 2022 American Academy of Neurology e1957

Copyright © 2022 American Academy of Neurology. Unauthorized reproduction of this article is prohibited.
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The return of the lesion for localization and 
therapy 

Juho Joutsa,1,2,3 Nir Lipsman,4,5,6 Andreas Horn,3,7,8,9 G. Rees Cosgrove3,10 

and Michael D. Fox3,8,11 

Historically, pathological brain lesions provided the foundation for localization of symptoms and therapeutic lesions 
were used as a treatment for brain diseases. New medications, functional neuroimaging and deep brain stimulation 
have led to a decline in lesions in the past few decades. However, recent advances have improved our ability to local-
ize lesion-induced symptoms, including localization to brain circuits rather than individual brain regions. Improved 
localization can lead to more precise treatment targets, which may mitigate traditional advantages of deep brain 
stimulation over lesions such as reversibility and tunability. New tools for creating therapeutic brain lesions such 
as high intensity focused ultrasound allow for lesions to be placed without a skin incision and are already in clinical 
use for tremor. Although there are limitations, and caution is warranted, improvements in lesion-based localization 
are re!ning our therapeutic targets and improved technology is providing new ways to create therapeutic lesions, 
which together may facilitate the return of the lesion.  

1 Turku Brain and Mind Center, Clinical Neurosciences, University of Turku, 20014 Turku, Finland 
2 Turku PET Centre, Neurocenter, Turku University Hospital, 20520 Turku, Finland 
3 Center for Brain Circuit Therapeutics, Departments of Neurology, Psychiatry, and Radiology, Brigham and 

Women’s Hospital, Harvard Medical School, Boston, MA 02115, USA 
4 Division of Neurosurgery, Sunnybrook Health Sciences Centre, University of Toronto, Toronto, ON M4N 3M5, 

Canada 
5 Hurvitz Brain Sciences Research Program, Sunnybrook Research Institute, Sunnybrook Health Sciences Centre, 

University of Toronto, Toronto, ON M4N 3M5, Canada 
6 Harquail Centre for Neuromodulation, Sunnybrook Research Institute, Toronto, ON M4N 3M5, Canada 
7 Movement Disorder and Neuromodulation Unit, Department of Neurology, Charité - Universitätsmedizin Berlin, 

10117 Berlin, Germany 
8 Department of Neurology, Massachusetts General Hospital, Harvard Medical School, Boston, MA 02114, USA 
9 Department of Neurosurgery, Massachusetts General Hospital, Harvard Medical School, Boston, MA 02114, USA 
10 Department of Neurosurgery, Brigham and Women’s Hospital, Harvard Medical School, Boston, MA 02115, USA 
11 Department of Radiology, Massachusetts General Hospital, Harvard Medical School, Boston, MA 02114, USA 

Correspondence to: Dr Juho Joutsa  
Turku Brain and Mind Center  
Medisiina A1, University of Turku  
20014 Turku, Finland  
E-mail: jtjout@utu.! 

Keywords: stroke; lesion mapping; lesion network mapping; connectivity; MRgFUS 

Received December 22, 2022. Revised February 11, 2023. Accepted March 23, 2023. Advance access publication April 11, 2023 
© The Author(s) 2023. Published by Oxford University Press on behalf of the Guarantors of Brain. All rights reserved. For permissions, please e-mail: 
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ARTICLES
https://doi.org/10.1038/s41591-022-01834-y

1Turku Brain and Mind Center, Clinical Neurosciences, University of Turku, Turku, Finland. 2Neurocenter and Turku PET Center, Turku University Hospital, 
Turku, Finland. 3Berenson-Allen Center for Noninvasive Brain Stimulation, Beth Israel Deaconess Medical Center, Boston, MA, USA. 4National Institute 
on Drug Abuse-Intramural Research Program, Baltimore, MD, USA. 5Department of Psychiatry, University of Pittsburgh, Pittsburgh, PA, USA. 6Center for 
Brain Circuit Therapeutics, Departments of Neurology Psychiatry and Radiology, Brigham and Women’s Hospital, Harvard Medical School, Boston, MA, 
USA. 7Clinical Affairs, Philips Healthcare, Cambridge, MA, USA. 8Department of Neurology, Boston Children’s Hospital, Boston, MA, USA. 9Computational 
Radiology Laboratory, Department of Radiology, Boston Children’s Hospital, Harvard Medical School, Boston, MA, USA. 10Department of Imaging Sciences, 
University of Rochester Medical Center, Rochester, NY, USA. 11Departments of Pediatrics, Neurology & Psychiatry, University of Iowa Hospitals and Clinics, 
Iowa City, IA, USA. 12Shirley Ryan AbilityLab, Chicago, IL, USA. 13Department of Physical Medicine and Rehabilitation, Neurology, Cognitive Neurology and 
Alzheimer’s Center, Northwestern University, Chicago, IL, USA. 14Department of Psychiatry, Feinberg School of Medicine and Department of Psychology, 
Weinberg College of Arts and Sciences, Northwestern University, Chicago, IL, USA. 15Department of Public Health Sciences, University of Rochester 
Medical Center, Rochester, NY, USA. 16 Intramural Research Program, National Institute of Alcohol Abuse and Alcoholism, Bethesda,  MD, USA.  

