




http://www.frontiersin.org/human_neuroscience
http://www.frontiersin.org/human_neuroscience/researchtopics/The_Neural_Underpinnings_of_Vi/1020
http://www.frontiersin.org/



http://www.frontiersin.org/human_neuroscience
http://www.frontiersin.org/human_neuroscience/researchtopics/The_Neural_Underpinnings_of_Vi/1020



http://www.frontiersin.org/human_neuroscience
http://www.frontiersin.org/human_neuroscience/researchtopics/The_Neural_Underpinnings_of_Vi/1020



http://www.frontiersin.org/human_neuroscience
http://www.frontiersin.org/human_neuroscience/researchtopics/The_Neural_Underpinnings_of_Vi/1020



http://www.frontiersin.org/Human_Neuroscience/editorialboard
http://www.frontiersin.org/Human_Neuroscience/editorialboard
http://www.frontiersin.org/Human_Neuroscience/editorialboard
http://www.frontiersin.org/Human_Neuroscience/about
http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org/journal/10.3389/fnhum.2014.00384/full
http://community.frontiersin.org/people/u/57817
http://community.frontiersin.org/people/u/58614
http://community.frontiersin.org/people/u/23826
mailto:bernadette.fitzgibbon@monash.edu
http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive



http://dx.doi.org/10.3389/fnhum.2014.00384
http://dx.doi.org/10.3389/fnhum.2014.00384
http://dx.doi.org/10.3389/fnhum.2014.00384
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive



http://www.frontiersin.org/Human_Neuroscience/editorialboard
http://www.frontiersin.org/Human_Neuroscience/editorialboard
http://www.frontiersin.org/Human_Neuroscience/editorialboard
http://www.frontiersin.org/Human_Neuroscience/about
http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org/Human_Neuroscience/10.3389/fnhum.2013.00196/abstract
http://www.frontiersin.org/Community/WhosWhoActivity.aspx?sname=FriederPaulus_1&UID=20878
http://community.frontiersin.org/people/LauraM%C3%BCller-Pinzler/93105
http://www.frontiersin.org/Community/WhosWhoActivity.aspx?sname=StefanWestermann&UID=81641
http://www.frontiersin.org/Community/WhosWhoActivity.aspx?sname=S�renKrach&UID=7824
mailto:krachs@med.uni-marburg.de
mailto:paulusf@med.uni-marburg.de
http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive



http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive



http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive



http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive



http://dx.doi.org/10.3389/fnhum.2013.00196
http://dx.doi.org/10.3389/fnhum.2013.00196
http://dx.doi.org/10.3389/fnhum.2013.00196
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive



http://www.frontiersin.org/Human_Neuroscience/editorialboard
http://www.frontiersin.org/Human_Neuroscience/editorialboard
http://www.frontiersin.org/Human_Neuroscience/editorialboard
http://www.frontiersin.org/Human_Neuroscience/about
http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org/Human_Neuroscience/10.3389/fnhum.2013.00128/full
http://www.frontiersin.org/Community/WhosWhoActivity.aspx?sname=NicolasRothen&UID=69850
http://www.frontiersin.org/Community/WhosWhoActivity.aspx?sname=BeatMeier&UID=2986
http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive



http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive



http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive



http://dx.doi.org/10.3389/fnhum.2013.00128
http://dx.doi.org/10.3389/fnhum.2013.00128
http://dx.doi.org/10.3389/fnhum.2013.00128
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive



http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org/Human_Neuroscience/editorialboard
http://www.frontiersin.org/Human_Neuroscience/editorialboard
http://www.frontiersin.org/Human_Neuroscience/editorialboard
http://www.frontiersin.org/Human_Neuroscience/about
http://www.frontiersin.org/Human_Neuroscience/10.3389/fnhum.2013.00393/abstract
http://www.frontiersin.org/Community/WhosWhoActivity.aspx?sname=IlariaBufalari&UID=69280
http://www.frontiersin.org/Community/WhosWhoActivity.aspx?sname=SilvioIonta&UID=6895
mailto:ilaria.bufalari@gmail.com
http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org/
http://www.frontiersin.org/Human_Neuroscience/archive



http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org/
http://www.frontiersin.org/Human_Neuroscience/archive



http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org/
http://www.frontiersin.org/Human_Neuroscience/archive



http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org/
http://www.frontiersin.org/Human_Neuroscience/archive



http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org/
http://www.frontiersin.org/Human_Neuroscience/archive



http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org/
http://www.frontiersin.org/Human_Neuroscience/archive



http://dx.doi.org/10.3389/fnhum.2013.00393
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org/
http://www.frontiersin.org/Human_Neuroscience/archive



http://www.frontiersin.org/Human_Neuroscience/editorialboard
http://www.frontiersin.org/Human_Neuroscience/editorialboard
http://www.frontiersin.org/Human_Neuroscience/editorialboard
http://www.frontiersin.org/Human_Neuroscience/about
http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org/Human_Neuroscience/10.3389/fnhum.2013.00153/full
http://www.frontiersin.org/Community/WhosWhoActivity.aspx?sname=EricWesselmann&UID=80104
http://community.frontiersin.org/people/KiplingWilliams/89013
http://www.frontiersin.org/Community/WhosWhoActivity.aspx?sname=AndrewHales&UID=85048
http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive



http://dx.doi.org/10.3389/fnhum.2013.00153
http://dx.doi.org/10.3389/fnhum.2013.00153
http://dx.doi.org/10.3389/fnhum.2013.00153
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive



http://www.frontiersin.org/Human_Neuroscience/editorialboard
http://www.frontiersin.org/Human_Neuroscience/editorialboard
http://www.frontiersin.org/Human_Neuroscience/editorialboard
http://www.frontiersin.org/Human_Neuroscience/about
http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org/Human_Neuroscience/10.3389/fnhum.2013.00160/abstract
http://www.frontiersin.org/Community/WhosWhoActivity.aspx?sname=SylviaMorelli&UID=67599
http://www.frontiersin.org/Community/WhosWhoActivity.aspx?sname=MatthewLieberman_1&UID=45700
mailto:sylviamorelli@gmail.com
http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive



http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive



http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive



http://www.neurolens.org/NeuroLens/Home.html
http://www.neurolens.org/NeuroLens/Home.html
http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive



http://marsbar.sourceforge.net
http://marsbar.sourceforge.net
http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive



http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive



http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive



http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive



http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive



http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive



http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive



http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive



http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive



http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive



http://dx.doi.org/10.3389/fnhum.2013.00160
http://dx.doi.org/10.3389/fnhum.2013.00160
http://dx.doi.org/10.3389/fnhum.2013.00160
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive



http://www.frontiersin.org/Human_Neuroscience/editorialboard
http://www.frontiersin.org/Human_Neuroscience/editorialboard
http://www.frontiersin.org/Human_Neuroscience/editorialboard
http://www.frontiersin.org/Human_Neuroscience/about
http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org/Human_Neuroscience/10.3389/fnhum.2013.00265/abstract
http://www.frontiersin.org/Community/WhosWhoActivity.aspx?sname=SophieVandenbroucke&UID=81727
http://www.frontiersin.org/Community/WhosWhoActivity.aspx?sname=GeertCrombez&UID=86316
http://www.frontiersin.org/Community/WhosWhoActivity.aspx?sname=DimitriVan_Ryckeghem&UID=85415
http://www.frontiersin.org/Community/WhosWhoActivity.aspx?sname=MarcelBrass&UID=548
http://www.frontiersin.org/Community/WhosWhoActivity.aspx?sname=StefaanDamme&UID=15803
http://www.frontiersin.org/Community/WhosWhoActivity.aspx?sname=LiesbetGoubert&UID=85367
mailto:sophie.vandenbroucke@ugent.be
mailto:sophie.vandenbroucke@ugent.be
http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive



http://www.millisecond.com
http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive



http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive



http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive



http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive



http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive



http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive



http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive



http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive



http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive



http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive



http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive



http://dx.doi.org/10.3389/fnhum.2013.00265
http://dx.doi.org/10.3389/fnhum.2013.00265
http://dx.doi.org/10.3389/fnhum.2013.00265
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive



http://www.frontiersin.org/Human_Neuroscience/editorialboard
http://www.frontiersin.org/Human_Neuroscience/editorialboard
http://www.frontiersin.org/Human_Neuroscience/editorialboard
http://www.frontiersin.org/Human_Neuroscience/about
http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org/Human_Neuroscience/10.3389/fnhum.2013.00227/abstract
http://www.frontiersin.org/Community/WhosWhoActivity.aspx?sname=MichaElSchaEfer&UID=33391
http://www.frontiersin.org/Community/WhosWhoActivity.aspx?sname=Hans_JochenHeinze&UID=346
mailto:mischa@neuro2.med.uni-magdeburg.de
mailto:mischa@neuro2.med.uni-magdeburg.de
http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive



http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive



http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive



http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive



http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive



http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive



http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive



http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive



http://dx.doi.org/10.3389/fnhum.2013.00227
http://dx.doi.org/10.3389/fnhum.2013.00227
http://dx.doi.org/10.3389/fnhum.2013.00227
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive



http://www.frontiersin.org/Human_Neuroscience/editorialboard
http://www.frontiersin.org/Human_Neuroscience/editorialboard
http://www.frontiersin.org/Human_Neuroscience/editorialboard
http://www.frontiersin.org/Human_Neuroscience/about
http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org/Human_Neuroscience/10.3389/fnhum.2013.00274/abstract
http://www.frontiersin.org/Community/WhosWhoActivity.aspx?sname=Louis-AlexandreMarcoux&UID=82773
http://community.frontiersin.org/people/Pierre-EmmanuelMichon/97351
http://www.frontiersin.org/Community/WhosWhoActivity.aspx?sname=JulienVoisin&UID=88584
http://community.frontiersin.org/people/SophieLemelin/97348
http://www.frontiersin.org/Community/WhosWhoActivity.aspx?sname=PhilipJackson&UID=69434
mailto:philip.jackson@psy.ulaval.ca
http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive



http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive



http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive



http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive



http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive



http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive



http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive



http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive



http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive



http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive



http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive



http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive



http://dx.doi.org/10.3389/fnhum.2013.00274
http://dx.doi.org/10.3389/fnhum.2013.00274
http://dx.doi.org/10.3389/fnhum.2013.00274
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive



http://www.frontiersin.org/Human_Neuroscience/editorialboard
http://www.frontiersin.org/Human_Neuroscience/editorialboard
http://www.frontiersin.org/Human_Neuroscience/editorialboard
http://www.frontiersin.org/Human_Neuroscience/about
http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org/Human_Neuroscience/10.3389/fnhum.2013.00159/abstract
http://www.frontiersin.org/Community/WhosWhoActivity.aspx?sname=NickCooper&UID=72362
http://community.frontiersin.org/people/AMYTILL/88972
http://www.frontiersin.org/Community/WhosWhoActivity.aspx?sname=IgnazioPuzzo&UID=80552
mailto:ncooper@essex.ac.uk
http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive



http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive



http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive



http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive



http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive



http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive



http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive



http://dx.doi.org/10.3389/fnhum.2013.00159
http://dx.doi.org/10.3389/fnhum.2013.00159
http://dx.doi.org/10.3389/fnhum.2013.00159
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive



http://www.frontiersin.org/Human_Neuroscience/editorialboard
http://www.frontiersin.org/Human_Neuroscience/editorialboard
http://www.frontiersin.org/Human_Neuroscience/editorialboard
http://www.frontiersin.org/Human_Neuroscience/about
http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org/Human_Neuroscience/10.3389/fnhum.2013.00233/abstract
http://www.frontiersin.org/Community/WhosWhoActivity.aspx?sname=BruceNewton&UID=82049
mailto:newtonbrucew@uams.edu
http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive



http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive



http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive



http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive



http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive



http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive



http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive



http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive



http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive



http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive



http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive



http://dx.doi.org/10.3389/fnhum.2013.00233
http://dx.doi.org/10.3389/fnhum.2013.00233
http://dx.doi.org/10.3389/fnhum.2013.00233
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive



http://www.frontiersin.org/Human_Neuroscience/editorialboard
http://www.frontiersin.org/Human_Neuroscience/editorialboard
http://www.frontiersin.org/Human_Neuroscience/editorialboard
http://www.frontiersin.org/Human_Neuroscience/about
http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org/Human_Neuroscience/10.3389/fnhum.2013.00299/abstract
http://www.frontiersin.org/Community/WhosWhoActivity.aspx?sname=BarbaraManini&UID=83138
http://www.frontiersin.org/Community/WhosWhoActivity.aspx?sname=DanielaCardone&UID=87440
http://www.frontiersin.org/Community/WhosWhoActivity.aspx?sname=SjoerdEbisch&UID=51347
http://www.frontiersin.org/Community/WhosWhoActivity.aspx?sname=DANIELABAFUNNO&UID=83492
http://www.frontiersin.org/Community/WhosWhoActivity.aspx?sname=TizianaAureli&UID=88006
http://www.frontiersin.org/Community/WhosWhoActivity.aspx?sname=ArcangeloMerla&UID=87438
mailto:barbara.manini@unich.it; d.cardone@unich.it
http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive



http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive



http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive



http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive



http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive



http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive



http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive



http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive



http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive



http://dx.doi.org/10.3389/fnhum.2013.00299
http://dx.doi.org/10.3389/fnhum.2013.00299
http://dx.doi.org/10.3389/fnhum.2013.00299
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive



http://www.frontiersin.org/Human_Neuroscience/editorialboard
http://www.frontiersin.org/Human_Neuroscience/editorialboard
http://www.frontiersin.org/Human_Neuroscience/editorialboard
http://www.frontiersin.org/Human_Neuroscience/about
http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org/Human_Neuroscience/10.3389/fnhum.2013.00197/abstract
http://www.frontiersin.org/Community/WhosWhoActivity.aspx?sname=AngelikiTheodoridou&UID=82444
http://www.frontiersin.org/Community/WhosWhoActivity.aspx?sname=AngelaRowe&UID=85219
http://www.frontiersin.org/Community/WhosWhoActivity.aspx?sname=ChristineMohr&UID=8254
mailto:at4194@bristol.ac.uk
http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive



http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive



http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive



http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive



http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive



http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive



http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive



http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive



http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive



http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive



http://www.metheval.uni-jena.de/mdbf.php
http://www.metheval.uni-jena.de/mdbf.php
http://dx.doi.org/10.3389/fnhum.2013.00197
http://dx.doi.org/10.3389/fnhum.2013.00197
http://dx.doi.org/10.3389/fnhum.2013.00197
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive



http://www.frontiersin.org/Human_Neuroscience/
http://www.frontiersin.org/Human_Neuroscience/editorialboard
http://www.frontiersin.org/Human_Neuroscience/editorialboard
http://www.frontiersin.org/Human_Neuroscience/editorialboard
http://www.frontiersin.org/Human_Neuroscience/about
http://www.frontiersin.org/journal/10.3389/fnhum.2013.00679/abstract
http://www.frontiersin.org/people/u/97044
http://www.frontiersin.org/people/u/57817
http://www.frontiersin.org/people/u/13435
http://www.frontiersin.org/people/u/23826
mailto:peter.enticott@monash.edu
http://www.frontiersin.org/Human_Neuroscience/
http://www.frontiersin.org/
http://www.frontiersin.org/Human_Neuroscience/archive



http://www.frontiersin.org/Human_Neuroscience/
http://www.frontiersin.org/
http://www.frontiersin.org/Human_Neuroscience/archive



http://www.frontiersin.org/Human_Neuroscience/
http://www.frontiersin.org/
http://www.frontiersin.org/Human_Neuroscience/archive



http://www.frontiersin.org/Human_Neuroscience/
http://www.frontiersin.org/
http://www.frontiersin.org/Human_Neuroscience/archive



http://www.frontiersin.org/Human_Neuroscience/
http://www.frontiersin.org/
http://www.frontiersin.org/Human_Neuroscience/archive



http://dx.doi.org/10.3389/fnhum.2013.00679
http://dx.doi.org/10.3389/fnhum.2013.00679
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org/Human_Neuroscience/
http://www.frontiersin.org/
http://www.frontiersin.org/Human_Neuroscience/archive



http://www.frontiersin.org/Human_Neuroscience/editorialboard
http://www.frontiersin.org/Human_Neuroscience/editorialboard
http://www.frontiersin.org/Human_Neuroscience/editorialboard
http://www.frontiersin.org/Human_Neuroscience/about
http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org/Human_Neuroscience/10.3389/fnhum.2013.00112/full
http://www.frontiersin.org/Community/WhosWhoActivity.aspx?sname=MichaelBanissy&UID=59248
http://www.frontiersin.org/Community/WhosWhoActivity.aspx?sname=JamieWard&UID=58614
http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive



http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive



http://dx.doi.org/10.3389/fnhum.2013.00112
http://dx.doi.org/10.3389/fnhum.2013.00112
http://dx.doi.org/10.3389/fnhum.2013.00112
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive



http://www.frontiersin.org/Human_Neuroscience/editorialboard
http://www.frontiersin.org/Human_Neuroscience/editorialboard
http://www.frontiersin.org/Human_Neuroscience/editorialboard
http://www.frontiersin.org/Human_Neuroscience/about
http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org/Human_Neuroscience/10.3389/fnhum.2013.00470/abstract
http://www.frontiersin.org/Community/WhosWhoActivity.aspx?sname=StuartDerbyshire&UID=14849
http://www.frontiersin.org/Community/WhosWhoActivity.aspx?sname=StevenBrown_3&UID=80563
mailto:stuart.derbyshire@nus.edu.sg
mailto:stuart.derbyshire@nus.edu.sg
http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive



http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive



http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive



http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive



http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive



http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive



http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive



http://dx.doi.org/10.3389/fnhum.2013.00470
http://dx.doi.org/10.3389/fnhum.2013.00470
http://dx.doi.org/10.3389/fnhum.2013.00470
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive



http://www.frontiersin.org/Human_Neuroscience/editorialboard
http://www.frontiersin.org/Human_Neuroscience/editorialboard
http://www.frontiersin.org/Human_Neuroscience/editorialboard
http://www.frontiersin.org/Human_Neuroscience/about
http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org/Human_Neuroscience/10.3389/fnhum.2013.00296/abstract
http://www.frontiersin.org/Community/WhosWhoActivity.aspx?sname=MirenEdelstein&UID=82237
http://community.frontiersin.org/people/DavidBrang/79131
http://www.frontiersin.org/Community/WhosWhoActivity.aspx?sname=RomkeRouw&UID=14006
mailto:mhedelstein@ucsd.edu
http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive



http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive



http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive



http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive



http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive



http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive



http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive

Edelstein et al.
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agreement of the relative valence of the inducing stimuli across
the groups. In other words, misophonics and controls find similar
stimuli to be aversive and non-aversive on a subjective level, sug-
gesting that misophonics may experience an extreme form of the

oo Ocontrol
OMisophonic
(]

20
I~
2
ALY o
g o
s O
z

10 o

(o]
o
.05
o)
00— o O ; 7 T T
00 50 1.00 1.50 2.00 250

Average Rating

FIGURE 4 | Correlation of average aversiveness ratings and average
SCR (in micro Siemens) for all trials across all subjects.

discomfort most individuals experience to normally aversive or
irritating stimuli. This raises the important possibility that there is
nothing intrinsically different about misophonic individuals from
those in the general population and misophonic individuals are
merely at the tail end of the distribution.

GENERAL DISCUSSION

In a preliminary examination of individuals with misophonia,
we report qualitative and physiological investigations of the
condition and its relationship to responses in the typical popu-
lation. Experiment 1, which is comprised of qualitative assess-
ments on eleven misophonic subjects, examined the qualities
associated with misophonia in order to help develop reliable
diagnostic criteria and understand the complex social factors
involved. Results were consistent with early reports of the phe-
nomenon, such as the critical characteristic of misophonia being
a disproportionately aversive reaction is in response to com-
mon sounds in everyday life. Additionally, a visceral autonomic
response is physically felt in misophonics in response to trig-
ger sounds. In Experiment 2, physiological measurements were
acquired on six misophonic individuals using SCR to provide
an objective corroboration of misophonics’ reports that spe-
cific sounds evoke intense emotional reactions. Results showed
an increased autonomic response to trigger sounds, but not
visual stimuli, in misophonics as compared with non-misophonic
controls.
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FIGURE 5 | Correlation of average aversiveness ratings of stimuli (x- and y-axis) across conditions in misophonics and controls. Select stimuli
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Administering semi-structured interviews proved to be an
effective way of determining the most critical symptoms, triggers
and experiences associated with misophonia as well as the degree
to which these varied across subjects. In addition to reporting
psychological symptoms, all of our misophonics reported phys-
ical symptoms synonymous with autonomic arousal in response
to trigger sounds. Furthermore, our qualitative results are in
line with all of the diagnostic criteria proposed by Schroder
et al. (2013) which, shortly summarized are: (A) aversive and
angry feelings evoked by particular sounds, (B) rare potentially
aggressive outbursts, (C) recognition by the misophonic indi-
vidual that his/her behavior is excessive, (D) avoidance behav-
ior, (E) distress and interference in daily life, and lastly, (F)
the lack of another condition to account for all symptoms.
Additionally, our principal finding that misophonic individu-
als experience physical, autonomic arousal that is measurable
by SCR, provides empirical validation for some of the afore-
mentioned critical criteria proposed by Schroder et al. (2013),
particularly criterion A. Through conducting interviews, we also
identified other interesting aspects of misophonia that were not
previously apparent. In particular, subjects reported that miso-
phonia can be modulated by social expectations as well as sit-
uational context, indicating that the condition may be more
complicated than merely an aversive response to the purely phys-
ical properties of sounds. Additionally, the finding that miso-
phonic individuals report involuntary, physiological distress in
response to a very specific subset of social sounds supplements
research on complex mind-body interactions, with high-level
knowledge demonstrating prolonged and specific physiological
reactions (e.g., as in placebos; Margo, 1999). However, at this
time, these speculations remain based on anecdotes and need
to be properly tested in the future before firm conclusions can
be drawn.

To date, no research has examined the neurological origin
of misophonia, and preliminary investigations suggest it is not
due to any primary neurological or psychological disorder or
trauma (Schroder et al., 2013). Nevertheless, misophonia dis-
plays similarities to a genetic condition known as synesthesia. In
synesthesia, as in misophonia, particular sensory stimuli evoke
particular and consistent, additional sensations and associations.
Well-known forms of synesthesia include letters evoking a par-
ticular color, or sounds/music evoking colors (Cytowic, 1989;
Baron-Cohen et al., 1996; Simner et al., 2006) but there are in
fact many different subtypes of synesthesia, with a variety of
“inducers” (e.g., music, taste, words, sequences) evoking certain
“concurrents” (e.g., color, shapes, taste). While most synesthe-
sia research has examined the perceptual sensations related to
synesthesia, the condition seems to have an affective component
as well. First, synesthetic congruency (e.g., when a grapheme-
color synesthete sees a letter in the “correct” color) is related
to positive affect (e.g., Callejas et al., 2007). Furthermore, both
inducers (Ward, 2004; Ramachandran et al., 2012) and concur-
rents (Simner and Holenstein, 2007) can be of emotional rather
than perceptual nature. Interestingly, the latter indicates that for
certain subtypes of synesthesia, similar to misophonia, induc-
ers evoke a particular feeling or emotion rather than a pure
perceptual sensation. This has been studied in tactile-emotion

synesthesia (e.g., feeling sandpaper evokes a feeling of jealousy;
Ramachandran and Brang, 2008). Synesthetic associations, like
misophonic experiences, are automatic (in the sense that they do
not take effort or conscious deliberation), are consistent within
an individual and persist throughout life, and seem to run in
families (Asher et al., 2009; Tomson et al., 2011; for a review see
Brang and Ramachandran, 2011). Given these similarities, neu-
roimaging findings in synesthetes may provide us with hypotheses
on the neural basis of misophonia. First, associated sensations
in synesthesia are found to be associated with co-activation in
relevant (associated) brain areas (Nunn et al., 2002; Hubbard
et al., 2005; Rouw et al., 2011). Furthermore, previous studies
support a direct linking of relevant sensory regions in synesthe-
sia (Hubbard and Ramachandran, 2001), mediated by an actual
increase of anatomical connectivity (Rouw and Scholte, 2007;
Zamm et al., 2013). Similarly, altered connections from a lesioned
thalamus to the cerebral cortex (Ro et al., 2007; Beauchamp and
Ro, 2008) led to a type of acquired synesthesia in which auditory
stimuli produced tactile percepts. Differing in the level of speci-
ficity and complexity of evoked responses observed in synesthetes,
individuals with misophonia display basic and non-elaborated
responses to triggering stimuli, varying largely in the intensity of
the response. Nevertheless, the underlying neurological cause of
this condition may be similar to that of synesthesia in terms of
enhanced connectivity between relevant brain regions. In short, a
pathological distortion of connections between the auditory cor-
tex and limbic structures could cause a form of sound-emotion
synesthesia.

This study also provides the critical finding of a relation-
ship between aversive stimuli in misophonia and mildly aversive
stimuli in the general population. That is, in Experiment 2 we
observed a significant correlation between aversive ratings across
the groups, suggesting that misophonia may be based on mech-
anisms fundamentally present in the general population, but
simply exaggerated in misophonia. Critically, as observed in the
interviews in Experiment 1, many of the common aversive stim-
uli in misophonia are also deemed as socially inappropriate in
western society (e.g., lip smacking, repetitive tapping, etc.). While
speculative at present, this consistent pattern raises the possibil-
ity that the aversive nature of these stimuli to all individuals may
be based on the same driving factors (though notably more mild)
as in misophonia, leading to the development of these cultural
norms.

The present paradigm was designed to include a range of aver-
sive stimuli for misophonic individuals based on our preliminary
interviews in Experiment 1. Accordingly, misophonic individuals
reported a large number of the stimuli as aversive: mean 24.2%
and median 24.7% stimuli with a rating of 3 or 4. In contrast,
control participants reported very few stimuli as very aversive:
mean 2.4% and median 0.0% stimuli with a rating of 3 or 4
(Figures 3A,B). Potential future studies are suggested to examine
if this same pattern of group differences is consistent with stim-
uli that evoke a broader range of aversive responses in typically
developed individuals.