17These authors contributed equally: Juho Joutsa, Khaled Moussawi, Shan H. Siddiqi. ✉e-mail: jtjout@utu.fi; foxmdphd@gmail.com

Substance use disorders (SUDs) affect 8–10% of the adult popu-
lation, are a leading cause of death in the young and are con-
sidered a public health crisis in the USA and other countries1. 

Existing treatments are inadequate and long-term success rates  
are poor2.

This clinical need has driven the search for new therapies, includ-
ing modulation of brain regions implicated in addiction1,3. Trials of 
deep brain stimulation (DBS)4, transcranial magnetic stimulation 
(TMS)5 and surgical lesioning6–10 have targeted several different 
brain regions, with no consensus on the optimal target4,5. Given this 
ambiguity, a TMS device recently cleared by the U.S. Food and Drug 
Administration (FDA) for smoking cessation was designed to target 
multiple brain regions11,12. To better guide neuromodulation thera-
pies, we need to know which brain regions are causally involved in 
addiction remission in human patients.

A unique source of information that can help answer this ques-
tion is cases where brain damage such as a stroke results in remis-
sion of addiction in a patient13–15. These cases are valuable because 
they provide a causal link between therapeutic benefit and human 

neuroanatomy16,17. For example, lesions involving the insula are 
more likely to disrupt nicotine addiction than lesions that spare the 
insula13. However, lesions disrupting addiction have been reported 
outside the insula in many different brain locations, leaving local-
ization unclear13–15.

Recently, it has been possible to link lesions in different brain 
locations to a common neuroanatomical substrate using the human 
connectome, a map of human brain connectivity18,19. When lesions 
result in therapeutic benefit, this approach can identify effective 
therapeutic targets20,21. For example, lesion locations that improve 
essential tremor are all connected to the exact spot in the thala-
mus that is an effective target for DBS21. In this study, we apply this 
method to lesions resulting in addiction remission.

Results
Across two independent datasets (Supplementary Table 1), we 
identified 129 patients who were active daily nicotine smokers at 
the time of an acquired brain lesion: 69 patients (53%) continued 
smoking while 34 patients (26%) fulfilled the criteria for addiction  

Brain lesions disrupting addiction map to a 
common human brain circuit
Juho Joutsa! !1,2,3,17 ✉, Khaled Moussawi! !4,5,17, Shan H. Siddiqi3,6,17, Amir Abdolahi7, William Drew! !3,6, 
Alexander L. Cohen! !3,6,8,9, Thomas J. Ross! !4, Harshawardhan U. Deshpande! !4, Henry Z. Wang10, 
Joel Bruss11, Elliot A. Stein! !4, Nora D. Volkow! !16, Jordan H. Grafman12,13,14, Edwin van Wijngaarden15, 
Aaron D. Boes! !11 and Michael D. Fox! !3,6 ✉

Drug addiction is a public health crisis for which new treatments are urgently needed. In rare cases, regional brain damage can 
lead to addiction remission. These cases may be used to identify therapeutic targets for neuromodulation. We analyzed two 
cohorts of patients addicted to smoking at the time of focal brain damage (cohort 1 n!=!67; cohort 2 n!=!62). Lesion locations 
were mapped to a brain atlas and the brain network functionally connected to each lesion location was computed using human 
connectome data (n!=!1,000). Associations with addiction remission were identified. Generalizability was assessed using an 
independent cohort of patients with focal brain damage and alcohol addiction risk scores (n!=!186). Specificity was assessed 
through comparison to 37 other neuropsychological variables. Lesions disrupting smoking addiction occurred in many different 
brain locations but were characterized by a specific pattern of brain connectivity. This pattern involved positive connectivity 
to the dorsal cingulate, lateral prefrontal cortex, and insula and negative connectivity to the medial prefrontal and temporal 
cortex. This circuit was reproducible across independent lesion cohorts, associated with reduced alcohol addiction risk, and 
specific to addiction metrics. Hubs that best matched the connectivity profile for addiction remission were the paracingulate 
gyrus, left frontal operculum, and medial fronto-polar cortex. We conclude that brain lesions disrupting addiction map to a spe-
cific human brain circuit and that hubs in this circuit provide testable targets for therapeutic neuromodulation.
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