As the current study is exploratory in nature and included
a small sample of participants, there are several limitations to
acknowledge. One limitation is that the presentation of stimuli
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in a controlled laboratory setting lacked the ecological validity
of how these stimuli occur in the real world. As such, several
misophonics reported that because they knew each clip would
end in a matter of seconds, their physiological reactions were
tempered, consistent with self-reports in Experiment 1 showing
that contextual information about these cues mediated subjects’
responses. We predict naturalistic observational studies of physi-
ological reactions in misophonic individuals will show a similar
but more extreme pattern of results to those observed here.
A second limitation is that while SCR is a good measure of
autonomic arousal in response to emotion-eliciting stimuli, it
does not indicate what specific emotion is being experienced at
the time. Instead it only indicates a very general, physiologi-
cal arousal that can be interpreted in many ways. For example,
SCR would not be able to differentiate anxiety and aggression.
However, information as to what exactly a subject was feeling
during each stimulus can potentially be inferred by obtained
self-reports after each trial. A third limitation is the fact that
no rigorous diagnostic tests or screenings were utilized during
interviews to completely exclude the possibility that subjects’
symptoms were being driven by another underlying condition.
Also, interviews were conducted by members of our research
group and not by psychiatrists. Potentially comorbid conditions
were therefore determined from the self-reports of subjects (some
of whom had previous, official diagnoses), and the discretion of
the researchers. However, because these interviews were not con-
ducted with the intent of being clinical or diagnostic in nature,
but rather to gain more insight into the phenomenological expe-
riences of individuals who identify with having misophonia, we
believe these findings are still of considerable value to the research
community and misophonic individuals alike. A fourth limitation

of the study is the small sample size. As research on misophonia
is limited to the last few years and little remains known about
the condition, obtaining a large sample size for this study was
not feasible. Nevertheless, while these results should be validated
on a larger group of subjects, we believe they reflect properties
of the condition generalizable to the misophonia community in
general.

While these data serve to support the veracity of the sub-
jective reports in misophonia as an intrusive and labile condi-
tion, numerous additional avenues remain for future research.
Critically, as this condition appears to be chronic, the nature of
how subjects’ triggers evolve over time should be investigated.
How does context contribute to and modulate misophonia and
can contextual information or expectation effects bias subjects’
responses to aversive stimuli? Critically, what are the mecha-
nisms (genetic, neurological, and/or psychological) that underlie
the condition? While speculative at present, one potential neu-
ral mechanism for misophonia may lie in aberrant anatomical
or functional connections between auditory and limbic regions,
akin to the finding of increased structural connectivity in synes-
thesia. Regardless of the mechanisms that underlie misophonia,
the present research supports its validity as an intrusive condition
and highlights the need for additional research into contributing
factors and potential treatments.
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Listening to a lecture on “itching—what’s
behind it?” can induce observable scratch-
ing behavior and self-reported itchiness
in the audience (Niemeier and Gieler,
2000). In another study, Papoiu et al.
(2011) showed 5 min movies of scratching
or rest (either with or without an itch-
inducing histamine injection) and noted
that watching scratching can increase self-
reported itchiness and scratching although
the effects tended to be small in partici-
pants without a pre-existing dermatolog-
ical condition.

Previous speculations concerning the
neural basis of socially contagious itching
have centered on the action-based mirror
system (e.g., Ikoma et al., 2006). Recently,
Holle et al. (2012) attempted to explore
this using fMRI. The stimuli consisted
of brief (20s) movies depicting scratch-
ing to the arm or upper chest, and the
control movies consisted of tapping the
same body part (i.e., the control stim-
uli involve both a motor act and self-
directed touch but imply quite different
bodily states). The movies were cropped
at the neck to avoid facial expression. The
movies depicting scratching were effective
inducers of self-reported itch. Participants
tested outside the scanner were videotaped
and the scratch movies tended to induce
scratching behavior (participants in the
scanner were instructed not to scratch).
The movies depicting scratching (minus
tapping) activated many of the regions

associated with physically induced itch
(via histamine administration) including
the premotor cortex, inferior frontal lobe,
anterior insula, and primary somatosen-
sory cortex. Thus, contagious scratching
is by no means limited to motor-related
regions of the brain.

In this commentary, we carry out
an additional analysis of the gestures
of the videotaped participants in Holle
et al. (2012) to examine which aspects of
the scratching gesture were reproduced.
Two independent raters were asked to
determine: (A) whether the participants
scratched themselves vs. performed some
other body-directed action (e.g., touch-
ing); (B) to note the bodily location acted
upon; and (C) the hand used. The sec-
ond rater was blind as to the nature of
the visual stimulus presented to the partic-
ipants and a third rater (again blind) was
used to adjudicate between disagreements.
Figure 1A shows that when participants
observed a movie depicting scratching
they were more likely to scratch themselves
(X2 = 3.81, P < 0.05). That is, both the
quality of itchiness (self-reported) and the
action of scratching (as observed) is vicar-
iously shared—as already noted by Holle
et al. (2012). However, our new analysis
shows that other features of the event are
not vicariously shared. Figure 1B) shows
the hand used to perform the scratching
action in relation to the hand observed to
perform the action'. It can be seen that
participants use their left and right hands
equally often to scratch themselves and
this is independent of the hand used in
the visual stimulus (x2 = 0.14). Similarly,
we coded the part of the body that was

'Only the actions coded as scratching are displayed,
although the pattern is essentially the same when
non-scratch actions are analysed.

d feelings but not shared

scratched. Although the visual stimuli
depicted scratching only to the arms and
chest (and with cropping at the neck),
the vast majority of the participants’ own
scratches were directed toward their face
and hair (see Figure 1C). That is, the bod-
ily location of itching/scratching is not
vicariously shared but, instead, gravitates
toward the head.

A tendency to scratch body parts dis-
tant to that observed was also reported by
Papoiu et al. (2011). In that study the par-
ticipant had been injected with histamine
(or saline) in one arm and this would
be expected to induce localized itching.
In everyday contexts, self-touch (includ-
ing scratching) is common during social
encounters and may be amplified by anx-
iety (Ekman and Friesen, 1969) or cogni-
tive effort (Barroso et al., 1980) with the
hands and face being the most common
targets (Goldberg and Rosenthal, 1986).
Whatever the reason for the head being the
bodily target, our data suggests the driving
mechanism behind contagious scratching
is related to the processing of affective or
sensory quality rather than sharing of bod-
ily locations/effectors. The fact that the
anterior insula (involved in affect and inte-
roception) was the only part of the brain to
show a sustained response across the dura-
tion of the movies depicting itch is consis-
tent with this. Furthermore, non-human
primates, who are also susceptible to con-
tagious itch (Nakayama, 2004), show the
same pattern of scratching body parts dif-
ferent to the ones observed (Feneran et al.,
2013) However, the vicarious perception
of itch appears to differ from compara-
ble findings of vicarious experiences of
pain (Osborn and Derbyshire, 2010) or
touch (Banissy et al., 2009) in response to
seeing pain and touch. In both of these
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cases, there is a direct correspondence
between the body observed and the loca-
tion of vicarious experience (i.e., seeing
touch to the arm is felt on the arm), at
least in normal-bodied individuals (i.e.,
non-amputees).

It would be interesting to know whether
the bodily target differs between socially
induced itch (i.e., vicarious perception) vs.
conceptually induced itch (e.g., images of
fleas). A more recent behavioral study by
Lloyd et al. (2013) used static images of
itch-related stimuli (e.g., fleas) and actions
(i.e., scratching) and found that these
induce both itchiness and scratching rel-
ative to neutral control stimuli. Images of
bugs on the skin tended to be more potent
inducers than images of scratching actions
themselves. Again, this is consistent with
the idea that contagious itchiness may be
more driven by vicarious perception of
the feeling state (itchiness/unpleasantness)
rather than contagion of the motor act or
bodily target.
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The mirror neuron hypothesis of autism is highly controversial, in part because there are
conflicting reports as to whether putative indices of mirror system activity are actually
deficient in autism spectrum disorder (ASD). Recent evidence suggests that a typical
putative mirror system response may be seen in people with an ASD when there is a
degree of social relevance to the visual stimuli used to elicit that response. Individuals
with ASD (n = 32) and matched neurotypical controls (n = 32) completed a transcranial
magnetic stimulation (TMS) experiment in which the left primary motor cortex (M1)
was stimulated during the observation of static hands, individual (i.e., one person) hand
actions, and interactive (i.e., two person) hand actions. Motor-evoked potentials (MEP)
were recorded from the contralateral first dorsal interosseous, and used to generate an
index of interpersonal motor resonance (IMR; a putative measure of mirror system activity)
during action observation. There was no difference between ASD and NT groups in the
level of IMR during the observation of these actions. These findings provide evidence
against a global mirror system deficit in ASD, and this evidence appears to extend beyond
stimuli that have social relevance. Attentional and visual processing influences may be

important for understanding the apparent role of IMR in the pathophysiology of ASD.

Keywords: mirror
electromyography

neurons,

INTRODUCTION
The “mirror neuron hypothesis” is perhaps the most contro-
versial recent theoretical account of autism spectrum disorder
(ASD). Briefly, mirror neurons, which are cortical cells that fire
during the performance and observation of behavior (Rizzolatti
and Sinigaglia, 2010), were first identified in macaques (Di
Pellegrino et al., 1992), and an analogous fronto-parietal “mir-
ror system” has since been established in humans via a range
of non-invasive neuroimaging and neurophysiological techniques
(Rizzolatti and Sinigaglia, 2010). Beyond motor behavior, mir-
ror systems have also been identified with respect to overlap-
ping brain regions involved in the experience and observation
of emotion, sensation, and pain (Keysers and Gazzola, 2009;
Fitzgibbon et al., 2012). As mirror systems appear to simulate
other’s brain activity, they have been linked to a range of higher-
order social cognitive processes, several of which are impaired in
ASD. Accordingly, it has been suggested that dysfunction within
mirror system circuitry, or of mirror neurons themselves, might
contribute to ASD (Iacoboni and Dapretto, 2006; Oberman and
Ramachandran, 2007; Rizzolatti and Fabbri-Destro, 2010). There
are, however, arguments against such impairment (Gallese et al.,
2011; Hamilton, 2013), and debate as to whether mirror systems
are actually deficient in ASD.

Supporting evidence for mirror system dysfunction in ASD
comes from a range of neurophysiological (Oberman et al,
2005; Bernier et al., 2007), neuroimaging (Dapretto et al., 20065

interaction,

transcranial magnetic stimulation, primary motor cortex,

Hadjikhani et al., 2006, 2007), and brain stimulation studies
(Theoret et al., 2005; Enticott et al., 2012c). These studies gen-
erally utilize an index of interpersonal motor resonance (IMR),
which broadly refers to the activation of an individual’s motor
(or sensorimotor) system during the observation of another per-
son’s motor behavior (Uithol et al., 2011). Accordingly, IMR is
typically considered a putative measure of mirror system activity.
There seems to be little doubt that there are instances in which
IMR is reduced in ASD, although increasingly there are studies
that report no such deficit (Oberman et al., 2008; Raymaekers
et al., 2009; Dinstein et al., 2010; Fan et al., 2010; Bastiaansen
et al., 2011; Marsh and Hamilton, 2011). Among those stud-
ies that do report a deficit, perhaps most controversial is what
these findings actually mean for our understanding of ASD; for
example, whether they reflect an underlying neuropathophysiol-
ogy that contributes to the clinical presentation, or are simply
a neurobiological consequence of a lifetime of aberrant social
engagement.

Given the proposed link between mirror systems and interper-
sonal understanding, there has been some interest in IMR during
the observation of interactive or social behavior. For instance,
there is evidence that IMR is enhanced during the observa-
tion of interactive behavior (Iacoboni et al., 2004; Oberman
et al,, 2007), particularly when there is a negative affective
component (Enticott et al., 2011). Increased IMR is also seen
during the observation of joint and complimentary actions
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(Newman-Norlund et al., 2007; Sebanz et al, 2007;
Newman-Norlund et al., 2008). This is clearly of relevance
to our understanding of ASD, which is characterized by dif-
ficulties in understanding other people and their interactions
(Rapin, 1997). A study of 13 boys with ASD (and matched
controls) showed that typical sensorimotor resonance [indexed
via electroencephalogram (EEG) mu suppression] was evoked in
ASD, but only when the intransitive hand gesture was performed
by a familiar individual (e.g., parent) (Oberman et al., 2008).
Although several factors may have underpinned this particular
finding (e.g., familiarity, emotional relevance), this led the
authors to speculate that the mirror system in ASD may be
sensitive to the “social relevance” of the stimuli.

The current study used transcranial magnetic stimulation
(TMS) to investigate IMR, a putative measure of mirror system
activity, during the observation of individual and interactive hand
movements among individuals with ASD. In line with the sugges-
tion that social relevance may promote a typical mirror system
response in ASD, it was hypothesized that IMR would be reduced
in ASD for individual but not interactive conditions.

MATERIALS AND METHODS

PARTICIPANTS

Participants were 32 individuals with ASD [i.e., diagnosed with
either autism (high-functioning) or Asperger’s disorder] and 32
neurotypical (NT) controls (see Table1 for participant demo-
graphics). All clinical participants had been diagnosed by an
experienced clinician (psychologist, psychiatrist, or paediatrician)
according to DSM-IV criteria (American Psychiatric Association,
1994). The diagnosis was confirmed via diagnostic report or
through communication with the diagnosing clinician. Eleven
of the clinical participants were medicated (6 selective serotonin

Table 1 | Participant demographics.

ASD Controls
n 32 32
Mean age in years (SD) 24.75 (8.11) 25.53 (6.36)
Gender (M:F) 24:8 23:9
Mean years of formal education (SD)Jr 14.67 (4.03) 17.48 (3.44)
Handedness (EHI) (R:L:A) 24:4:4 29:3:.0
Mean KBIT-2VIQ (SD)* 99.88 (17.72) 108.29 (13.54)
Mean KBIT-2 PIQ (SD) 107.78 (20.02) 112.52 (13.72)
Mean KBIT-2 FSIQ (SD) 104.63 (20.06)  112.13 (13.93)
Mean AQ (SD)* 30.97 (8.84) 13.29 (5.72)
Mean RAADS (SD)* 103.84 (39.29) 33.52 (22.86)
Mean DBC Total (SD)* 60.19 (21.64) 100 (—)
Mean DBC Autism Screen (SD)* 20.71 (7.16) 100 (-)

*0 < 0.05, Tp < 0.01,%p < 0.001.

EHI, Edinburgh handedness inventory (Oldfield,
ViQ,
PIQ, performance intelligence quotient; FSIQ, full-scale intelligence quotient;
AQ, autism spectrum quotient (Baron-Cohen et al., 2001); RAADS, Ritvo
autism-aspergers diagnostic scale (Ritvo et al., 2008), DBC, Developmental
Behaviour Checklist (Einfeld and Tonge, 2002).

1971); KBIT2, Kaufman

brief intelligence test, second edition; verbal intelligence quotient;

reuptake inhibitor, 2 selective serotonin reuptake inhibitor /atypi-
cal antipsychotic, 2 selective serotonin reuptake inhibitor/atypical
antipsychotic/benzodiazepine, 1 tetracyclic antidepressant, 1
atypical antipsychotic, 1 serotonin-norepinephrine reuptake
inhibitor). Control participants all reported no history of neu-
rological or psychiatric illness (including substance abuse). All
participants met safety criteria for TMS and provided written
informed consent. Ethical approval was granted by the human
research ethics committees of Alfred Health, Monash University,
and Southern Health.

MATERIALS

Consistent with previous research (Gangitano et al., 2004; Fadiga
et al., 2005; Theoret et al., 2005; Enticott et al., 2008a,b, 2012a,c),
IMR was assessed by administering single pulse TMS to left pri-
mary motor cortex (M1), and recording responses in the right
first dorsal interosseous via electromyography (EMG), during the
observation of short videos featuring hand actions that involve
the first dorsal interosseous. Stimuli were identical to those used
in a previous study (Enticott et al., 2011), and involved five dif-
ferent videos of approximately 3-4 s duration (see Figure 1 for
screenshots and descriptions): one demonstrating static hands
(i.e., control/baseline condition), two demonstrating an individ-
ual’s hand movements (involving the left and right hands from
what was clearly the same person), and two demonstrating inter-
active hand movements (involving a left hand and a right hand
from what were clearly two different people). The individual and
interactive videos involved one in which the movement type was
“approach” (i.e., right hand approaching the left hand) and one
in which the movement type was “removal” (i.e., right hand mov-
ing away from the left hand). Ratings confirming the interactive
and emotional content within each video are presented elsewhere,
but essentially the “interactive removal” clip was rated as more
emotional and more negative than the other clips (Enticott et al.,
2011). The videos were designed such that the motor proper-
ties were matched for the two “approach” videos and for the
two “removal” videos, thus enabling a valid comparison with
respect to our index of mirror neuron activity. EMG equivalence
within the two “approach” videos and the two “removal” videos
was confirmed via separate EMG recordings, with <0.05 mV root
mean square difference in EMG activity in the right first dorsal
interosseous between the matched videos.

Single pulse TMS was administered using a Magstim-200 stim-
ulator (Magstim Company Ltd., UK). EMG signals were amplified
using PowerLab/4SP (AD Instruments, Colorado Springs, CO),
and sampled via a CED Micro 1401 mk II analogue-to-digital
converting unit (Cambridge Electronic Design, Cambridge, UK).

PROCEDURE

Participants were seated 120cm in front of a 22" widescreen
(16:9) LCD monitor on which the video stimuli were presented
(visual angle of video stimuli: 17.99 x 14.25°, although as seen
in Figure 1 the hand actions comprised only a small proportion
of the screen). Participants were not administered a formal test
of visual acuity, but those that required eye glasses wore them
throughout the procedure. Coil location for the stimulation of
M1 was the scalp position that produced the largest amplitude
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1. Static Hands (dorsal view)

Dorsal view of two still hands from the same person

2. Individual approach

Left and right hands from the same person clasp together

3. Interactive approach
Left and right hands from clearly different people clasp together

4. Individual removal

Left and right hands from the same person release a clasp

5. Interactive removal

Left hand moves from left of screen to touch another person’s right
hand, right hand moves away thereby avoiding touch from left hand

FIGURE 1 | Screenshots and descriptions of the five stimuli.

MEP in the contralateral first dorsal interosseous while at rest.
Resting motor threshold was the lowest stimulation intensity that
produced motor-evoked potentials of at least 50 WV on 3/5 con-
secutive trials. Participants watched the video presentation, which
was comprised of each of the five videos presented ten times in
a quasi-random sequence. There was a 2000 ms interval between
each clip, during which a black screen was displayed. For the static
clip, a single TMS pulse was administered to left M1 approxi-
mately 2 s into the video. For the approach clips, a single TMS
pulse was administered to left M1 immediately before the hands
made contact. For the removal clips, a single TMS pulse was
administered to left M1 immediately after the right hand started
to move away from the left hand. This was based on optimal index
finger/thumb aperture for generating sufficient IMR (Gangitano
et al., 2001), and each involved index finger flexion/extension.
TMS pulses during the video presentation were delivered at 120%
of the RMT. Pulses administered during the video presentation
were approximately 5-6 s apart. Triggering of the TMS stimula-
tor was achieved via a light-sensor device that was placed over
the upper left corner of the screen; embedded within each video
was a brief white light that was hidden beneath the sensor and
would appear at the designated frame, thus triggering the TMS
pulse and EMG recording. Before and after the video presenta-
tion, participants were administered ten TMS pulses while at rest
(4 s inter-stimulus interval) to determine whether the procedure
itself, which might be considered a form of low-frequency repet-
itive TMS that could affect corticospinal excitability (Fitzgerald
et al., 2006), induced any changes in corticospinal excitability.

DATA ANALYSIS

Trials in which there was evidence of tonic muscle activity within
200 ms prior to TMS administration were not included in the
analyses (<0.5% of all trials). Consistent with our previous

research (Enticott et al., 2011, 2012a,b,c), raw median MEP val-
ues were converted to reflect a percentage change relative to the
baseline “static hands” condition [i.e., MEP percentage change
(MEP-PC)], with a greater score indicative of greater IMR. Data
screening of MEP-PC revealed non-normality, and we performed
a square root data transformation. As a square root transforma-
tion cannot be performed for negative values (and some MEP-PC
values were negative), prior to the transformation we added a
constant of 100 to each of the values to ensure that they were
all positive. Two extreme outliers (£3 SD from mean) following
the transformation (interactive approach; both control partici-
pants) were adjusted to 0.01 above the next most extreme value.
Normality was reassessed following transformation and found to
be within acceptable limits. Data were analysed via a 2 (group:
ASD vs. controls) x 2 (interpersonal type: individual vs. interac-
tive) X 2 (movement type: approach vs. removal) mixed-model
analysis of variance (ANOVA). Independent samples and paired
samples t-tests were used for all follow-up analyses. We also used
t-tests to examine whether there were any between-group differ-
ences in corticospinal excitability (i.e., raw median MEP values)
across the various condition, and to determine whether the pro-
cedure itself had any influence on corticospinal excitability (i.e.,
raw median MEP values before and after the video presentation).

RESULTS

Untransformed data are presented in Figure?2. For the over-
all mixed model analysis, there was no main effect of group,
Fu, 62) = 0.11, p = 0.915, n}% < 0.001, nor was there an inter-
action effect for movement type x group, F(, 2 = 0.70,
p = 0.406, nlz, = 0.01 interpersonal type x group, F(1, 62) = 3.13,
p =10.082, nlz, = 0.05, or interpersonal type x movement type
x group, F(1, 2y = 3.09, p = 0.084, nlz, = 0.05. Thus, concerning
our hypothesis, there was no evidence for an overall IMR deficit in
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MEP-PC

Approach Removal

Individual

FIGURE 2 | Mean (+SE) (untransformed) MEP-PC by group for each condition; a greater score is indicative of enhanced IMR.

ASD
B CONTROL

Removal

Approach

Interactive

ASD for either the individual or interactive videos, nor was there
evidence for any other reduction in IMR activity in ASD.

There were also a number of main and interaction effects that
did not involve between-group effects. There was a main effect
of interpersonal type, F(1, 62) = 8.66, p = 0.005, nf, = 0.12, with
greater MEP-PC for interactive than individual movements, and
a main effect of movement type, F(1, ¢2) = 8.64, p = 0.005, nf, =
0.12, with greater MEP-PC for approach than removal movement
types. There was also an interaction effect between interper-
sonal type and movement type, F1, ¢2) = 4.82, p = 0.032, 7112; =
0.07. Subsequent analyses revealed greater MEP-PC for interac-
tive removal than individual removal, 3 = —3.38, p = 0.001,
d = 0.47, but no difference between individual approach and
interactive approach, te3) = —0.54, p = 0.957,d = 0.01.

This pattern of results did not differ when including only
right-handed participants: there was no main effect of group,
Fu, 51y =0.13, p = 0.723, 7]12; = 0.002, nor was there an inter-
action effect for movement type x group, F, 51y = 1.62, p =
0.209, nlz) = 0.03, interpersonal type x group, F(i, 51) = 3.96,
p = 0.052, 7112) = 0.07, or interpersonal type x movement type X
group, F, 51y = 3.52, p = 0.066, 7112) = 0.07. This suggests that
these findings are unlikely to have been affected by handedness,
or between-group differences in handedness.

Examination of raw MEP values indicated that corticospinal
excitability was comparable for the ASD and NT groups
(Figure 3). Independent samples ¢-tests revealed no between-
group differences in median MEP amplitude for any of the five
conditions [static hands: t(s) = 0.27, p = 0.788, d = 0.07; indi-
vidual approach: te) = —0.77, p = 0.939, d = 0.02; interactive
approach: tg) = 0.43, p = 0.667, d = 0.11; individual removal:
t62) = 0.29, p =0.769, d = 0.07; interactive removal: () =
0.32,p = 0.749, d = 0.08].

There was also no evidence to suggest that the TMS procedure
altered corticospinal excitability in either group. Independent
samples t-tests revealed no between-group differences in

corticospinal excitability either before, t2) = 0.47, p = 0.640,
d=0.12 (ASD: M =0.86mV, SE=0.11; NT: M = 0.79 mV,
SE=0.11), or after the video presentation, te2 = 0.58,
p=20.563, d=0.15 (ASD: M =0.85mV, SE=0.13; NT:
M = 0.76, SE = 0.09). Similarly, paired samples ¢-tests revealed
no differences in corticospinal excitability before and after the
video presentation for either the ASD, 31y = 0.14, p = 0.889,
d = 0.02, or NT group, t;31) = 0.27, p = 0.792, d = 0.05.

As there were some between-group differences on demo-
graphic/cognitive variables (education, VIQ), we also performed
Pearson correlations between measures of IMR and education/IQ.
As presented in Table 2, these correlations were all weak and
non-significant, suggesting that IMR was unlikely to have been
influenced by these between-group differences.

DISCUSSION

The current study utilized individual and interactive displays of
hand movements to investigate IMR in ASD, which is broadly
considered a means of testing the involvement of the “mirror sys-
tem” in the neuropathophysiology of ASD. With respect to the
observation of interactive hands, our hypothesis was supported:
individuals with ASD did not show evidence of reduced IMR
during the observation of interactive behavior. Contrary to our
expectations, however, individuals with ASD did not exhibit evi-
dence of reduced IMR compared to NT control participants dur-
ing the observation of individual movements. Thus, in the current
paradigm, there was no evidence for a reduction in IMR in ASD
for either individual or interactive hand movements. Importantly,
our analysis of raw MEP amplitudes confirmed that this was
not attributable to baseline (or other) differences in the EMG
response to TMS (i.e., corticospinal excitability), while the TMS
procedure itself did not affect corticospinal excitability in either
group. Additional findings that did not involve between-group
effects were largely consistent with previous research (Enticott
et al., 2011), and indicated greater IMR for interactive (relative
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MEP Amplitude (mV)

ASD
B CONTROL

Individual
Approach

Static Hands
(Baseline)

FIGURE 3 | Mean (+SE) raw (median) MEP by group for each condition, which demonstrates no differences in corticospinal excitability.

Interactive
Approach

Interactive
Removal

Individual
Removal

Table 2 | Correlations between IMR and education/IQ (p-value in parentheses).

Individual approach

Interactive approach

Individual removal Interactive removal

Education 0.111 (0.384) —0.004 (0.976)
VIQ 0.040 (0.754) —0.033 (0.798)
PIQ 0.011 (0.935) —0.034 (0.790)
FSIQ 0.035 (0.786) —0.033 (0.798)

—0.038 (0.766) 0.056 (0.662)
—0.178 (0.163) 0.016 (0.898)
—0.152 (0.233) 0.034 (0.794)
—0.174 (0.173) 0.033 (0.795)

to individual) and approach (relative to removal) videos, and
an increase in activity for the interactive removal (relative to
individual removal) video.

While there was no evidence to suggest a mirror system impair-
ment in ASD, there were some interaction effects that approached
significance; specifically, interpersonal type x group, and inter-
personal type x movement type x group. These were each
associated with a small to medium effect size, but raise the pos-
sibility of a type II error. Examination of mean data suggests
the possibility of subtle differences in the pattern of responding
for each group (e.g., enhanced interactive compared to indi-
vidual in the ASD group). Taken together with other results,
however, these again are not indicative of an “impairment” in
ASD. Nevertheless, teasing out these subtle differences in mir-
ror system activation will be an important consideration in
future research.

These findings add to the controversy surrounding the role
of mirror systems in ASD (Gallese et al., 2011; Hamilton, 2013)
by further demonstrating that there are stimuli that evoke typi-
cal IMR in this population. Nevertheless, they are by no means
entirely inconsistent with the literature, as there are a number
of studies that report no mirror system impairments in ASD.
For instance, Oberman et al. (2008) found that children with
ASD showed appropriate sensorimotor resonance when observ-
ing grasping actions of a familiar person, while both Fan et al.

(2010) and Raymaekers et al. (2009) found no evidence of
reduced sensorimotor resonance among 20 children with ASD
who observed hand movements. Several fMRI studies have also
reported no abnormalities in the BOLD response in presumed
mirror system regions among adults with ASD, with stimuli
including transitive hand actions (Marsh and Hamilton, 2011)
(n = 18 ASD), still images of hand gestures (Dinstein et al., 2010)
(n =13 ASD), and facial expressions (Bastiaansen et al., 2011)
(n = 21 ASD). Studies that have and have not found these impair-
ments in ASD seem to be comparable with respect to sample size,
clinical characteristics, neuroscience techniques, and broad types
of visual stimuli; thus, the heterogeneity of ASD might appear to
be the most likely candidate to explain these inconsistent find-
ings. The current results, however, cannot be attributed to such
heterogeneity, as most of the participants in this study also com-
pleted a previous study in which IMR impairments in ASD were
revealed during the observation of single hand transitive action
(Enticott et al., 2012c). Interestingly, Theoret et al. (2005) found
a deficit in IMR among individuals with ASD only when viewing
a hand from an egocentric position, and it was suggested that this
may reflect deficits in the representation of self. While the hands
in the current study were positioned in this way, the use of multi-
ple hands (including presentations involving hands from multiple
people) may have reduced or eliminated any self-referential aspect
to the stimuli.
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These findings clearly argue against a global mirror system
deficit in ASD, and thus these findings place substantive limita-
tions on the “mirror neuron hypothesis of autism.” In the context
of the previous literature, this study does not necessarily argue
against any mirror system dysfunction in ASD. It does, how-
ever, suggest that there are situations in which IMR during action
observation, a putative index of a mirror system response, is typ-
ical in ASD. It is now critical to establish the conditions under
which IMR impairments are evident in ASD, and how this might
relate to (or perhaps stem from) the behavioral phenotype of
ASD.

There are other possible explanations regarding evidence for
IMR deficits in ASD, and some of these would indeed argue
against any level of mirror system dysfunction in ASD. For
instance, it might be suggested that any observed deficits in
IMR are not due to dysfunctional mirror system activity, but
rather result from impairments in biological motion processing
and attention in ASD that prevent subsequent mirror system
activity. Concerning the former, there is evidence to suggest
that individuals with ASD show atypical perception of biological
motion, both at a behavioral level (e.g., reduced visual pref-
erence for biological motion; Klin et al., 2009; Annaz et al,
2012) and at a brain level (i.e., abnormal pattern of brain acti-
vation during biological motion perception; Kaiser and Pelphrey,
2012). Thus, it is conceivable that any deficit in IMR may
actually result from earlier abnormalities in visual perception.
This would not, however, provide an explanation for the cur-
rent findings, where IMR during the observation of biological
motion appeared largely typical, and certainly not significantly
reduced.

The issue of attentional processing is difficult to disentan-
gle from the perception of biological motion, but might provide
a better alternative explanation for the current findings in the
context of past literature. Clinically, individuals with ASD are gen-
erally thought to have a preference for objects over people (Rapin,
1997). Thus, when there is an object present (as in our previ-
ous study that showed IMR impairment; Enticott et al., 2012¢),
individuals with ASD may devote more attentional resources to
the object and less to the human action (thus preventing IMR).
This, however, fails to account for those studies demonstrating
impairment in ASD when viewing intransitive actions (i.e., when
there is no object present; e.g., Oberman et al., 2005; Theoret
et al., 2005). Alternatively, and consistent with the weak central
coherence account of ASD (which emphasizes enhanced local
processing at the expense of global processing; Happe, 2005),
they may attend to a specific feature of the object or the hand
(e.g., the space between the fingers) rather than the active mus-
cle region. In the current study, there were no objects present,
perhaps encouraging individuals with ASD to entirely attend to
the biological motion aspects (thereby promoting IMR). It may
also be the case that the stimuli used in this study held greater
interest or relevance for ASD participants than in other studies,
meaning that they were more likely to sufficiently attend to the
presentation (resulting in an IMR response that did not differ
from controls). In some respects this is a motivational account,
whereby participants with ASD need to be motivated to devote
adequate attentional resources to the motion aspect of the stimuli.

In any case, it would again argue against a specific mirror system
deficit in ASD.

The issues of attention and processing of biological motion
seem to be critical to truly understanding whether mirror systems
play a role in the pathophysiology of ASD. At a minimum, future
studies could integrate eye tracking techniques into existing neu-
roimaging or electrophysiological paradigms, or provide visual
cues for ensuring that a particular aspect of biological motion is
attended to. This issue is not specific to studies devoted to mirror
circuitry, but would presumably apply to a range of neurobe-
havioral testing paradigms used commonly in ASD (e.g., tests of
executive function or theory of mind). It is important to note that
even if findings are modulated by these visual and attentional fac-
tors, it still does not necessarily argue against the mirror neuron
hypothesis of autism, but would suggest an earlier and more gen-
eral mechanism that leads to underactivity of the mirror system
in ASD.

Limitations to this study include measurement of only the left
cerebral hemisphere, a failure to probe individual participants
about their interpretation of the stimuli, and the inclusion of
medicated participants (although no between-group differences
in corticospinal excitability were evident, medication effects can-
not be ruled out). As noted, future research in this area should
look to integrate neuroscience techniques (e.g., fMRI, TMS, EEG)
with eye-tracking technology; this will go some way toward test-
ing whether aberrant IMR is related to differences in visual
attention (e.g., focusing on an object at the expense of a mov-
ing hand). A failure to detect group differences might also be due
to the large variability of responses within each group, particu-
larly for the individual approach condition. It is also important
to note that the stimuli used here are very different to those used
in classic “mirror neuron” studies among primates (which typi-
cally involve meaning, object-oriented actions). Thus, one might
argue that the failure to find a difference is due to a failure to elicit
mirror neuron activity in either group. While we cannot know
whether true “mirror neurons” were indeed elicited by our stim-
uli, this is the case in all such non-invasive human research, and
we have been careful to instead refer to IMR and mirror systems
(i.e., increased motor cortical activity during the observation of
motor behavior). It remains that both groups did demonstrate
such increases in motor cortical activity. Nevertheless, the issue
of whether these non-invasive paradigms are actually indexing
(at least in part) true mirror neurons remains an important but
elusive problem for this field of research.

In any event, these findings suggest that ASD is not char-
acterized by a global deficit in mirror system activity, as there
are conditions that produce largely appropriate levels of IMR in
ASD. It remains to be determined why individuals with ASD do
sometimes show reduced activity IMR during action observation,
and whether this truly underpins the social and communicative
deficits that characterize these conditions.
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In May of 2013, the Diagnostic and
Statistical Manual of Mental Disorders
(DSM) will release its 5th edition. In
this edition, the DSM-IV-TR categories
of autistic disorder, Asperger disorder,
childhood disintegrative disorder, and
pervasive developmental disorder (not
otherwise specified) will be combined into
a single “autism spectrum disorder” (ASD)
category. ASD will be diagnosed according
to two symptom domains: “social com-
munication impairment” and “restricted
interests/repetitive behaviors” The latter
domain includes an additional feature that
involves “hyper- or hypo-reactivity to sen-
sory input or unusual interest in sensory
aspects of environment” (Huerta et al.,
2012). The relationship between the symp-
tom domains that comprise ASD is not
well-understood, and it has been suggested
that these domains are largely independent
(Dworzynski et al., 2009). Unusual sensory
processing in ASD may, however, be asso-
ciated with a disruption in higher-level
social processes (Leekam et al., 2007), and
therefore the social and sensory features of
ASD may be inherently linked. In this gen-
eral commentary, we propose that pain,
as both a sensory and social experience,
provides a potential paradigm with which
to explore the relationship between sen-
sory abnormalities and social impairments
in ASD.

Physical pain is defined as the sen-
sory and emotional experience associated
with actual or potential tissue damage
(IASP, 1994). Initial research suggests
that individuals with ASD may have an
insensitivity to physical pain (e.g., Nader
et al., 2004). Although more research is
needed to better characterize the expe-
rience of pain in individuals with ASD,
such sensory abnormalities may be related

to deficits in higher-order perceptual
processes (Leekam et al., 2007). In particu-
lar, individuals with ASD may also demon-
strate difficulty in the ability to vicariously
experience the pain of others, a process
that has been argued as integral to social
perception (Keysers et al., 2010).

Indeed, several investigations have
demonstrated that the processing of pain
within a social context may be unusual
in individuals with ASD. For instance,
research suggests that when healthy con-
trols observe another person experience
physical pain (i.e., empathy for physical
pain), similar (although not identical)
neural networks are activated as if expe-
riencing actual physical pain (Lamm
et al., 2011). Among both control and
ASD groups, however, this response is
inversely correlated with alexithymia
(a common feature of ASD; Bird et al.,
2010). Furthermore, using transcranial
magnetic stimulation, observing images of
another person experience physical pain
reveals no motor inhibition in individuals
with ASD compared to controls (Minio-
Paluello et al., 2009). In healthy subjects,
an inhibited motor response is typically
found (Avenanti et al., 2005).

Although not a sensory experience like
physical pain, “social pain,” the experi-
ence of actual or potential damage to
one’s feeling of social connection or value,
has also been shown to share overlap-
ping neural networks with physical pain
(Eisenberger, 2012). It has been hypothe-
sized, that these shared neural mechanisms
indicate that social pain is processed in the
same way as physical pain. Moreover, it
is suggested that this physiological over-
lap came about as an evolutionary adap-
tive process, whereby social pain mech-
anisms developed upon already existing

processes for physical pain (MacDonald
and Leary, 2005). In doing so, social
pain is felt to encourage the develop-
ment and maintenance of social bonds
(Eisenberger, 2012). Thus, abnormalities
within the physical pain network may
impact upon the experience of social pain
in ASD.

As expected, abnormalities in the neu-
ral experience of social pain have also
been reported in individuals with ASD.
For instance, two neuroimaging studies of
social exclusion have found reduced acti-
vation within social pain brain regions
identified in neurotypicals. Intriguingly,
however, individuals with ASD reported
levels of distress to the stimuli similar
to that of controls (Bolling et al., 2011;
Masten et al., 2011a). This suggests that
people with ASD may not be impaired
in their ability to recognize social pain,
but that social pain may be processed dif-
ferently. This is supported by a behav-
ioral study of social pain in ASD; while
there was no between group difference in
the identification of social pain, people
with ASD did not experience a subsequent
reduction in mood that was found among
controls (Sebastian et al., 2009).

Like empathy for physical pain, some
brain regions active during the experience
of social pain are also active when witness-
ing social pain in another (i.e., empathy
for social pain) (e.g., Kross et al., 2011;
Masten et al., 2011b). In a recent behav-
ioral study exploring empathy for social
pain in individuals with ASD, a similar
empathy for social pain response to con-
trols was observed when viewing acciden-
tal norm violations. In contrast, empathy
for social pain was significantly reduced
in ASD compared to controls when the
norm violations were intentional (Paulus
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et al., 2013). This lack of behavioral res-
onance with another’s social pain reflects
the findings of reduced empathy for pain
brain activity in individuals with ASD
and its related features (Minio-Paluello
et al., 2009; Bird et al.,, 2010), yet only
in the condition requiring reflection on
another person’s mental state (i.e., iden-
tifying the intentionality of the behav-
ior). Future imaging investigations should
explore whether empathy for social pain
recruits differential neural networks to
controls, as is seen in social pain.

Taken together, these studies indicate
that both physical and social pain are pro-
cessed atypically in individuals with ASD.
As these types of pain share overlapping
neural substrates, sensory abnormalities
in processing physical pain may, on some
level, be associated with impaired social
processing in ASD. Pain may therefore
serve as a useful model in an attempt to
bridge the gap between sensory abnor-
malities and impaired social function in
ASD. This might contribute toward a more
unified model of ASD. This is not only
of potential importance in better under-
standing and managing ASD, but to psy-
chiatric illnesses more generally where
social impairments are becoming increas-
ingly recognized (Cacioppo et al., 2007).
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Neurophysiological and imaging studies have shown that seeing the actions of other
individuals brings about the vicarious activation of motor regions involved in performing
the same actions. While this suggests a simulative mechanism mediating the perception
of others’ actions, one cannot use such evidence to make inferences about the functional
significance of vicarious activations. Indeed, a central aim in social neuroscience is to
comprehend how vicarious activations allow the understanding of other people’s behavior,
and this requires to use stimulation or lesion methods to establish causal links from brain
activity to cognitive functions. In the present work, we review studies investigating the
effects of transient manipulations of brain activity or stable lesions in the motor system
on individuals’ ability to perceive and understand the actions of others. We conclude there
is now compelling evidence that neural activity in the motor system is critical for such
cognitive ability. More research using causal methods, however, is needed in order to
disclose the limits and the conditions under which vicarious activations are required to
perceive and understand actions of others as well as their emotions and somatic feelings.

Keywords: action perception, action simulation, mirror neurons, brain lesion, transcranial magnetic stimulation

(TMS)

VICARIOUS MOTOR ACTIVATIONS DURING ACTION
PERCEPTION

There is now extensive neurophysiological evidence that
monkeys—and possibly humans—are equipped with a particular
class of neurons active during action execution and action
perception (Cattaneo and Rizzolatti, 2009; Mukamel et al., 2010).
These so called “mirror neurons” are thought to implement
a mechanism matching perceived actions to one’s own motor
representation of similar actions (di Pellegrino et al., 1992;
Gallese et al., 1996; Fogassi et al., 2005). By showing that action
perception modulates activity within the motor system, the dis-
covery of mirror neurons has provided direct neurophysiological
evidence in favor of the older notion that action perception is
inherently linked to action execution (Lotze, 1852; James, 1890;
Prinz, 1997). This idea was further supported in humans by
functional magnetic resonance imaging (fMRI) (Etzel et al,
2008; Gazzola and Keysers, 2009; Kilner et al., 2009; Oosterhof
et al., 2010), electroencephalography (EEG) (Cochin et al., 1999;
Lepage and Théoret, 2006; Arnstein et al., 2011), and magnetoen-
cephalography (MEG) (Nishitani and Hari, 2002; Nishitani et al.,
2004) evidence that the action observation network (AON), i.e.,
the neural network activated by seeing others™ actions, largely
overlaps with the brain network involved in action execution.
This has supported the notion that perceiving and understanding
others” actions may be based on their vicarious representations
within the observer’s motor system.

One of the most convincing evidence that action observation
vicariously activates motor circuits involved in performing the
observed action in humans comes from single-pulse transcranial
magnetic stimulation (TMS) studies. This neurophysiological
method implies that single magnetic pulses are administered over
the participants’ primary motor cortex to record motor-evoked
potentials from the targeted muscles and assess the excitability
of their corticospinal representation under different experimen-
tal conditions. Many studies have shown that observing others’
actions increases the excitability of the observers’ corticospinal
motor system (Fadiga et al., 1995; Catmur et al., 2007; Enticott
et al., 2010, 2011; Senot et al., 2011). This “motor resonance”
appears to be present for both transitive and intransitive move-
ments (Fadiga et al., 2005; Romani et al., 2005; Borgomaneri et al.,
2012) and is specific for the muscles involved in the observed
action (Urgesi et al., 2006a; Alaerts et al., 2009; Candidi et al.,
2010). Moreover, motor resonance is largely automatic and occurs
early in time (Lepage et al., 2010; Barchiesi and Cattaneo, 2012).
Furthermore, motor resonance is temporally coupled with the
observed action when this is dynamically displayed (Gangitano
et al., 2004) and seems to encode specific motor features such as
the direction (Stefan et al., 2005; Barchiesi and Cattaneo, 2012)
and the apparent effort of the action (Alaerts et al., 2010a,b;
Tidonietal., 2013). These findings demonstrate that action obser-
vation induces a dynamic simulation of the observed movement
in the onlooker’s motor system. Studies using cyclic movements
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(Borroni et al., 2005) or static images of actions (Urgesi et al.,
2006b, 2010; Avenanti et al., 2013), however, also indicate that
action simulation may be biased toward the future phases of the
observed movements, suggesting the motor system is involved
in the predictive coding of observed actions as also highlighted
by intracortical recordings in monkeys” premotor cortex (Umilta
et al., 2001).

Interestingly, motor resonance appears to be sensitive to higher
order aspects of others’ actions, such as the goal or the intention
of the actor (Cattaneo et al., 2009; Tidoni et al., 2013), suggesting
that motor cortex activity is influenced by processing occurring
in higher-order regions within the AON. In keeping, there is now
direct evidence that resonance in the motor cortex reflects com-
putations carried out in the inferior frontal cortex (IFC, including
the ventral premotor cortex and the posterior part of the infe-
rior frontal gyrus) and the inferior parietal lobule (IPL). This
is demonstrated by perturb-and-measure studies (Paus, 2005;
Avenanti et al., 2007) in which off-line suppression of neural
activity in IFC disrupts the motor facilitation induced by action
observation (Avenanti et al., 2007, 2013; Enticott et al., 2012) and
dual coil studies in which stimulation of IFC and IPL modulates
motor cortex reactivity to observed actions (Koch et al., 2010;
Catmur et al., 2011).

BRAIN STIMULATION AND LESION METHODS TO
HIGHLIGHT CAUSAL LINK BETWEEN AON AND ACTION
PERCEPTION

While neurophysiological and brain imaging techniques have
been essential in highlighting that action simulation is automat-
ically triggered by action observation, it should be noted that
these approaches only provide correlational evidence and cannot
establish whether neural activity in motor regions is necessary for
action perception. Behavioral studies have shown that action exe-
cution affects the perception of others’ actions, suggesting a close
link between motor and perceptual processing in social interac-
tions (Kilner et al., 2003; Hamilton et al., 2004; Schiitz-Bosbach
and Prinz, 2007a,b; D’Ausilio et al., 2010; Sacheli et al., 2012,
2013). Motor experts present superior perceptual abilities in the
prediction of others’ actions (Abernethy et al., 2008; Aglioti et al.,
2008) and short-term action execution training improves percep-
tion of full (Hecht et al., 2001; Urgesi et al., 2012) and point-light
(Casile and Giese, 2006) displays of the same action even if no
visual feedback is provided during the execution phase. On the
other hand, non-use of specific body parts, following massive
deafferentation of lower limbs in spinal cord injury patients, leads
to impaired recognition of their movements depicted in static
images (Pernigo et al., 2012) and point-light (Arrighi et al., 2011)
displays.

While behavioral studies have shown an influence of action
execution on action perception these approaches do not tell
“where” in the brain these two functions interact. Thus, to test
the causal role of specific visuo-motor nodes of the AON in
action perception is fundamental to recur to causal methods,
ie., investigating the effect of brain damage or non-invasive
brain stimulation of parieto-frontal AON regions on the ability
to perceive and recognize others’ actions (Avenanti and Urgesi,
2011).

Mounting evidence suggests that IFC and IPL are critical for
action perception. In two studies participants were presented with
videos of an actor lifting and placing a box that could be of dif-
ferent weights and were asked to estimate the weight of the box
(Pobric and Hamilton, 2006) or to recognize whether the actor
was trying to provide deceiving information about the weight of
the box (Tidoni et al., 2013). It was found that online repetitive
TMS over IFC but not over occipital cortex or temporo-parietal
junction worsened participants’ performance in such tasks that
required to monitor spatio-temporal features of seen actions (e.g.,
arm acceleration). Notably, no change in performance was found
in “temporal” control tasks requiring to estimate how long the
actor’s hand was visible (Pobric and Hamilton, 2006) or in a
“spatial” control task requiring to monitor the hand path dur-
ing lifting and placing (Tidoni et al., 2013). Taken together these
studies suggest that IFC is actively involved in processing seen
kinematics and in particular in integrating their spatial and tem-
poral features, which may be important to predict others’ actions
(see also Stadler et al., 2012; Avenanti et al., 2013; Costantini et al.,
2013).

The integration of spatio-temporal features is critical for
biological-motion perception in order to blend the coherent
motion pattern of a series of point-lights into a unitary percep-
tion of a moving individual. While voxel-based morphometry
(Gilaie-Dotan et al., 2013) and fMRI studies (Saygin et al., 2004)
suggest a relation between IFC and biological motion perception,
causal methods have recently demonstrated that off-line TMS
suppression of IFC activity (van Kemenade et al., 2012) or vas-
cular lesion to IFC (Saygin, 2007) impairs the ability to detect
biological motion from point light displays.

Another group of studies has suggested a role of IFC in pro-
cessing configurational aspects of observed actions (e.g., limb dis-
placement, postures). In such studies participants were presented
with static images showing hand grips (Jacquet and Avenanti,
2013), upper or lower limb actions (Urgesi et al., 2007b) or whole
body movements (Urgesi et al., 2007a). In all the studies it was
found that stimulation of IFC but not of control regions impaired
the ability to visually discriminate between pictures depicting
two slightly different actions. Notably, brain damage patients
with lesions occurring in IFC but not in posterior regions were
also impaired in similar tasks (Moro et al., 2008). Interestingly,
these impairments in processing configurational aspects of oth-
ers’ actions appear specific for biologically movements because
IFC stimulation does not impair visual discrimination of images
implying biomechanically impossible body movements (Candidi
et al., 2008).

While brain stimulation studies suggest a role of the AON,
and of IFC in particular (Figure 1), in processing specific spatio-
temporal and configurational features of seen actions, neuropsy-
chological evaluation of brain damage patients shows that lesions
in IFC and premotor cortices may lead to more global deficits in
action perception and understanding. Lesion in IFC and premo-
tor cortices reduces the ability to: (i) associate pictures of pan-
tomimes (e.g., licking) to the corresponding appropriate object
(ice cream) (Saygin et al., 2004); (ii) judge whether a transitive
action or an intransitive gesture is correctly performed (Pazzaglia
et al., 2008a); (iii) associate the sounds evoking human actions
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FIGURE 1 | Frontal and parietal brain sites whose non-invasive
stimulation affected: (i) motor resonance, as shown by
perturb-and-measure (Avenanti et al., 2007, 2013) and dual coil
TMS (Koch et al, 2010; Catmur et al.,, 2011); (ii) proactive gaze
shift during observation of actions toward objects, as shown by
virtual lesion (Costantini et al., 2013); and (iii) visual action
perception as shown by virtual lesion (Pobric and Hamilton, 2006;
Urgesi et al., 2007a,b; Candidi et al., 2008; van Kemenade et al.,

Avenanti et al., 2007
Avenanti et al., 2013
Candidi et al., 2009
Catmuret al., 2011
Cattaneo, 2010
Cattaneo et al., 2010
Cattaneo et al., 2011
Costantini et al., 2013
Koch et al., 2010
Pobric & Hamilton, 2006
Stadler etal., 2012

Tidoni et al., 2013

Urgesi et al. 2007a, 2007b

Van Kemenade et al., 2012

2012; Tidoni et al.,, 2013) and state-dependent TMS (Cattaneo,
2010; Cattaneo et al., 2010, 2011). In the study of Catmur et al.
(2011) IFC and dorsal premotor cortices were stimulated in the right
hemisphere but are represented on a left hemisphere. The white lines
define frontal (IFC and dorsal premotor) and parietal (IPL and
somatosensory) nodes of the AON and are based on a meta-analysis
of 139 functional imaging studies investigating action perception
(Caspers et al., 2010).

with pictures representing the same actions (Pazzaglia et al,
2008b); (iv) or re-order pictures of human actions compared to
physical events (Fazio et al., 2009). On the other hand, lesion of
the IPL impairs the recognition of transitive gestures (Buxbaum
et al., 2005; Weiss et al., 2008; Kalénine et al., 2010) and of
biological motion (Battelli et al., 2003). Moreover, Tranel et al.
(2003) showed that patients with lesions in both IFC and IPL were
impaired in tasks involving recognition of action from static pic-
tures. Interestingly, there is a specific relation between the motor
deficits shown by brain lesion patients and their impairment in
action recognition (Eskenazi et al., 2009; Serino et al., 2010). For
instance, patients with fronto-parietal lesions who were impaired
in performing limb (limb apraxia) or mouth gestures (buccofa-
cial apraxia) were also impaired in the audio-visual matching of
hand and mouth actions, respectively (Pazzaglia et al., 2008b).
Although the clinical pattern of apraxic patients is complex and
cannot be reduced to the dysfunction of the AON visuo-motor
nodes, the effector-specific correspondence between their motor
and perceptual deficits further hints at the strict link between
action execution and perception. In sum, there is now strong evi-
dence that the activation of parieto-frontal nodes of the AON is
not merely associated to action observation, but it appears to be
critical to perceive and understand the actions of others.

STATE-DEPENDENT BRAIN STIMULATION IN ACTION
PERCEPTION

One important limitation of causal approaches is that brain
damage or non-invasive brain stimulation have remote effects.
Although TMS is more focal than other non-invasive brain stimu-
lation methods (i.e., transcranial direct current stimulation), and
provides extremely high time-resolution, it modulates activity not
only in the neurons under the coil but also in interconnected
regions (Ruff et al., 2009; Siebner et al., 2009; Avenanti et al.,
2012a,b; Arfeller et al., 2013). Thus, impairment of action per-
ception due to vascular or “virtual,” TMS-induced lesions over
specific motor regions may be at least partially due to the dis-
connection of a larger circuit (i.e., the AON) or the spread of
the TMS-induced excitation along its connections (Valero-Cabré
et al., 2005, 2007). The simultaneous combination of TMS with
functional imaging promises to be of especially great value to tease
apart the functional relevance of TMS-induced local and remote
neural effects.

Moreover, one should notice that classical virtual lesions
approaches do not elucidate how distinct neural populations
within the stimulated area interact to give rise to perception
and behavior (Silvanto et al., 2008; Avenanti and Urgesi, 2011;
Silvanto and Pascual-Leone, 2012). Recently, the TMS-adaptation
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and TMS-priming paradigms have been developed to tackle
such limitation. The paradigms are based on the well-established
notion of state-dependency, i.e., that TMS effects depend on the
initial state of the stimulated neurons (Lang et al., 2004; Siebner
et al., 2004, 2009; Bestmann et al., 2010). In such paradigms
the functional state of the neurons is manipulated by means
of perceptual (or motor) adaptation or priming. Although the
underlying neurophysiological mechanisms are not well under-
stood (Ruzzoli et al., 2011; Schwarzkopf et al., 2011; Perini et al.,
2012), the phenomenology of TMS-adaptation and TMS-priming
is very robust and consists in a TMS reduction or reverse of the
behavioral effects classically induced by perceptual adaptation or
priming. These effects unambiguously indicate the presence of
neurons encoding for the adapted/primed feature in the stimu-
lated area and their relevance for perceptual processing.

To date, state-dependent TMS has been used to explore per-
ceptual encoding of goal and grip configurations in frontal,
parietal, and visual nodes of the AON. For example, in a TMS-
priming study of Cattaneo (2010) participants were presented
with target pictures showing a hand grasping an object and
were asked to judge whether the movement was fast or slow.
Observed grasp types varied from precision (index finger and
thumb involved only) to whole-hand grasp. Target pictures were
preceded by similar prime pictures. Without TMS and with sham
stimulation, a clear priming effect was observed as a shorten-
ing of reaction times and as a bias toward the priming grasp
type in the classification responses. The perceptual advantage of
priming was reversed by TMS over IFC, suggesting that distinct
populations in such regions are tuned to different observed grasp
types and are critical for perception. In a recent TMS-adaptation
study, Cattaneo et al. (2010) used perceptual adaptation to goal-
directed actions and showed that IFC and IPL contain distinct
populations encoding the goal of observed action (i.e., grasp-
ing or pulling) independently from the effector (i.e., hand or
foot) used to perform such actions. To test whether the same
motor neurons involved in performing an action are critical for
visual perception of the same action, Cattaneo et al. (2011) used
cross-modal motor-to-visual TMS-adaptation. They asked par-
ticipants to repeatedly perform an action (pushing or pulling)
and then to categorize static images showing an actor’s hand
displacing a ball as pushing or pulling actions. Repeated motor
performance induced a visual aftereffect when categorizing action
stimuli, with a bias toward pulling after execution of pushing and
a bias toward pushing after execution of pulling. Thus, the after-
effect following motor adaptation was a bias toward the action
opposite to the one that had been trained, suggesting a motor-
to-visual adaptation of the same visuo-motor neurons involved
in action execution and observation. Notably, TMS over IFC but
not over control regions disrupted such visuo-motor aftereffects.
Thus, cross-modal TMS-adaptation provides complimentary evi-
dence to fMRI adaptation studies investigating the attenuation of
hemodynamic responses in AON regions after repeated execution
and observation of actions. These studies reported action-specific
cross-modal adaptation in fronto-parietal AON areas (Chong
et al., 2008; Kilner et al., 2009; Lingnau et al., 2009), suggest-
ing the same neural populations are activated in response to
specific actions that are either observed or executed. Using the

TMS-adaptation paradigm allowed documenting that the same
populations of neurons involved in action execution are also
critical for action perception.

CONCLUSIONS AND FUTURE DIRECTIONS

In conclusion, the studies reviewed here provide striking evidence
that action perception not only correlates with motor activations
in the observer’s brain, but also requires these activations for
allowing dynamic representations of others’ actions. Successful
social interactions, however, require motor, sensorial, cognitive,
and emotional representations of the behavior of conspecifics.
There is now substantial evidence that perceiving the emotions
(Carr et al., 2003; Gallese et al., 2004; Dapretto et al., 2006;
Bastiaansen et al., 2009) as well as the bodily sensations of oth-
ers such as touch (Keysers et al., 2004; Blakemore et al., 2005;
Bufalari et al., 2007; Ebisch et al., 2008; Schaefer et al., 2009;
Gazzola et al., 2012) or pain (Singer et al., 2004, 2006; Avenanti
et al., 2005, 2009a; Valeriani et al., 2008; Lamm et al., 2011; Voisin
et al., 2011) vicariously activates those brain regions involved in
the first hand experience of such emotions and bodily sensations.
Although it is held that the mechanism underlying perception of
others’ sensory or emotional feelings is similar to that underlying
action perception (Gallese et al., 2004; Keysers et al., 2010; Gallese
and Sinigaglia, 2011), fewer studies have addressed the issue of
causality in the former relative to the latter case. However, some
of these studies have been important in clarifying that, for exam-
ple, somatosensory cortices are not only active but are also critical
for recognition of others’ emotional expressions (Adolphs et al.,
20005 Pitcher et al., 2008; Banissy et al., 2010) and others’ tac-
tile experiences (Bolognini et al., 2011, 2012, 2013; Rossetti et al.,
2012). Further studies, however, are needed to corroborate the
causal link between vicarious activations and the understanding
of others’ sensorial and emotional states.

One critical question for future research concerns the degree to
which vicarious activations interact with other mechanism to give
rise to perception and understanding of others’ actions and feel-
ings. Mirroring and simulating others’ actions and feelings may
be just one strategy amongst many to gain knowledge of others’
mental states. There may be inter-individual differences in the
extent to which this strategy is deployed as well as some modu-
latory effect of social context and previous experience. Vicarious
somatomotor activations are often correlated with interindivid-
ual differences in personality (Gazzola et al., 2006; Avenanti et al.,
2009b; Minio-Paluello et al., 2009; Schaefer et al., 2012) and
are influenced by previous experience with the same situation
(Calvo-Merino et al., 2006; Cross et al., 2006; Cheng et al., 2007;
Fourkas et al., 2008; Abreu et al., 2012; Candidi et al., 2012;
Tomeo et al., 2012), and social group belonging (Xu et al., 2009;
Avenanti et al., 2010; Hein et al., 2010; Azevedo et al., 2012).
They are modulated also by a number of other factors rang-
ing from body ownership (Schiitz-Bosbach et al., 2006, 2009)
to social tasks and contexts (Kokal et al., 2009; Donne et al.,
2011; Sartori et al., 2011). It is thus fundamental to understand
the functional significance of such differential activations and
causal methods may provide direct information about how and
when simulation plays a critical role in our understanding of
others’ mind.
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to in-group bias.

In their Perception-Action Model of empathy, Preston and de
Waal (2002) state that “the attended perception of the object’s
state automatically activates the subject’s representations of the
state, situation, and object, and that activation of these rep-
resentations automatically primes or generates the associated
autonomic and somatic responses, unless inhibited.” Their view
of empathy included various phenomena such as emotional
contagion, cognitive empathy, guilt, and helping which accord-
ing to their model all relied on the perception-action mech-
anism. While typically empathy has been investigated using
behavioral paradigms, more recently it is becoming tangible to
investigate the neural architecture that underlies this process
(Preston and de Waal, 2002; Boston, 2007; Singer and Lamm,
2009; Decety, 2011; Shamay-Tsoory, 2011; Bernhardt and Singer,
2012). Decety (2011) recently proposed a three component basis
for empathic experiences, highlighting affective, cognitive, and
emotion regulative components. These components are deemed
necessary for experiencing empathy where the affective compo-
nent is identified as a bottom-up, or automatic, process and
the cognitive and emotion regulative components are identified
as top-down modulators. That is, sharing the pain of others
occurs automatically but behavioral responses are differentiated
by cognitive factors (for example, perspective taking) and emo-
tion regulative factors (for example, motivation). Social neu-
roscience has also begun investigating the modulating factors
that interfere with empathic responses such as inter-individual
differences (Singer et al., 2004; Hein and Singer, 2008), close-
ness (Beeney et al, 2011), and groups (Ito and Bartholow,
2009; Chiao and Mathur, 2010). Group membership describes
a group of people sharing similar and recognizable character-
istics where an individual can categorize others as belonging
to that particular social group (Abrams, 2012). The focus of
the present review is to identify how group membership affects
each of the three components of empathy and to illustrate

Empathy involves affective, cognitive, and emotion regulative components. The affective
component relies on the sharing of emotional states with others and is discussed here
in relation to the human Mirror System. On the other hand, the cognitive component
is related to understanding the mental states of others and draws upon literature
surrounding Theory of Mind (ToM). The final component, emotion regulation, depends
on executive function and is responsible for managing the degree to which explicit
empathic responses are made. This mini-review provides information on how each of
the three components is individually affected by group membership and how this leads

Keywords: group membership, social categorization, social neuroscience, empathy, vicarious responses

how this accumulates to a biased view of how we see the
world.

AFFECTIVE EMPATHY: THE ABILITY TO SHARE THE
AFFECTIVE STATES OF OTHERS

The main problem in understanding empathy from a neuro-
science perspective is explaining how we can overcome the phys-
ical distance between our brain and that of others. How can
we make sure we experience the same emotions as others and
how can we understand the emotions of others by just observing
their behaviors? Simulation theory suggests that we understand
other people’s actions and emotions by mirroring their actions
and feelings onto our own mind state (Preston and de Waal,
2002; Rizzolatti and Fabbri-Destro, 2008; Keysers and Gazzola,
2009; Rizzolatti and Sinigaglia, 2010). According to the classical
view, perception-action coupling of motor actions is supported
by mirror neurons located in areas such as the inferior parietal
lobule (IPL) and posterior inferior frontal gyrus (Iacoboni et al.,
1999; Rizzolatti et al., 2001), however, fMRI studies have shown
that additional regions such as superior temporal sulcus (STS),
dorsal and ventral premotor cortex and superior parietal lobule
are also involved in perception-action coupling of motor actions
(Molenberghs et al., 2009, 2010; Caspers et al., 2010).

The human mirror system does not passively respond to the
observation of actions but is influenced by the mindset of the
observer (Molenberghs et al., 2012¢). Crucially for this review,
previous studies have shown that group membership can mod-
ulate perception-action coupling. For example, a recent fMRI
study (Molenberghs et al., 2012b) investigated the effect group
membership has on our ability to accurately represent action
perception. Participants were randomly divided into red or blue
teams and they were told they had to compete against a mem-
ber of the other team by pressing a button response as quickly
as possible. In a subsequent experiment, participants were shown
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video clips of either in-group or out-group members making
button-press responses as quickly as possible in a similar com-
petitive situation, where their job was to identify which team
member pressed the button fastest. On average both groups in the
video clips pressed the buttons equally fast but behavioral analy-
sis showed that participants responded that their team members
pressed the button faster. Additional fMRI analyses showed differ-
ential neural activation when presented with actions of in-group
members compared with out-group members. That is, for those
participants who showed an in-group bias behaviorally (those
participants that said their team members were faster), greater
activity in the IPL was shown when observing in-group members
perform the action compared with members from the out-group
(Molenberghs et al., 2012b). The IPL plays an important role in
perception action coupling and its modulation by group mem-
bership suggests we simulate the actions of in-group members
more easily. This is in line with a recent EEG study by Gutsell and
Inzlicht (2010), who found larger EEG mu suppression (which
has previously been associated with mirror neuron activity) when
observing actions of in-group members compared to actions of
out-group members. Interestingly, this effect increased with the
amount of prejudice toward the out-group (Gutsell and Inzlicht,
2010). This reduced perception-action coupling for out-group
members also extends to feelings of empathy. For example in a
TMS study, Avenanti and colleagues (2010) found a reduction in
motor-evoked potential (MEP) amplitude in the hand of partic-
ipants (induced by TMS to the contralateral motor cortex) when
watching an in-group member being painfully stimulated (com-
pared to touch) but no such effect was found when watching
out-group members in pain. This suggests that participants sim-
ulated the pain of the in-group member but not the pain of the
out-group member.

Though predominantly focused on action-perception, vicar-
ious experiences through mirroring have also been shown to
extend to emotion and sensory domains as well (Carr et al., 2003;
Keysers et al., 2004, 2010; Keysers and Fadiga, 2008; Keysers and
Gazzola, 2009). Observing another person’s emotional or sen-
sory state elicits activity in a homologous area in the observer,
supporting the notion that we vicariously experience the emo-
tional and sensory states of others and represent these states onto
our own emotional and sensory repertoires (Keysers and Gazzola,
2009). Indeed a recent meta-analysis including 125 fMRI studies
on the mirror system found that perception-action coupling of
emotional expressions through vicarious experience is not lim-
ited to the aforementioned mirror areas but also involves brain
areas involved in, for example, experiencing pain such as the
insula and cingulate cortex (Molenberghs et al., 2009). The role of
the mirror system in action understanding and affective empathy
is controversial (Saxe, 2005, 2006; Hickok, 2009; Decety, 2010)
but our view here is that vicarious responses are at least par-
tially involved in affective empathy through mirroring processes,
though we acknowledge that they are only part of the story. For
example Decety (2011) views affective empathy more broadly as
just mirroring and his model of affective empathy also includes
affective arousal which he identifies as “the automatic discrimina-
tion of a stimulus as appetitive or aversive, hostile or hospitable,
pleasant or unpleasant, threatening or nurturing.”

Neuropsychological evidence suggests that greater vicarious
empathic responses are elicited from own-ethnicity members
compared with other-ethnicity members (Avenanti et al., 20006,
2010; Ito and Bartholow, 2009; Xu et al., 2009; Chiao and Mathur,
2010; Azevedo et al., 2012; Gutsell and Inzlicht, 2012; Sessa et al.,
2013). For example, a recent fMRI study showed that when
observing a member of the same ethnicity experiencing painful
stimulation, greater activity in the dorsal anterior cingulate cor-
tex (dACC) and anterior insula (AI) were found compared with
when a member from a different ethnicity was experiencing pain
(Xu et al., 2009). Race, however, is not the only factor to influence
empathic responses to in-groups and out-groups. Group mem-
bership has also been found to moderate activation of the Al
in response to observing painful situations. Hein and Colleagues
(2010) showed in their fMRI study that greater activation in the
left AI was found when in-group members (those from the same
sporting team) received pain compared with out-group mem-
bers (those from another sporting team). This activity was also
found to correlate positively with the willingness to share the pain
with an in-group member compared with an out-group mem-
ber. When and out-group member received pain, rather than
an increase in Al activity, more activity occurred in the right
ventral striatum [an area typically associated with pleasure and
schadenfreude (Singer et al., 2006; Takahashi et al., 2009)], and
this activity was negatively correlated with the willingness to share
the pain of the out-group member (Hein et al., 2010). In a similar
fMRI study, Cikara and colleagues (2011) monitored neural activ-
ity when participants watched video clips of two sporting teams
(participant favorite vs. other) compete against each other. They
found that when the participants’ team won, increased activity
in the ventral striatum was observed. More importantly, though,
when the participants’ team lost, greater activity in the Al and
dACC were shown suggesting that participants were empathizing
with the pain that the players of their favored team felt. However,
sharing the emotions with others alone cannot explain the rich
experience of empathy. Empathy also involves a cognitive and
emotional regulative component.

COGNITIVE EMPATHY OR THE ABILITY TO REASON ABOUT
OTHERS’ MENTAL STATES

Vicariously sharing other people’s emotions helps us partially
understand how other people are feeling, but to completely
understand the beliefs, desires and intentions of others, one
must also reason about the mental state of others. This cognitive
aspect of empathy is typically associated with regions associated
with mental state reasoning or so called Theory of Mind (ToM)
and often involves regions such as the medial Prefrontal Cortex
(mPFC), Temporoparietal Junction (TPJ]), and adjacent poste-
rior Superior Temporal Sulcus (pSTS) (Amodio and Frith, 20065
Saxe, 2006; Decety and Lamm, 2007; Frith, 2007; Keysers and
Gazzola, 2007; Uddin et al., 2007; Shamay-Tsoory et al., 2009; Van
Overwalle and Baetens, 2009; Cheon et al., 2010; Shamay-Tsoory,
2011).

Cognitive empathy can also be modulated by group mem-
bership. Adams et al. (2009) used an fMRI modified version
of the “Reading the Mind in the Eyes Test” (Baron-Cohen
et al., 2001) in which participants are presented with pictures
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of just the eyes of people and participants then have to judge
what the person in the picture is thinking or feeling. Adams
et al. (2009) used pictures of Asian and Caucasian people
and then let native Japanese and white Americans judge the
mental state of those people. They found a behavioral intra-
cultural advantage for understanding the mental state of in-
group members compared to out-group members and showed
that this in-group bias was associated with increased activity in
the posterior STS. In line with Adams et al. (2009), research
surrounding ToM has consistently shown the importance of
the STS in understanding the mental states of others (Fletcher
et al., 1995; Allison et al., 2000; Gallagher and Frith, 2003;
Amodio and Frith, 2006). Similarly, Cheon et al. (2011) found
that Korean participants showed more empathy for in-group
members experiencing emotional pain than out-group mem-
bers and that this was related to increased activity in the TPJ.
Similar studies have also illustrated the importance of the mPFC
in in-group bias. For example, Mathur and colleagues (2010)
found increased activation in the mPFC when watching in-group
members experience emotional pain compared to out-group
members and this increase predicted greater empathy and altru-
istic motivation for one’s in-group. Another fMRI study found
mPFC activation when participants watched pictures of social
groups but not for extreme low-status groups (Harris and Fiske,
2006).

The mPFC also has an important role in social categoriza-
tion, with increased activation in this region previously associ-
ated with in-group concepts compared to out-group concepts in
both existing (Morrison et al., 2012) and newly created groups
(Molenberghs and Morrison, 2012). Volz and colleagues (2009)
also found that during an fMRI modified version of the mini-
mal group paradigm (Tajfel et al., 1971) high in-group favoritism
was associated with increased activation in the mPFC. Taken
together, the aforementioned findings suggest that increased acti-
vation in cognitive empathy regions are associated with increased
understanding of the mental state of in-group compared to out-
group members (Adams et al., 2009; Mathur et al., 2010; Cheon
et al,, 2011), in-group minus out-group social categorization
(Volz et al., 2009; Molenberghs and Morrison, 2012; Morrison
etal., 2012) and in-group favoritism (Volz et al., 2009), suggesting
further the modulating role of group membership on empathic
experiences.

EMOTIONAL SELF-REGULATION OR THE CONTROL OF
EXPLICIT EMOTIONS

To reiterate, affective empathy is partially supported by simulating
the emotional states of others whereas cognitive empathy relies
partially on understanding another’s mental state through cog-
nitive reasoning. Given this capacity to experience the affective
and mental states of others, it seems necessary that an additional
network be set to moderate the degree to which we experience
these effects or explicitly express these states. Without an emo-
tion regulative network, shared emotional states may inhibit our
ability to perform tasks that require emotional distance (e.g., a
surgeon operating on a child or a defense lawyer supporting a
psychopath) or it may interfere with our ability to hide automatic
biases (e.g., a parent being derogative to a teacher of a different

racial background). Essentially, there needs to be a neural func-
tion that inhibits or facilitates empathic responses more explicitly
to allow for appropriate functioning in day-to-day life (Decety,
2011). Areas involved with emotion regulation such as the rostral
anterior cingulate cortex (rACC), dorsolateral (dIPFC) and ven-
tromedial (vmPFC) prefrontal cortex have previously been shown
to modulate the effects of empathy (Amodio et al., 2006, 2008;
Cheng et al., 2007; Beer et al., 2008; Ito and Bartholow, 2009;
Decety et al., 2010; Decety, 2011).

For example, Cheng and colleagues (2007) investigated the
neural processes underlying expert and naive populations’ reac-
tions to a person experiencing painful (penetrated with acupunc-
ture needles) and non-painful (Q-tip) stimulation. Evidence
from their fMRI investigation revealed increased activity for
the pain matrix network (dACC, insula, somatosensory cortex)
in naive participants. On the other hand, the experts (physi-
cians with acupuncture experience) provided no activity in these
areas, instead neural activity was recorded in vmPFC which is
involved in emotion regulation (Decety, 2011) and TPJ which
has previously been implicated in self-other differentiation and
ToM (Decety and Lamm, 2007). These results suggest that the
acupuncturists could influence their vicarious pain experience by
down-regulating these responses through emotional regulation
and increased self-other differentiation. Using a similar paradigm,
Decety et al. (2010) used EEG to identify the time course of
empathic responses and the regulation thereof. The authors iden-
tified that for naive participants, early (N110) and late (P3)
activity showed differential responses for painful and non-painful
stimuli but when the experienced physicians viewed this stimulus
set, there were no differences in early or late processes which sug-
gests that emotion regulation can impede on early processing of
painful stimulus presentation (Decety et al., 2010).

Relevant to emotion regulation is the ability to inhibit explicit
emotional reactions. It is important to regulate explicit emo-
tional expressions to maintain egalitarian status within society.
An example of this was shown in an fMRI study by Richeson
and colleagues (2003) who argued that people (especially those
with high racial bias) during interracial contact must inhibit
racial attitudes and this would result in depletion of executive
functions (i.e., response inhibition) which in turn would lead
to impaired performance on a subsequent task that requires
these functions. They tested this hypothesis by measuring White
participants internal beliefs toward racial groups (Blacks and
Whites) using an Implicit Association Test (IAT). Additionally,
they asked participants to comment on a few questions with a
Black Experimenter (mixed-race interaction) and then partici-
pants completed a Stroop task to measure executive functioning
(task inhibition). Results showed that those who scored higher on
the IAT for racial bias, also showed more interference effects on
the subsequent Stroop task. When followed up with an fMRI task
where participants were presented with Black and White faces,
they found increased activation in the ACC and the dIPFC when
Black faces were presented, suggesting greater response inhibi-
tion during these trials. A significant positive relationship was also
found between the increase in ACC and dIPFC activation and the
IAT and Stroop task, where this increase in the right dIPFC medi-
ated the effect between IAT and Stroop interference. Collating
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this evidence, it suggests that people who show higher interracial
bias try to inhibit automatic stereotypes, ultimately leading to a
reduction in cognitive resources.

Another nice example of emotion regulation was shown in
an fMRI study by Cunningham and colleagues (2004). They
showed White participants pictures of Black (out-group) and
White (in-group) faces either very briefly (30 ms) or for a longer
duration (525ms). The authors predicted that when these pic-
tures would be presented very briefly, participants would not have
enough time to regulate their emotions (i.e., negative responses
to the Black faces). The fMRI results showed there was increased
activation in the amygdala for Black faces compared to White
faces when the stimuli were presented very briefly but no such
effect was found when the stimuli were presented for longer.
Instead they found increased activation in the dIPFC and ACC
in the long stimulus presentation condition. When correlating
the scores of an IAT regarding race bias with that of neural
activity, a positive relationship was shown between behavioral
data and fMRI activity in the amygdala for Black and White
faces. Similarly, Black-White differences in amygdala activity
between the short and long image presentations were predicted
by frontal activation. Taking these findings together, it suggests
that an automatic race bias against Black faces in White par-
ticipants is moderated using reflective cognitive processes that
only take effect after a period of time. Given that it is not
socially acceptable to show explicit in-group bias, the authors
interpreted this effect as increased emotion regulation of an
automatic bias.

However, social categorization can also override automatic
biases. For example, Van Bavel et al. (2008) investigated whether
arbitrary and temporary novel group membership could override
the effects of predominant group memberships within society
(i.e., race as described in their study). Therefore, they randomly
assigned participants to a mixed-race team. Pairing behavioral
paradigms with functional MRI, the authors measured activity in
the fusiform face area (FFA), which has previously been shown to

be modulated by face perception and visual expertise (Gauthier
et al., 1999, 2000; Golby et al., 2001; Van Bavel et al., 2011), when
participants were presented with pictures of faces of in-group
and out-group members. The results revealed greater activity in
bilateral FFA for in-group faces compared to out-group faces.
Interestingly this effect was specific to in-group vs. out-group and
was not modulated by race (see also Van Bavel and Cunningham,
2009 and Van Bavel et al., 2011 for similar results). This provides
evidence that categorizing people from a different race into an
in-group can inhibit automatic racial biases.

CONCLUSION

The current review aimed to highlight how group membership
modulates the affective, cognitive, and regulative components
of empathy. We have shown that in-group bias is not only a
result of increased vicarious simulation of the actions (Gutsell
and Inzlicht, 2010; Molenberghs et al., 2012b) and feelings (Xu
et al., 2009) of in-group compared to out-group members but
also follows from increased activation in ToM regions (Adams
etal., 2009; Mathur et al., 2010; Cheon et al., 2011) when trying to
understand the mental state of in-group vs. out-group members.
These group biases can be influenced by emotional regulation
(Ito and Bartholow, 2009) depending on expertise (Cheng et al.,
2007; Decety et al., 2010) and context (Richeson and Shelton,
2003; Cunningham et al., 2004) so that we respond in a socially
acceptable way to our environment. Lastly, it seems that arbi-
trary re-categorization can override automatic biases such as race
(Van Bavel et al., 2008). Seeing as group membership modulates
responses at each component of empathy, future investigations
should identify methods of reversing these biases at each of the
three distinguishable levels.
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